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Foreword

When asked to write the foreword to the third edition of Clin-
ical Obstetrics—The Fetus ¢& Mother, 1 had two immediate
thoughts, the first being that I liked the new title better than
the former title, Medicine of the Fetus & Mother. The second
was that those already acquainted with the former title might
not recognize the new one. As I had no control over either, I
was pleased that I at least could remind readers of the impor-
tance of this current work.

When considering a new or forward-thinking idea, concept,
or treatise, it is often a good idea to consider where we have
been and where we are going. This is especially true when con-
sidering clinical obstetrics, which today means both fetus and
mother.

Although the fetus could be evaluated prior to the early
1960s, the methods were crude when considered retrospec-
tively. Auscultation and radiography were the primary
tools and little could be accomplished to alter fetal outcome
other than by delivery. This changed in 1961 with Lily’s
pioneering work with the use of amniocentesis to manage
Rh-isoimmunization.

In less than one professional lifetime, the fetus has become
our patient, not just the mother. This rapid evolution has been
helped by pioneers in electronic fetal heart rate monitoring,
such as Edward Hon, and of course by the use of ultrasound
and Doppler evaluations of the fetus. In this last field it is
important to acknowledge individuals such as Ian Donald in

Xiv

the United Kingdom. He struggled in the 1960s to develop
ultrasound as a useful clinical tool when many of our col-
leagues in radiology considered such machines to be toys.
Certainly, as is obvious in the current textbook, the authors’
efforts over the past two decades have proven Dr. Donald
right. Many of their own studies have formed the basis for
maternal and actual fetal therapy.

It is critically important to recognize in the current textbook
that maternal-fetal medicine now encompasses the areas of
conception and fetal growth, extending into the neonatal time
period. It is now apparent that the basic fundamental biology
of conception likely will lead to a better understanding of
stem cell biology and basic immunology. Finally, an entire
new field of study is developing in understanding how fetal/
neonatal illness may result in adult disease(s) many years after
birth.

Both the student of obstetrics and the practitioner should
read this third edition of what is becoming an essential update
of maternal-fetal knowledge. Today’s practice is founded
upon the principles and practices so clearly presented in this
book. This third edition provides the proof that learning can
be fun!

Norman E Gant Jr. MD
2006



Preface

The field of clinical obstetrics and maternal—fetal medicine is
undergoing major advances, with rapid strides being made.

The first edition was introduced as the fulfillment of a
concept: to combine into one source maternal medicine—an
established field focusing primarily on medical complications
of pregnancy—and the rapidly evolving field of fetal medicine.
The acceptance of this single source book has been over-
whelming. The text has been embraced not only by clinical
obstetricians but also by maternal-fetal medicine specialists,
resident physicians in training, medical students, and others
who use the book primarily for its comprehensive obstetrical
coverage. The second edition was an updated version of the
first edition.

However, this third edition is not only entirely revised, but
now has a strong clinical emphasis, while maintaining a schol-
arly orientation that is expected to be appealing to both
clinicians and academicians. The new book title, Clinical
Obstetrics—The Fetus & Mother, reflects the new orientation
of this third edition.

This text is a comprehensive treatise in obstetrics and mater-
nal-fetal medicine. It discusses subjects from the time of con-
ception to delivery, including the normal processes and disease
states of the fetus, as well as diagnostic and therapeutic meas-
ures that can be used to effect fetal well-being. The fetal

medicine section includes prenatal diagnosis and places a
strong emphasis on the biology of early pregnancy and the
fetal-placental unit, fetal development, and variations in
normal embryonic and fetal growth. The influence of terato-
gens, infections, and fetal diseases on outcome is also dis-
cussed. Extensive coverage is given to the prenatal diagnosis
of congenital malformations using a variety of modalities,
both noninvasive and invasive. The various biophysical and
biochemical means of evaluation of fetal well-being are also
discussed in great detail. The application of fetal therapy, both
surgical and medical, is presented, with limited coverage on
the evolving field of gene and cell therapy. In addition, mater-
nal medical complications of pregnancy are thoroughly
covered.

Although comprehensive, this book is designed to provide
readily accessible information. The overall balance, scope,
content, and design fully serve the needs of academic sub-
specialists, obstetricians, and house staff physicians, as well as
other keen students of medicine.

E. Albert Reece MD, PhD, MBA

John C. Hobbins MD
2006

XV



Preface to the first edition

The field of maternal—fetal medicine developed into a recog-
nized subspecialty from the 1950s through the 1970s and sub-
sequently has become the academic arm of obstetrics. With
greater sophistication, the field has widened to encompass
many other allied areas, including genetics, teratology, diag-
nostic imaging, fetal and maternal physiology, and endocrinol-
ogy. In spite of these advances the fetus remained, until
recently, inaccessible to the obstetrician/perinatologist. Spe-
cialized medical care was provided primarily to the mother
with the hope that improving the maternal condition would
benefit the fetus. In recent years, the fetus has become acces-
sible through various technologic advances, permitting fetal
disease to be diagnosed by various methods including genet-
ics, sonographic or direct in wutero testing, and treatment
administered either medically or surgically.

With the fetus having emerged as a bona fide patient, the
field of maternal-fetal medicine has entered a new era. It may
no longer be regarded as dealing with medical complications
of the mother during pregnancy, but, rather, is to be seen as
embodying both normal and diseased processes of both the
fetus and the mother. The editors of this textbook believe that
physicians in the practice of maternal-fetal medicine need,
therefore, to become familiar with the complications of preg-
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nancy that affect the fetus and/or the mother as well as the
variety of modalities that are available for diagnosis, evalua-
tion, and treatment.

This textbook is a comprehensive treatise on maternal-fetal
medicine. It discusses subjects from the time of conception to
delivery, including normal processes and disease states of the
fetus, as well as diagnostic and therapeutic measures that can
be used. In addition, all maternal medical complications of
pregnancy are discussed in detail. A separate volume consist-
ing of a compilation of questions and answers corresponding
to each chapter is available for the student of medicine who
wishes to test his or her knowledge of the subject.

Although this textbook is comprehensive, it is designed in
such a manner that information relating to either the fetus or
the mother is readily accessible. The overall balance in scope,
content, and design will serve the needs of academic subspe-
cialists, obstetricians, and house staff physicians, as well as
other keen students of medicine, very well.

E. Albert Reece MD
John C. Hobbins MD
Maurice J. Mahoney MD
Roy H. Petrie, MD ScD
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antiphospholipid antibody
activated partial thromboplastin time
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acute respiratory distress syndrome
acute renal failure

assisted reproductive technology
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American Social Health Association
aspartate aminotransferase
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hormone
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bichloroacetic acid
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bone marrow transplantation
blood pressure

biparietal diameter

biophysical profile
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Bruton’s tyrosine kinase

blood urea nitrogen
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congenital adrenal hyperplasia

cyclic adenosine monophosphate
catastrophic antiphospholipid antibody
syndrome
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DES
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complete blood count

common bile duct

core binding factor A-1

cognitive behavioral therapy
cystic adenomatoid malformation
calcium channel blockers

CD40 ligand

Centers for Disease Control
congenital diaphragmatic hernia
cartilage-derived morphogenetic protein-1
clusters of differentiation
carcinoembryonic antigen

cystic fibrosis

cyclic guanosine monophosphate
congenital heart block

complete hydatidiform mole
chronic hypertension

confidence interval

cytomegalic inclusion disease
chronic kidney disease
campomelic dysplasia
cytomegalovirus

central nervous system

cardiac output
cyclo-oxygenase-2-selective inhibitors
cholestasis of pregnancy
cephalopelvic disproportion
chlorpyrifos

confined placental mosaicism
calcinosis, Raynaud’s phenomenon, esophageal
dysmotility, sclerodactyly, and telangiectasia
corticotropin releasing hormone
congenital rubella infection
crown—-rump length

C-reactive protein

congenital rubella syndrome
Cesarean section

combined spinal epidural
cerebrospinal fluid
colony-stimulating factor
contraction stress test

computed tomography

central venous pressure
congenital varicella syndrome

dilatation and curettage

diamine oxidase

diamnionic—dichorionic

diethylstilbestrol

disseminated gonococcal infection
docosahexanoic acid
dehydroepiandrosterone sulfate (Chapter 9)
dehydrocholesterol
dehydroepiandrosterone
dehydroepiandrosterone sulfate (Chapter 5)

DHODH
DHT
DIC

DIF
DKA
DMARDs
DMD
DNA
DORV
DS

DSPC
DTDST
DVT

DZ

E,

E;

EBV
ECG
ECT
EDD
EDPAF
EFM

EFW
EGF
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EMF

EPA
EPCR
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ERCP

ERPF
ERV
ESRD
ET
EXIT

FACS
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FBP
FDA
FEV
FEV,
FFA
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FFP
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FGR
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dihydroorotate dehydrogenase
dihydroxytestosterone

disseminated intravascular coagulation
direct immunofluorescence

diabetic ketoacidosis
disease-modifying antirheumatic drugs
Duchenne muscular dystrophy
deoxyribonucleic acid

double outlet right ventricle

Down syndrome

disaturated phosphatidylcholine
diastrophic dysplasia sulfate transporter
deep vein thrombosis

dizygotic

estradiol

estriol

Epstein—Barr virus
electrocardiogram

electroconvulsive therapy

estimated delivery date
embryo-derived platelet activating factor
estimated/electronic/external fetal
monitoring

estimated fetal weight

epidermal growth factor
embryo-derived histamine releasing factor
enzyme-linked immunosorbent assay
electromagnetic fields

ectopic pregnancy

Environmental Protection Agency
endothelial protein C receptor

early pregnancy factor

endoscopic retrograde
cholangiopancreatography

effective renal plasma flow
expiratory reserve volume

endstage renal disease

essential thrombocytosis

ex utero intrapartum treatment

fluorescence-activated cell sorting
fetal alcohol syndrome

fetal breathing movements

fetal biophysical profile

Food and Drug Administration
forced expiratory volume

forced expiratory volume in 1 second
free fatty acid

fetal fibronectin

fresh frozen plasma

fibroblast growth factor

fibroblast growth factor receptor-3 gene
fetal growth restriction

fetal heart rate
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FIGO

FIGS
FIL
Fo,
FIRS
FISH
FL
FL/AC

FM
FMH
FNA
FPO
FRC
FSGS
FSH
FSI
FT
FTA-ABS
FVC
FVW

G6PD
GALT
GBS
GDM
GEE
GFR
gG
GGT
GH
GH-RH
GHS

GI
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GM-CSF

GMH-IVH
GnRH

GT

GTD

GU

GVHD

HAART
HASTE

HAV
Hb
HBIG
HBsAg
HBV
HC
hCG
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International Federation of Gynecology and
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fetal intervention guided by sonography
feedback inhibitor of lactation
fractional percentage of inspired oxygen
fetal inflammatory response syndrome
fluorescence in situ hybridization

femur length

ratio of femur length to abdominal
circumference

fetal movements

fetal-maternal hemorrhage

fine needle aspiration

fetal pulse oximetry

functional residual capacity

focal segmental glomerulosclerosis
follicle-stimulating hormone

foam stability index

fetal tone

fluorescent treponemal antibody absorbed
forced vital capacity

flow velocity waveform

glucose 6-phosphate dehydrogenase
galactose-1-phosphate uridyltransferase
group B Streptococcus

gestational diabetes mellitus
generalized estimating equations
glomerular filtration rate

glycoprotein G
gamma-glutamyltransferase

growth hormone

growth hormone-releasing hormone
glutathione

gastrointestinal

gamete intrafallopian transfer
granulocyte—-macrophage colony-stimulating
factor

germinal matrix-intraventricular hemorrhage

gonadotropin-releasing hormone
gestational thrombocytopenia
gestational trophoblastic disease
genitourinary

graft-versus-host disease

highly active antiretroviral therapy
Half-Fourier Acquisition Single Shot Turbo
Spin Echo

hepatitis A virus

hemoglobin

hepatitis B immune globulin

hepatitis B surface antigen

hepatitis B virus

head circumference

human chorionic gonadotropin

HCM
HCQ
hCS
hCT
HCV
HDL
HE
HELLP

HEV
Hgb
HHC
HIT
HIV
HLA
HMO
HPA
HPG
HPP
HPT
HPV
HS
HSC
HSD
HSV
HUAM
HUS
HYN

Lm.
V.
IAT
ICH
1CP
1CSI
ICU
IF
IFI
IFN
Ig
IGF
IGFBP
IgG
H
THSS
IL
INH
iNO
INR
IOM
IPT
IRV
ITP
1UD
IUFD

hypertrophic cardiomyopathy
hydroxychloroquinone

human chorionic somatomammotropin
human chorionic thyrotropin

hepatitis C virus

high-density lipopolysaccharide
hereditary elliptocytosis

hemolysis, elevated liver enzymes, and low
platelets

hepatitis E virus

hemoglobin

hyperhomocysteinemia
heparin-induced thrombocytopenia
human immunodeficiency virus

human leukocyte antigen

human milk oligosaccharides
hypothalamus—pituitary—adrenal (axis)
hypothalamus—pituitary—gonadal (axis)
hereditary pyropoikilocytosis
hypothalamus—pituitary—thyroid (axis)
human papillomavirus

hereditary spherocytosis

hematopoietic stem cell
hydroxysteroid dehydrogenase

herpes simplex virus

home uterine activity monitoring
hemolytic uremic syndrome
hypertension

intramuscular/intramuscularly
intravenous/intravenously

indirect antiglobulin

intracranial hemorrhage

intrahepatic cholestasis of pregnancy
intracytoplasmic sperm injection
intensive care unit
immunosuppressive factor

isthmic flow index

interferon

immunoglobulin

insulin-like growth factor
insulin-like growth factor binding protein
immunoglobulin G

impetigo herpetiformis

idiopathic hypertrophic subaortic stenosis
interleukin

isoniazid

inhaled nitric oxide

international normalized ratio
Institute of Medicine

intraperitoneal transfusion
inspiratory reserve volume

immune thrombocytopenic purpura
intrauterine contraceptive devices
intrauterine fetal demise
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IUT
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IVF
IVH
IVIC

IVIG
IvT
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L/S
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LET
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LV
LVEDV

MA
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MAP
MC
MCA
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MCV
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MED
MFPR
MG

intrauterine growth restriction
intrauterine transfusion

inferior vena cava

in vitro fertilization

intraventricular hemorrhage
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intravenous immunoglobulin
intravascular transfusion

janus kinase 3
kilodalton

lecithin—sphingomyelin

lupus anticoagulant
lacrimo-auriculo-radial-dental

low birthweight

long-chain 3-hydroxyl acyl-coenzyme
dehydrogenase

ligase chain reaction

licensed clinical social worker
low-dose aspirin

lactate dehydrogenase

low energy transfer

leukocyte function-associated antigen
large for gestational age

low-grade squamous intraepithelial lesion

luteinizing hormone
lung-head ratio

leukemia inhibitory factor
laryngeal mask airway

last menstrual period
low-molecular-weight heparin
loss of resistance

luteal phase defect

left uterine displacement

left ventricle

left ventricular end-diastolic volume

monoamnionic—-monochorionic
magnetic-activated cell separation
monoamine oxidase inhibitors
mean arterial pressure
diamnionic—-monochorionic
middle cerebral artery

mean corpuscular hemoglobin concentration

metacarpophalangeal

mean corpuscular volume
multicystic dysplastic kidney disease
multidrug resistance protein 3
multidrug-resistant tuberculosis
multiple epiphyseal dysplasia
multifetal pregnancy reduction
myasthenia gravis

MHATP

MHC
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MOPP
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MRI
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MTCT
MTHFR
MTP
MTR
MUAC
MZ
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NICU
NIH
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OCT
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microhemagglutination assay for antibody to T.
pallidum

major histocompatibility complex
microbial invasion of the amniotic cavity
mullerian-inhibiting substance
methylmalonic acidemia
myelomeningocele

methimazole

matrix metalloproteinase

method of action

Mustargen, Oncovin, procarbazine, and
prednisone

maximum permissible exposure
magnetic resonance imaging

messenger RNA

maternal serum alpha fetoprotein

mean gestational sac diameter
melanocyte-stimulating hormone
mother-to-child transmission

methylene tetrahydrofolate reductase
metatarsophalangeal

methionine synthase

mid-upper arm circumference
monozygotic

neutrophil elastase

necrotizing enterocolitis

Neisseria gonorrhoea

National Institute of Child Health and Human
Development

neonatal intensive care unit

National Institutes of Health

natural killer

neonatal lupus syndrome
non-nucleoside reverse transcriptase
inhibitor

no-observed adverse effect level
neutral protamine Hagedorn

normal pregnancy outcomes

negative predictive value
nonreassuring fetal heart rate
nucleoside reverse transcriptase inhibitor
nonsteroidal anti-inflammatory drugs
nuchal skinfold thickness

nonstress test

nuchal translucency

neural tube defect

nevirapine

obsessive compulsive disorder
oxytocin challenge test

omphalocele, exstrophy of the bladder,
imperforated anus, and spinal defects
occipitofrontal diameter

oral glucose tolerance test
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OLEDAID osteopetrosis, lymphedema, ectodermal PNMT phenylethanolamine-N-methyltransferase
dysplasia and immunodeficiency Po, oxygen partial pressure

OMIM Online Mendelian Inheritance of Man POMC proopiomelanocortin

OR odds ratio PP prurigo of pregnancy

OSMED otospondylomegaepiphyseal dysplasia PPD purified protein derivative

OVD operative vaginal delivery p.p.m. parts per million

OVLT organum vasculosum of the lamina terminalis PPNG penicillin-producing N. gonorrhoeae

PPROM preterm premature rupture of membranes

p.c. post coital PPV positive predictive value

p.o. per os PRMP pregnancy-related mortality ratio

PAC premature atrial contraction PROM prelabor rupture of the membranes

PACS picture archiving and communication systems PS protein S

PAF platelet-activating factor PSV peak systolic volume

PAI-1 plasminogen activator inhibitor type 1 PT prothrombin time

P,0, arterial oxygen partial pressure PTH parathyroid hormone

Pr0, alveolar oxygen partial pressure PTHrp parathyroid hormone-related peptide

PAPP-A pregnancy-associated plasma protein A PTSD post-traumatic stress disorder

PAPSS2 phosphoadenosine-phosphosulfate-synthase 2 PTT partial thromboplastin time

PAR protease-activated receptor PTU propylthiouracil

PB barometric pressure PUBS percutaneous umbilical blood sampling

PBEF preB-cell colony-enhancing factor PVI periventricular hemorrhagic infarction

PBMC peripheral blood mononuclear cell PVL periventricular leukomalacia

PC phosphatidylcholine PVN paraventricular nuclei

EPCR endothelial protein C receptor PWM pokeweed mitogen

PCA patient-controlled anesthesia PWS Prader-Willi syndrome

PCB polychlorinated biphenyl PZ protein Z

Pco, carbon dioxide partial pressure

PCP Pneumocystis carinii pneumonia RAAS renin—angiotensin—aldosterone system

PCR polymerase chain reaction RBC red blood cell

PCWP pulmonary capillary wedge pressure RCT randomized controlled trial

PDA patent ductus arteriosus RDA recommended dietary allowance

PDGF platelet-derived growth factor RFA radiofrequency ablation

PDR Physicians’ Desk Reference RFLP restriction fragment length polymorphism

PEEP positive end-expiratory pressure Rh rhesus

PEFR peak expiratory flow rate RhIG rhesus immune globulin

PEP polymorphic eruption of pregnancy rMED recessive multiple epiphyseal dysplasia

PF pruritic folliculitis RNA ribonucleic acid

PG phosphatidylglycerol (Chapters 6 and 63), ROC receiver—operator curve
pemphigoid gestationis (Chapter 52) ROP retinopathy of prematurity

PGE, prostaglandin E, RPL recurrent pregnancy loss

PHH posthemorrhagic hydrocephalus RPR rapid plasma regain

PHM partial hydatidiform mole RPVE re-evaluated pulmonary volume equation

PHQ patient health questionnaire RR relative risk

PI pulsatility index RT PCR reverse transcription polymerase chain reaction

PI3 protein inhibitor 3 RV right ventricle (Chapter 7), residual volume

PID pelvic inflammatory disease (Chapter 40)

PIH prenancy-induced hypertension

PIOPED Prospective Evaluation of Pulmonary Embolism SADDAN  severe achondroplasia with developmental
Diagnosis delay and acanthosis nigricans

PIP proximal interphalangeal SAGES Society of American Gastrointestinal

PKU phenylketonuria Endoscopic Surgeons

PIGF placental growth factor SAH subarachnoid hemorrhage

PMNs polymorphonuclear leukocytes SAO South-east Asian ovalocytosis

PNH paroxysmal nocturnal hemoglobinuria SBE subacute bacterial endocarditis

PNM perinatal morbidity SCD sickle cell disease
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SCID
SCT
SED-XL
SEM
SES
SGA
SIADH

SIDS
SIgA
SLDH
SLE
SLOS
SLPI
SM
SNP
SP-A
SP-B
SP-C
SP-D
SSFSE
SSRI
STAN
STD
STIC
Sv

SV
SVR
SVT
SXT

T;

TAFI
TAR

TAS
TAT
TBA
TBG
TBR
TCA
TCD
TCE
TCR
Td
TEG
TF
TFPI
TGF
Thl
Th2
TIBC
TIMP

severe combined immunodeficiency
sacrococcygeal teratoma

X-linked spondyloepiphyseal dysplasia
skin, eye, mouth (disease)
socioeconomic status

small for gestational age

syndrome of inappropriate antidiuretic
hormone secretion

sudden infant death syndrome
secretory immunoglobulin A

serum lactic dehydrogenase

systemic lupus erythematosus
Smith-Lemli-Opitz syndrome
secretory leukocyte protease inhibitor
somatomedin

single nucleotide polymorphism
surfactant protein A

surfactant protein B

surfactant protein C

surfactant protein D

Single Shot Fast Spin Echo

selective serotonin reuptake inhibitor
ST segment automated analysis
sexually transmitted disease
spatiotemporal image correlation
sievert

stroke volume

systemic vascular resistance
supraventricular paroxysmal tachycardia
trimethoprim—sulfamethoxazole

testosterone

tritodothyronine

thyroxine

thrombin-activatable fibrinolysis inhibitor
thrombocytopenia with absent radius
(syndrome)

transabdominal sonography
thrombin-antithrombin

total bile acid

thyroid-binding globulin

total bilirubin

tricyclic antidepressants

transverse cerebellar diameter
trichloroethylene

T-cell receptor

tetanus and diphtheria
thromboelastography

tissue factor

tissue factor pathway inhibitor
transforming growth factor

type 1 T helper

type 2 T helper

total iron-binding capacity

tissue inhibitors of metalloproteinases

TLC
TMA
TNF
TNSALP
TP

tPA
TPH
TPN
TPO
TRAP
TRF
TRH
TRI
TRNG
TSH
TTP
TTTS
TV

TVS

UA
ucC
UDCA
uPA
UPD
UP]
us
UTI
UVB
UVpH

VIQ
VAC

VACTERL

VAS
VBAC
VDDR1
VDRL
VE
VEE virus
VEGF
VIP
VLBW
VLDL
VMA
VPA
VSD
VTE
VTI
VUR
vWD

ABBREVIATIONS

total lung capacity
transcription-mediated amplification
tumor necrosis factor

tissue non-specific alkaline phosphatase
thrombophilia

tissue-type plasminogen activator
transplacental hemorrhage

total parenteral nutrition
thrombopoietin

twin reversed arterial perfusion
thyroid-releasing factor
thyrotropin-releasing hormone
trimester

tetracycline-resistant N. gonorrhoeae
thyroid-stimulating hormone
thrombotic thrombocytopenic purpura
twin—twin transfusion syndrome

tidal volume (Chapter 40), Trichomonas
vaginalis (Chapter 63)

transvaginal sonography

umbilical artery

uterine contractions

ursodeoxycholic acid

urokinase-type plasminogen activator
uniparental disomy

ureteropelvic junction

ultrasound

urinary tract infection

ultraviolet light

umbilical vein pH

ventilation—perfusion

vincristine, actinomycin D, and
cyclophosphamide

vertebral, anorectal, cardiac anomalies,
tracheo-esophageal fistula, esophageal atresia,
renal anomalies, and limb anomalies
vibroacoustic stimulation

vaginal birth after Cesarean section
vitamin D-dependent rickets type 1
Venereal Disease Research Laboratory
vacuum extractor

Venezuelan equine encephalitis virus
vascular endothelial growth factor
vasoactive intestinal polypeptide

very low birthweight

very low-density lipoprotein
vanylmandelic acid

valproic acid

ventricular septal defect

venous thromboembolism

velocity time integral

vesicoureteral reflux

von Willebrand’s disease
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vWF von Willebrand’s factor

VZIG varicella zoster immune globulin
VzZV varicella-zoster virus

WBC white blood cell
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ZAM
ZDV
ZIFT
ZP
ZPI1

zone of altered morphology
zidovudine

zygote intrafallopian transfer
zona pellucida

PZ-dependent protease inhibitor



Overview: historical perspectives of

fetal medicine

Edward ]. Quilligan and Fredrick P. Zuspan

The fetus has never been considered a separate patient but
rather an integral part of the pregnancy. It was thoroughly
protected from any diagnosis or manipulation; nothing could
be done to alter the course or condition of the fetus. It was a
passenger, not a patient.

If we can define a patient as someone about whom we can
make a diagnosis and treat so as to alter that individual’s
course, then the fetus became a patient in the period between
1500 and 1600. In 1500, Jacob Nufer, a swine gelder, per-
formed the first recorded successful Cesarean section on his
wife. Rousset published a book on Cesarean section in 1588,
and in the first Italian book on obstetrics, Mercurio advocated
Cesarean section for patients with contracted pelvises.! Peter
the Elder of the Chamberlen family invented the obstetric
forceps.” Both of these methods of delivering the fetus,
although developed primarily to assist the mother during a dif-
ficult delivery, had the potential to alter the fetal environment
and thus could be said to treat the fetus, albeit indirectly. The
first attempts at fetal diagnosis can be attributed to Marsac,
who, in the seventeenth century, first heard the fetal heart beat.
In 1818, Mayor, a Swiss surgeon, reported the presence of fetal
heart tones; 3 years later, Kergaradec suggested auscultation
would be helpful in the diagnosis of twins and the fetal lie and
its position.’ In 1833, Kennedy* suggested that the fetal heart
rate was indicative of fetal distress. Such distress, if diagnosed
late in pregnancy, could be treated using forceps for delivery;
however, it was not until relatively recent times that Cesarean
section was used to treat fetal distress during the first stage of
labor. Douglas and Stromme,' in their 1957 text Operative
Obstetrics, state that “fetal distress was virtually nonexistent
as a cause for Cesarean section on our service [New York
Hospital] until 10 years ago.”

Rh disease

The next major diagnostic step was made by Bevis® in 1952.
He found a good correlation between amniotic fluid nonheme
iron (obtained by amniocentesis) and the severity of fetal
anemia. This pioneering work was amplified by Liley, who in
1961 demonstrated that the spectral peak at 450 mU reflected
the severity of hemolysis. This gave the obstetrician a method

with which to follow the patient with Rh sensitization and, in
some cases, deliver the fetus prematurely for fetal salvage. The
next major step in the treatment of these Rh-sensitized fetuses
was also made by Liley,” who in 1964 demonstrated that one
could successfully treat these anemic fetuses in utero by trans-
fusing blood into the fetal abdomen.

Fetal heart rate monitoring

During this same period, Hon® was developing methods for
continuous recording of the fetal heart rate and, more impor-
tant, the factors acting in the fetus that altered the fetal heart
rate in response to uterine contractions. He identified three
basic patterns: early, late, and variable decelerations, which
were due to head compression, uteroplacental insufficiency,
and umbilical cord compression, respectively. This permitted
the attending obstetrician to assign a cause for the fetal heart
rate decelerations that had been described in the 1800s. It also
permitted a more individualized therapy for the deceleration:
change of position for the variable deceleration and maternal
oxygen for the late decelerations. Baseline heart rate change
and heart rate variability were also related to specific fetal or
maternal conditions.

The association of late decelerations and fetal oxygen defi-
ciency was carried into the antepartum period by Hammacher’
in 1966. He observed that those infants who had late decelera-
tions of their fetal heart rate in association with spontaneous
uterine contractions had lower Apgar scores at birth and a
higher stillbirth rate. Pose and Escarcena'® induced the con-
tractions with oxytocin and found a similar correlation. Ray
etal." conducted the first prospective blind trial in the USA and
confirmed the results of Hammacher and Pose and Escarcena.

Biochemical monitoring

The fetal heart rate changes are best characterized as bio-
physical changes. During this same period, fetal biochemical
changes related to fetal well-being were being observed. The
initial biochemical change associated with fetal health was its
ability to make estriol.
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Although Spielman et al.'"> and Smith and Smith"® demon-
strated the association between maternal urinary estriol excre-
tion and fetal health in 1933, the test was not used extensively
until the 1950s owing to the lack of a reliable and easily per-
formed chemical assay. Brown developed such an assay, and the
test was used for many years, finally succumbing to less expen-
sive, more accurate biophysical tests.'* Another biochemical
marker of fetal distress was the acid-base balance of the fetal
scalp blood introduced by Saling and Schneider" in 1963. This
is still a reasonable test to use in selected situations.

Genetic testing

The foregoing discussion of fetal monitoring deals primarily
with the oxygenation of the fetus. The development of a
method of culturing and examining the chromosomes of the
fetal cells residing in the amniotic fluid of the first- and early
second-trimester fetus permitted the diagnosis of chromo-
somal abnormalities when pregnancy could be safely inter-
rupted. In 1949, Barr and Bertram'® identified the sex

1720 to use amni-

chromatin that allowed several investigators
otic fluid to determine whether a sex-linked genetic aberration
was a possibility in a given pregnancy. Culture of amniotic
fluid cells was reported by Jacobson and Barter’' in 1967.
They used available techniques to search for chromosomal
abnormalities in 56 pregnancies before 20 weeks of gestation,
with a greater than 90% success rate in obtaining adequate
chromosomal patterns. Knowledge of chromosomal abnor-
malities has increased as new techniques such as banding
allowed the geneticist a more detailed look at the chromoso-
mal structure; more recently, the development of genetic
probes has significantly widened the field of genetic diagnosis.
Chromosomal abnormalities were not the only fetal problems
that could be determined using amniotic fluid; biochemical
determinations allowed the diagnosis of such inheritable dis-
eases as Tay—Sachs disease and many others. Although amni-
otic sac puncture to obtain fluid had relatively few risks, there
were some. This, coupled with the significant work and cost
associated with analyzing amniotic fluid for chromosomal
abnormalities, has led to restricting the test to those most at
risk: older pregnant patients and patients who have a genetic
problem in the family or had an abnormal prior pregnancy.
The development of maternal blood markers for fetal abnor-
malities was extremely important because, using the criteria
described above, one would miss a significant proportion of
fetal problems. For example, although the risk of trisomy 21
is much greater in infants of patients older than age 35 years,
screening only these patients failed to detect 75% of the
trisomy 21 patients, because these patients were younger than
35 years of age. In 1944, Pederson® described a protein found
only in the fetus, fetuin. This was the first specific fetal protein.
Bergstrand and Czar*® found another fetal-specific protein,
which migrated between the albumen and o globulin fraction.
This was named o-fetoprotein by Gitlin and Boesman®* in
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1966. In 1972, Brock and Sutcliffe” reported elevated levels
of o-fetoprotein in the amniotic fluid surrounding fetuses with
neural tube defects, and, in 1984, Merkatz and his colleagues®
noted that pregnant patients with a trisomy 21 fetus had lower
than expected maternal levels of o-fetoprotein. This marker
allows all pregnant patients to be offered screening for neural
tube defects and some trisomics. Placental and fetal cells enter
the maternal circulation, albeit in small numbers. Investiga-
tors are currently working on methods of harvesting and
culturing these cells, which would obviate the need for
amniocentesis.

Sonography

In 1955, Ian Donald*”* introduced a technical innovation to
obstetrics and gynecology that brought the fetus to the obste-
trician’s fingertips. Ultrasound changed the way obstetrics was
practiced because, for the first time, the fetus, placenta, and
umbilical cord were visualized with increasing clarity. One
could assess fetal position, fetal growth, fetal weight, and fetal
structure for anomalies, as well as placental and umbilical
cord location and vessel number. As ultrasound improved
technically, it became possible to perform fetal echocardio-
grams and evaluate fetal blood flow through umbilical,
uterine, and numerous fetal vessels. This clarity of observa-
tion allowed the obstetrician fetal access in terms of placing
needles in the umbilical vessels to perform fetal diagnostic
studies or therapy such as transfusion.

Although the fetus could be very accurately visualized, and
sometimes treated, using ultrasound, there were some condi-
tions, such as diaphragmatic hernia, that required a surgical
approach during the second trimester if pulmonary hypopla-
sia was to be avoided. Although removal of the fetus from the
uterus had been tried since 1980, it was not successful owing
to premature labor or fetal death in utero. In 1990, Harrison
and his colleagues® reported the successful repair of a
diaphragmatic hernia on a midtrimester fetus that was placed
back into the uterus. The pregnancy continued into the third
trimester, with delivery of a live fetus.

Development of
maternal-fetal medicine

The fetus has become a patient the obstetrician can diagnose
and treat. This is recognized in a variety of ways. The
American Board of Obstetrics and Gynecology developed
certification for the specialist in maternal-fetal medicine in
1974. Centers of excellence in care of the fetus have developed
throughout the country, receiving referrals for difficult mater-
nal and fetal management problems from the generalist obste-
trician—gynecologist. Texts such as this stress fetal diagnostic
and therapeutic approaches.

The saying “you’ve come a long way, baby” has never been



so true from the standpoint of both the fetus and the newborn.

This is reflected in the continuing decline in perinatal mortal-

ity; however, the statement “you still have a long way to go”

is also very true. We still do not know for certain precisely

what triggers the onset of premature labor, which is responsi-

ble for the greatest number of perinatal deaths. Research needs

to continue at an accelerated pace, taking diagnosis and treat-

ment to the molecular level. In addition to providing the

known material in this field at a very high level, this text asks
the questions that need to be asked.

References

10

11

12

Douglas RG, Stromme WB. Operative obstetrics. New York:
Appleton-Century-Crofts, 1957:413.

Da KN. Obstetric forceps: its history and evolution. St Louis:
Mosby, 1929.

Goodlin R. History of fetal monitoring. Am | Obstet Gynecol
1979;33:325.

Kennedy E. Observations on obstetric auscultation. Dublin:
Hodges and Smith, 1833.

Bevis DCA. The prenatal prediction of antenatal disease of the
newborn. Lancet 1952;1:395.

Liley AW. Liquor amnii analysis in the management of the preg-
nancy complicated by rhesus sensitization. Am | Obstet Gynecol
1961;82:1359.

Liley AW. Technique of fetal transfusion in treatment of severe
hemolytic disease. Am | Obstet Gynecol 1964;89:817.

Hon EH. The electronic evaluation of the fetal heart rate (prelim-
inary report). Am | Obstet Gynecol 1958;75:1215.

Hammacher K. Fruherkennung intrauterineo gefahrenzustande
durch electrophonocardiographie und focographie. In: Elert R,
Hates KA, eds. Prophylaxe frunddkindicher hirnschaden.
Stuttgart: Georg Thieme Verlag, 1966:120.

Pose SV, Escarcena L. The influence of uterine contractions on the
partial pressure of oxygen in the human fetus. In: Calderyo-Barcia
R, ed. Effects of labor on the fetus and newborn. Oxford, UK:
Pergamon Press, 1967:48.

Ray M, Freeman RK, Pine S, et al. Clinical experience with the
oxytocin challenge test. Am | Obstet Gynecol 1972;114:12.
Spielman F, Goldberger MA, Frank RT. Hormonal diagnosis of
viability of pregnancy. JAMA 1933;101:266.

OVERVIEW: HISTORICAL PERSPECTIVES OF FETAL MEDICINE

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

Smith GV, Smith OW. Estrogen and progestin metabolism in
pregnancy: endocrine imbalance of preeclampsia and eclampsia.
Summary of findings to February 1941. Endocrinology 1941;
1:470.

Brown JB. Chemical method for determination of oestriol,
oestrone, and oestradiol in human urine. Biochem | 1955;60:185.
Saling E, Schneider D. Biochemical supervision of the fetus during
labor. Br | Obstet Gynecol 1967;74:799.

Barr ML, Bertram LE. A morphologic distinction between neurons
of the male and the female and the behavior of the nuclear satel-
lite during accelerated nucleoprotein synthesis. Nature 1949;163:
676.

Fuchs E Riis P. Antenatal sex determination. Nature 1956;
177:330.

Serr DM, Sachs L, Danon M. Diagnosis of fetal sex before birth
using cells from the amniotic fluid. Bull Res Council Israel
1955;E5B:137.

Makowski EL, Prem KA, Kaiser IH. Detection of sex of fetuses
by the incidence of sex chromatin body in nuclei of cells in amni-
otic fluid. Science 1956;123:542.

Shettles LB. Nuclear morphology of cells in human amniotic
fluid in relation to sex of the infant. Am ] Obstet Gynecol
1956;71:834.

Jacobson CB, Barter RH. Intrauterine diagnosis and management
of genetic defects. Am | Obstet Gynecol 1967;99:796.

Pedersen K. Fetuin, a new globulin isolated from serum. Nature
1944;154:575.

Bergstrand CG, Czar B. Demonstration of a new protein fraction
in the serum from the human fetus. Scand | Clin Lab Invest
1956;8:174.

Gitlin D, Boesman M. Serum alpha-fetoprotein albumen and
gamma G-globulin in the human conceptus. | Clin Invest
1966;45:1826.

Brock DJH, Sutcliffe RG. Alpha-fetoprotein in the diagnosis of
anencephaly and spine bifida. Lancer 1972;2:197.

Merkatz IR, Nitowsky IJM, Macri JN, Johnson WE. An associa-
tion between low serum alpha-fetoprotein and fetal chromosomal
abnormalities. Am | Obstet Gynecol 1984;148:886.

Donald I, MacVicar J, Brown TG. Investigation of abdominal
masses by pulsed ultrasound. Lancet 1958;1:1188.

Donald I. On launching a new diagnostic science. Am | Obstet
Gynecol 1969;103:609.

Harrison MR, Odzick NS, Longaker MT, et al. Successful repair
in-utero of a fetal diaphragmatic hernia after removal of herniated
viscera from the left thorax. N Engl ] Med 1990;322:1582.

XXVii






Conception and
Conceptus Development






Early conceptus growth and
immunobiologic adaptations

of pregnancy

Kenneth H.H. Wong and Eli Y. Adashi

Reproduction will only be successful if a multitude of intri-
cate sequences and interactions occur. This reproductive
process begins with the formation of individual male and
female gametes. Following gamete formation, a mechanism
must be provided to ensure that these gametes attain close
proximity to each other so fertilization may take place. After
successful fertilization, the newly formed embryo must
develop correctly and finally implant in a nourishing environ-
ment. Recently, there have been many advances in the under-
standing of these reproductive processes; however, it is beyond
the scope of this chapter to provide detailed information
on gamete formation, fertilization, and implantation.
The interested reader is referred to several excellent texts for
more specific information.'? Rather, this chapter summarizes
key normal developmental and physiologic events in early
conceptus growth and immunobiologic adaptation of a

pregnancy.

Gametogenesis

Gametogenesis is the maturational process that produces spe-
cialized gametes: the spermatozoon in the male and the oocyte
in the female. Both cytoreduction and division prepare
gametes for fertilization, which involves the union of male and
female gametes. In order to maintain a constant chromosome
number, the gametes undergo meiosis, a specialized form of
cell division responsible for reducing the diploid number (46)
of chromosomes to the haploid number (23).

At approximately 5 weeks of gestation, primitive germ cells
migrate, presumably by way of ameboid movement from the
yolk sac to the gonadal ridges. Following their migration, the
germ cells are surrounded by somatic cells derived from
the mesonephros forming the primary sex cords.’

In the first meiotic division, homologous chromosomes pair
during prophase. In the pachytene stage of prophase, inde-
pendent assortment and recombination of genetic material
occurs among the gametes. Separation of the paired chromo-
somes occurs in anaphase, whereupon each new daughter cell

contains the haploid chromosome number or 23 double-
structured chromosomes.

Shortly after the first division, the cell enters the second
meiotic division. Each double-structured chromosome divides
to form two separate chromosomes containing one chromatid.
The resultant products include four daughter cells each con-
taining the haploid number of chromosomes. Thus, one
primary oocyte gives rise to four daughter cells, each receiv-
ing 22 autosomes and an X chromosome, and the primary
spermatocyte gives rise to four daughter cells, each receiving
22 autosomes and either an X or a Y chromosome.

Fertilization

Embryonic development begins with the process of fertiliza-
tion, the union of individual male and female gametes (Fig.
1.1). The fusion of two haploid cells, each bearing 22 auto-
somes and one sex chromosome, creates an offspring whose
genetic makeup is different from that of both parents. Fertil-
ization consists of a regulated sequence of interactions that
will ultimately result in embryo development (Fig. 1.2).

Prior to any sperm—egg interaction, a requisite maturation
of spermatozoa, termed capacitation, must occur.*’ The sper-
matozoa gain this ability during the transit through the female
reproductive tract. Triggered exocytosis is the final conse-
quence of capacitation.® The importance of capacitation has
long been recognized, with the initial observation that capac-
itated sperm can readily penetrate the cumulus.” Capacitation
is characterized by the acrosome reaction (AR) , the ability
to bind to the zona pellucida (ZP), and the acquisition of
hypermobility.

Spermatozoa must pass through an investment of cells and
matrices, the cumulus, before any sperm—egg interaction may
take place. The cumulus is composed of granulosa cells and a
matrix consisting primarily of hyaluronic acid and proteins.
Sperm capacitation and the hyperactivated motility seem to
be important in the sperm’s ability to penetrate the cumulus.
Investigations have revealed that the sperm protein PH-20 is
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CHAPTER 1

Figure 1.1 Fertilization. A sperm is shown penetrating an oocyte.
The spermatozoon must first undergo capacitation. Next, the sperm
must penetrate the cumulus (the investment of cells and matrix
surrounding the oocyte). After cumulus penetration, the sperm
binds to the zona pellucida via specific receptors. The plasma
membranes of the sperm and oocyte fuse. The sperm and tail of the
sperm enter the oocyte, leaving the sperm’s plasma membrane.

also involved with cumulus matrix penetration.® Although
PH-20 degrades hyaluronic acid and possesses similar protein
properties to hyaluronidase, the exact role of this enzyme still
remains uncertain.

The ZP is an acellular glycoprotein coat that covers and
protects the ovum. The ZP is the last physical barrier that
spermatozoa must pass before fertilization with the ovum. The
initial interaction between the sperm and the oocyte ZP
appears to be a receptor-mediated process. The ZP consists
principally of three heavily glycosylated proteins: ZP1, ZP2,
and ZP3.>'° Extensive studies, especially in the mouse,
have revealed ZP2 and ZP3 function in sperm binding,
whereas ZP1 serves a structural role.”'' Moreover, ZP3 has
been demonstrated to be responsible for primary sperm
binding (binding prior to the acrosome reaction) and triggers
the acrosome reaction, while ZP2 is involved with secondary
binding (binding with sperm following the acrosome
reaction).'>!

The AR involves fusion between the sperm’s plasma and
acrosomal membrane with exocytosis of the enzyme contents
of the acrosome. These enzymes, including hyaluronidase and
acrosin, appear to play a role in ZP penetration. Furthermore,
the AR changes the sperm head membranes in preparation for
the eventual fusion of the inner acrosomal membrane with the
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Completion of capacitation in the oviductal isthmus

!

Admission into and through the cumulus matrix

'

Primary binding to ZP3 on the sperm plasma mem-
brane

'

Triggering of acrosomal exocytosis

Secondary binding to ZP2 using components
exposed after the acrosomal reaction

'

Autoactivation of proacrosin to acrosin, with attendant
digestion through the ZP matrix

'

Binding, followed by fusion between sperm and egg
plasma membranes

Figure 1.2 Proposed sequence for mammalian gamete
interaction. ZP, zona pellucida. (Adapted from ref. 35, with
permission.)

oocyte’s plasma membrane. Acrosome-intact sperm are unable
to fuse with oocytes." Thus, the AR is an absolute prerequi-
site for sperm fusion with the oocyte membrane.

Once the ZP has been penetrated, the spermatozoon enters
the perivitelline space at an angle and crosses quickly. The
sperm then binds to the oocyte plasma membrane (oolemma)
and soon the entire head enters the cytoplasm of the oocyte
(ooplasm). Subsequently, there is fusion of the sperm and egg
membranes with specific proteins mediating this process. One
such fusion protein is fertilin (formerly called PH-30).%"* This
sperm membrane protein appears to bind to the oolema via
an integrin receptor-mediated mechanism.® Following fusion,
several morphologic and biochemical events are initiated in
the fertilized ovum.

Upon fusion of the egg and sperm membranes, there is a
triggering of the cortical and zona reactions. As a result of the
release of cortical granules in the oocyte, the oolema becomes
impenetrable to spermatozoa. Furthermore, the ZP alters its
structure, possibly due to ZP2 and ZP3 protein rearrange-
ment, to prevent further sperm binding.’ These are the primary
blocking mechanisms to polyspermy.

Besides the cortical and zona reactions, a number of bio-
chemical and molecular events are activated in the oocyte
after sperm—egg fusion. Initially, there is a transient release of
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intracellular calcium in a repeated oscillatory fashion.'®!

These calcium pulses may be initiated by membrane depolar-
ization and propagated through inositol triphosphate produc-
tion. Consequently, the release of calcium induces exocytosis
of the cortical granules. Eventually, these events will lead to
initiation of the cell cycle and DNA synthesis.

Upon initiation, the oocyte will resume the second meiotic
division that had been arrested at metaphase 2. One of the
daughter cells will be extruded as the second polar body, while
the other daughter cell, containing a haploid number of chro-
mosomes, becomes the definitive oocyte. Restoration of the
diploid number of chromosomes results from the addition of
chromosomes from the sperm upon fertilization.

The female pronucleus is formed from the maternal chro-
mosomes remaining in the oocyte. Meanwhile, the sperm
head’s chromatin decondenses, while enlarging the head
in the ooplasm, forming the male pronucleus. The two
pronuclei enlarge and migrate toward each other in the center
of the fertilized egg. As the pronuclei move into close prox-
imity, the nuclear membranes break down. Syngamy
then begins as the chromosomes condense during the first cell
division.

Preimplantation embryo

The initial phases of embryonic growth following fertilization
are concerned with rapid cell division (Fig. 1.3). This initial
increase in cell numbers is critical in establishing a sufficient
number of cells in the embryo, which can then initiate differ-
entiation. These cells are known as blastomeres. Beginning

Corona radiata

Polar body

Figure 1.3 Cleavage and blastogenesis.
Cleavage occurs in stages and results in the
formation of blastomeres. The morula is
composed of 12-16 blastomeres. The
blastocyst forms when approximately 60
blastomeres are present. Note that the zona
pellucida has disappeared by the late
blastocyst stage. Until the zona pellucida is
shed, the developing embryo essentially does
not increase in size.

with the first division, approximately 24-30 hours after fer-
tilization, the blastomeres become smaller with successive
divisions. Until the eight-cell stage, the cells are in a loosely
arranged clump; however, following this cleavage stage, blas-
tomeres begin merging into a coherent mass of cells marked
by the formation of gap and tight junctions.'®!” This process
of compaction segregates inner cells from outer cells and rep-
resents the onset of embryonic differentiation. Approximately
3 days after fertilization, the berry-like mass of cells, termed
the morula, enters the uterus.

The next event in embryo development is the formation of
a fluid-filled cavity, the blastocele. With blastocyst formation,
there is a partitioning of cells between an inner cell mass, the
embryoblast, and an outer mass of cells, the trophectoderm.
E-cadherin, a molecule involved with cell—cell binding, seems
to be important for trophectoderm and blastocyst formation.*
This polarization of blastomeres permits differentiation to
proceed. Differentiation allows for the development of the
three primitive tissue layers: the endoderm, mesoderm, and
ectoderm. The primitive endoderm arises from a flattened
layer of cells, the hypoblast, which lies on the surface of
the inner cell mass and faces the blastocoele. Meanwhile, both
the mesoderm and the ectoderm develop from the epiblast, the
high columnar cell of the inner cell mass.

Until this stage in its growth, the blastocyst is still entirely
surrounded by the ZP. The primary function of the ZP appears
to be prevention of polyspermy. However, the ZP must be shed
prior to embryo implantation to allow for the increasing cell
mass and to enable contact between the embryo and the
endometrium. This is achieved by hatching, where the embryo
wiggles and squeezes out of this investment through a hole. In

Blastomere

pellucida
Four-cell stage

Early blastocyst

Late blastocyst
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mice, the initial hole in the ZP is created by the enzyme
trypsin.?! In contrast, the exact mechanism in the human is
still unknown, and human hatching has only been seen in
vitro.**

After entering the uterus, the developing blastocyst floats
inside the endometrial cavity for about 2-3 days. The embryo
begins implantation approximately 6 days after fertilization,
while the primitive germ layers develop between days 6 and
8. Following initial implantation, the embryo is completely
imbedded within the endometrium by approximately 8-9 days
after ovulation.

Intermediary metabolism in
the developing embryo

Like all other cells, the developing embryo has nutritional
requirements and possesses few nutrient stores, so it must
depend on external sources. The metabolic requirements may
vary depending on the particular embryonic stage of develop-
ment. One requirement of particular interest is that pyruvate
appears to be the major energy source for early embryo devel-
opment, while glucose metabolism becomes activated in later
cleavage stages. Besides pyruvate and glucose, there are many
embryo nutrients and stimulants, including amino acids, inter-
mediaries regulating calcium, and free radical scavengers, to
name a few (see Fig. 1.4).

Molecular synthesis in
the developing conceptus

The early conceptus exhibits a high level of metabolic activity
and is capable of the synthesis and secretion of a number of
macromolecules that have diverse effects on the success of
implantation, placentation, and maintenance of pregnancy.

Among the earliest substances secreted by the preimplanta-
tion embryo is a soluble ether phospholipid, platelet activat-
ing factor (PAF). Correlation between the production of
embryo-derived (ED)PAF and the pregnancy potential of
embryos suggests that it may serve a fundamental role in the
establishment of pregnancy.” Apparently, human embryos
release variable amounts of PAF within 48 hours after fertil-
ization.** Conclusive evidence for the essential role of PAF in
the establishment of pregnancy was provided by Spinks and
O’Neill, who used inhibitors of PAF activity iz vivo to induce
implantation failure in animals.”

Human chorionic gonadotropin (hCG) is a glycoprotein
composed of one o and one B subunit with amino acid
sequences similar to luteinizing hormone. It is produced by the
early human trophoblast beginning about the eight-cell stage
and is essential for the survival of the conceptus by stimulat-
ing progesterone production from the corpus luteum and thus
preventing luteolysis and menstruation. In the human, implan-
tation occurs on day 6 after ovulation, and hCG is first meas-
urable on day 9 following ovulation.”® The hCG production
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of human blastocysts iz vitro has been correlated with their
morphology and maturity, with the best embryos producing
more hCG.”

Early pregnancy factor (EPF) has been described based on
an alteration in lymphocytic reactivity in the lymphocyte
rosette test, which was devised to assess the immunosuppres-
sive characteristics of antilymphocyte serum in vitro.?® Isola-
tion of EPF in embryo growth media has been reported in
several species. An immunosuppressive role has been impli-
cated, possibly by modulating the maternal immune system.”
Recently identified as part of a highly conserved heat shock
family of molecules, EPF consists of an amino acid sequence
with approximately 70% homology to chaperonin 10 and
may be involved in protein binding.** EPF becomes positive in
maternal serum as early as 24-48 hours after conception and
therefore may be useful in the evaluation of early pregnancy
failure.’® Consequently, disorders of menstruation may be
distinguished from early spontaneous abortion.

The human zygote produces a factor in vitro that is directly
immunosuppressive.* Unlike the immunosuppressive actions
of EPF or EDPAE the actions of immunosuppressive factor
(IF) are direct. The factor obtained from culture media of
human embryos after i vitro fertilization suppresses mitogen-
induced proliferation of peripheral lymphocytes, and those
embryos producing the factor alone result in pregnancy. The
presence of embryo-associated IFs at various stages of
gestation may play a role in suppressing maternal cellular
immune responses and prevent maternal rejection of the fetal
allograft. Although IF was thought initially to derive from
the developing embryo, recent evidence has localized IF to
decidual cells.*

Although the mechanism has not been elucidated, histamine
is thought to play a role in implantation of the blastocyst.
Embryo-derived histamine releasing factor (EHRF) has been
identified in culture medium used to grow developing
embryos.** Both calcium and temperature dependent, EHRF
induces histamine release from sensitized basal cells. Although
the role of this factor remains to be clarified, EHRF could rep-
resent a message sent by the embryo to the mother to induce
histamine release at the time of implantation.

Cytokines and growth factors
regulating implantation

A critical stage in development involves embryonic implanta-
tion, a continual synchrony between the embryo itself and a
complex series of molecular and cellular events induced in the
uterus by estrogen and progesterone. Much of this maternal
environment/embryonic “talk” is mediated in an autocrine/
paracrine manner by cytokines and growth factors produced
by both the embryo and the uterus. Although there exists a
myriad of information concerning cytokine and growth factor
involvement with implantation, the complete details of this
mechanism are still incomplete. For a more comprehensive
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Figure 1.4 Embryonic nutrients and secreted
. . GM-CSF
products. EDTA, ethylenediaminetetraacetic acid; IL1B
EGEF, epidermal growth factor; EHRE, embryo-

derived histamine-releasing factor; FGE, fibroblast FGF
growth factor; GM-CSE, granulocyte-macrophage
colony-stimulating factor; hCG, human chorionic
gonadotropin; IGF, insulin-like growth factor; IL,
interleukin; PDGEF, platelet-derived growth factor;

TGF, transforming growth factor. (From ref. 55,

with permission.)

review, the interested reader is referred to several reviews.>*%

At least three cytokines, colony-stimulating factor 1 (CSF-1),
leukemia inhibitory factor (LIF) and interleukin 1 (IL-1)
appear to be involved in implantation.’”

Apposition and adhesion of the embryo
to the endometrium

The blastocyst lies unattached in the uterine endometrial
cavity for approximately 2 days before implantation. Implan-

Myoinositol /

tation begins as the embryo becomes closely apposed to the
endometrial epithelium (Fig. 1.5). The initial contact is made
via the polar trophectoderm. Apposition seems to allow the
complementary binding proteins of the embryo and endome-
trial epithelium to function effectively during implantation
by the interdigitating of epithelial cells and trophoblast with
microvilli.

The adherence of the blastocyst to the endometrial epithe-
lium appears to be mediated through ligand-receptor com-
plexes. The expression of specific adhesion molecules, such as
integrins, in the embryo and specific substrates and receptors,

7
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Figure 1.5 Implantation. (A) After floating free for 2 days, the polar
trophectoderm of the embryo apposes the endometrial epithelium.
(B) Penetration begins with rapid proliferation and differentiation
into two cell types, the cytotrophoblast and the syncytiotrophoblast.
The syncytiotrophoblast, a multinucleated mass of cells with no cell

B
Syncytiotrophoblast
Cytotrophoblast
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Embryonic
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Primary
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boundaries, extends through the endometrial epithelium to
penetrate the stroma. (C) The inner cell mass differentiates into the
epiblast, which gives rise to the mesoderm and ectoderm, and the
hypoblast, which gives rise to the endoderm. (D) The embryo
becomes completely embedded 7-13 days after ovulation.
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such as laminin, fibronectins, and collagen IV, in the uterine
epithelium and decidua appears to be involved with these
ligand-receptor complexes. After adhering to the uterine
epithelium, the blastocyst will begin penetrating through the
basement membrane and into the uterine stroma.

Penetration of the epithelium

Immediately following adhesion, the blastocyst begins pene-
tration into the endometrial epithelium and stroma (Fig. 1.5).
For trophoblast cells to invade, they have to degrade and
remodel the epithelium and stroma. Thus, embryos must
produce specific molecules and other enzymes to assist in their
penetration. A delicate coordination must exist, however,
between the invading embryo and the underlying endome-
trium to prevent excessive penetration and yet provide ade-
quate invasiveness.

The enzymes and molecules implicated in implantation
include the proteases, proteinases, and their inhibitors, which
are all involved with degradation of the extracellular matrix.
There is a high degree of tissue reorganization that occurs
during implantation. At present, the significance of these sub-
stances is not fully understood, although their importance in
implantation is paramount. Clearly, further studies are needed
to elucidate whether one or more of these systems are involved
in embryo penetration or if they are redundant systems
for “back up” in case one of the systems should become
ineffective.

The early human trophoblast

The blastocyst attaches to the endometrial epithelium at
the embryonic pole 6 days after fertilization (Fig. 1.5). After
the trophoblast has attached to the endometrial epithelium,
rapid cellular proliferation occurs, and the trophoblast differ-
entiates into two layers consisting of the inner cytotrophoblast
and an outer syncytiotrophoblast, a multinucleated mass
without cellular boundaries. Syncytial trophoblast processes
extend through the endometrial epithelium to invade the
endometrial stroma. Stromal cells surrounding the implanta-
tion site become laden with lipids and glycogen, become poly-
hedral in shape, and are referred to as decidual cells. These
decidual cells degenerate in the region of the invading
syncytiotrophoblast and provide nutrition to the developing
embryo. The blastocyst superficially implants in the stratum
compactum of the endometrium by the end of the first
week. The trophoblast then invades the surrounding
myometrium as the blastocyst becomes completely imbedded
in the decidua. Capillary connections are formed as the tro-
phoblast invades, and the blood supply to the developing fetus
is established through which it will obtain its support until
delivery occurs.

Immunobiologic adaptations of
pregnancy

The primary role of the immune system is to protect the body
from invasion by foreign organisms and their toxic products.
This requires an ability to discriminate between self and
nonself antigens, so that immune destruction can be targeted
against the invading organism and not against the animal’s
own tissues. In pregnancy, the antigenically foreign fetus
grows in its mother for 9 months, unharmed by her immune
system. Clearly, immune adaptations must occur in pregnancy
that are central to the survival of the fetus while maintaining
the mother’s ability to fight infection.

The maternal-fetal interface

Trophoblast

The fetus itself does not come into direct contact with mater-
nal tissue. The trophoblast of the placenta and fetal mem-
branes forms the interface between mother and fetus. Two
areas of contact between mother and fetus are established:
(1) a large surface area formed by the syncytiotrophoblast of
the chorionic villi that is bathed by maternal blood; and (2),
within the deciduas, extravillous trophoblast (mostly cytotro-
phoblast but with some syncytial elements) that mingles
directly with maternal tissues.

Fetal-maternal cell traffic

The villous syncytiotrophoblast, adjacent to blood, and the
nonvillous cytotrophoblast, in contact with maternal decid-
uas, are the main areas where maternal lymphocytes might be
sensitized to trophoblasts. However, the interface between
mother and fetus is extended by the traffic of fetal cells into
the maternal circulation, carrying fetal antigens to other parts
of the maternal immune system, where priming responses
could also occur (Table 1.1).

Trophoblast deportation

It has been known for many years that trophoblast cells enter
the maternal circulation.’® There are two ways in which this
might happen. First, trophoblast “buds” (called syncytial
sprouts) often form on the syncytiotrophoblast surface and

Table 1.1 Contact between maternal and fetal tissues.

Local Syncytiotrophoblast lining intervillous space
Cytotrophoblast in decidua

Fetal red and white cells entering maternal blood
Trophoblast deportation

Systemic
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may break free and enter the maternal blood. This disruption
of the syncytiotrophoblast could also lead to the underlying
villous cytotrophoblast entering the mother’s blood. Alterna-
tively, the endovascular cytotrophoblast that lines the
spiral arteries may be carried away into the bloodstream.
There is evidence for both multinucleate (syncytiotrophoblast)
and mononuclear (cytotrophoblast) cells entering the mater-
nal uterine vein,” but it is not yet established whether the
mononuclear cells are villous or extravillous cytotrophoblasts
in origin. It is also a matter of great controversy whether
trophoblasts enter the peripheral circulation to a major extent
in pregnancy,”” or whether they become trapped in the
lungs.*!

Traffic of fetal blood cells

Direct contact of fetal (as opposed to placental) cells with
maternal cells can come about only by the passage of fetal
blood into the maternal circulation. There is now good evi-
dence that fetal nucleated erythrocytes can enter the maternal
blood in early pregnancy,** and it must be assumed that fetal
leukocytes will enter at the same time.** Therefore, it appears
that more cells traverse the placental barrier as the fetus and
the placenta grow.** Their presence is presumed to result from
fetal-maternal hemorrhage, although the mechanism by which
this occurs has yet to be defined.

Maternal immune cells in decidua

The decidua is the tissue in which immune recognition of tro-
phoblasts is most likely to occur. Immunohistologic and flow
cytometric studies of the first-trimester pregnancy decidua into
which trophoblast invades have shown that it is composed
predominantly of immune cells.** Approximately 10% of the
stromal cells are T lymphocytes (although there are virtually
no B cells) and 20% are macrophages;*® these two cell types
are essential for cell-mediated graft rejection responses.
However, the main immune cell population is large granular
lymphocytes or natural killer (NK) cells, comprising 45% of
the decidual cells.*” Immunohistologic studies show that the
extravillous cytotrophoblast is in close contact with these
immune cells, which raises the question as to how the tro-
phoblast avoids recognition and rejection.

Maternal immune responses
to trophoblast

Expression of major histocompatibility complex
(MHC) antigens by trophoblast

The way in which the mother’s immune system responds to
trophoblast cells will depend on which, if any, MHC antigens
they express; therefore, this has been an area of intense study.
Studies using monoclonal antibodies that recognized all forms
of class I antigens [human leukocyte antigen (HLA)-A, -B, and
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Table 1.2 MHC expression in human development.

Class I MHC Class I MHC
HLA-G  HLA-A, HLA-DR,
B, -C DP, -DQ
Qocyte - - -
Sperm - - -
Blastocyst + ? ?
Syncytiotrophoblast - - -
Villous cytotrophoblast - - -
Extravillous + - -
cytotrophoblast
Fetal tissue - + +

MHC, major histocompatibility complex; —, antigen absent;
+, antigen present; ?, not yet known.

-C] revealed that, although the syncytiotrophoblast and under-
lying villous cytotrophoblast were negative for class I, the
invasive extravillous cytotrophoblast in the placental bed and
the amniochorion strongly expressed this antigen.** Sub-
sequent biochemical**® and molecular analyses’! have shown
that the trophoblast class I antigen is in fact HLA-G. HLA-G
differs from HLA-A, -B, and -C in that it is nonpolymorphic
and has a lower molecular weight. The latter characteristic
arises from a termination codon in exon 6, resulting in the
transcription of a protein with a truncated cytoplasmic
tail.*?

Polyclonal antibody studies have confirmed that HLA-G
protein is expressed only by extravillous cytotrophoblast®
(Table 1.2). Neither oocytes*® nor sperm express surface class
I or class II antigens, although sperm are reported to express
mRNA for both HLA-B and -G.*’ Similarly, oocytes appear to
be negative for both class I and class II antigens. Cleavage-
stage embryos and blastocysts were also thought to be nega-
tive for class ,°® but there is no evidence that a proportion of
blastocysts express both HLA-G mRNA and protein, which
may be associated with more rapid cleavage rates.”” Thus,
expression of HLA-G at this stage could be vital to protect the
embryo as it implants into the decidua.

Immunoregulatory role of HLA-G

Soluble class I HLA molecules are known to be shed into the
serum of patients with HLA-mismatched organ grafts.’® These
donor-derived, soluble, class I antigens are believed to prolong
graft survival by inhibiting the activity of alloreactive cyto-
toxic lymphocytes.*” This may occur through their binding to
the T-cell receptor or its coreceptor, CD8, which induces apop-
tosis of the cytotoxic T cell.® It has been proposed that soluble
HLA-G may likewise be shed from the surface of the tro-
phoblast and may eliminate maternal cytotoxic T cells by a
similar mechanism.®' In support of the hypothesis, evidence
for a soluble HLA-G molecule has been obtained at both the
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Table 1.3 Properties and functions of HLA-G.

Protein expression restricted to extravillous cytotrophoblast

Exists in both membrane-bound and soluble forms

Heavy chain (40-kDa) has truncated cytoplasmic tail

May have limited polymorphism or is nonpolymorphic

Forms class I complexes with B,-microglobulin and antigenic
peptides

Expression is associated with TAP1

Appears not to stimulate maternal T-cell responses

Downregulates NK cell-mediated cytotoxicity

NK cell, natural killer cell; TAP1, transporter associated with
peptide presentation.

molecular® and the protein level,’® and other studies have
shown that HLA-G binds to CD8.%

HLA-G expression may also serve a protective role for tro-
phoblasts. HLA-G inhibits the proliferation of CD4+ T lym-
phocytes® and decreases decidual cell production of interferon
(IFN)-y and tumor necrosis factor (TNF)-c.®* Addition of
HLA-G to mixed lymphocyte cultures increases the produc-
tion of IL-10 and decreases IFN-y and TNF-o production
causing a shift from a Th1 to a Th2 phenotype.®®

Protection against NK cell attack

It might seem that, in evolutionary terms, it would be simpler
for the trophoblast not to express class | MHC and thereby
avoid immune recognition. However, a major threat to tro-
phoblast invading the decidua is presented by the large gran-
ular lymphocytes (NK cells). NK cells preferentially kill target
cells that lack class I MHC. The presence of class I antigens
on the cell surface is thought to be essential for protection
from NK cell-mediated attack. Experiments using cell lines
have shown that variants with low levels of class I expression
are highly susceptible to NK lysis,®” but that transfection with
both classical class I and HLA-G genes can confer protec-
tion.?"*® The expression of HLA-G may therefore be essential
to protect extravillous cytotrophoblast from decidual NK
cells.®*”® Thus, HLA-G may serve a dual role in protecting
trophoblast from both cytotoxic T cells and NK cells.

The properties and possible functions of HLA-G are
summarized in Table 1.3.

Maternal immune responses to
trafficking cells

Fetal leukocytes

In the placenta, class I antigen expression occurs in the mes-
enchyme of the chorionic villi as early as 2.5 weeks, although
it is sporadic and weak. Class II-positive cells are found in the
placenta by 14 weeks’ gestation.”" In the fetus itself, class

I- and class II-positive cells have been found in the thymic
epithelium at 7 weeks’ gestation.”” Thus, if fetal leukocytes
enter the maternal circulation, they could potentially stimu-
late maternal immune responses.

Antibody responses

Antifetal (paternal) HLA alloantibodies can develop during a
first pregnancy,” and may occur after an abortion,” which
indicates that immunization is not necessarily the result of
events at delivery, but usually develops after 28 weeks, with
the incidence increasing with parity.”* These antibodies do not
develop in all pregnancies. The rate is approximately 15% of
women in their first pregnancies and never more than approx-
imately 60% among multiparous women.”® Antibodies may
develop against both class I and class II antigens.”

None of these antifetal antibodies appears to cause harm to
the fetus, probably because they cannot bind to the syncy-
tiotrophoblast, given that it does not express MHC antigens.
This would be sufficient protection were it not for the pla-
centa’s role in the transfer of immunoglobulins from the
maternal to the fetal circulation — a process by which the fetus
acquires immunity from infection in the perinatal period. Fc
receptors on the surface of the syncytiotrophoblast bind
free immunoglobulin G (IgG) molecules and transport them
to the villous stroma, where they enter the fetal circulation.
Only IgG is transported; antibodies of other classes remain in
the maternal blood. However, antibodies to fetal (paternal)
HLA appear to be effectively filtered out by binding HLA
antigens on cells in the villous stroma. IgG that is aggregated
or complexed with antigen is removed by Fc receptor-bearing
macrophages.” This illustrates the concept of the placental
“sponge.” Thus, only maternal IgG antibodies to antigens not
represented in placental tissues escape the “sponge” and reach
the fetal circulation.”

Cell-mediated responses

If the mother can develop antibodies to fetal HLA antigens, it
would be expected that she can also develop cell-mediated
immunity because T- and B-cell sensitization to fetal HLA
should occur together. It is therefore surprising that there is
only sporadic evidence for T-cell sensitization, as judged by
the detection of a secondary maternal-paternal (fetal) mixed
lymphocyte reaction or paternal (fetal)-specific cytotoxic T
cells.®

A search for maternal cytotoxic T cells against paternal and
unrelated control target cells at term found clear evidence for
their presence in only 2 of 20 pregnant women.®' In a further
series of experiments, no sensitization to paternal HLA was
seen in 25 normal first-trimester pregnancies.®> Even when
cytotoxic T cells were found, they did not appear to harm
the fetus because these women had normal pregnancies. This
implies that cytotoxic T cells cannot cross the placental barrier
to gain access to the fetus.

1
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Table 1.4 Maternal immune responses to fetal cells.

Antibody response Cell-mediated response

Fetal leukocytes + +/-
Trophoblast +-(?) _

+, response; —, no response; (?), conflicting evidence.

Immunoregulation

From the discussion above, it is clear that there is a paradox
in pregnancy in that, although the mother’s ability to produce
antibodies is apparently normal, her ability to mount cell-
mediated immune responses is weakened (Table 1.4). This
concept is supported by clinical observations that pregnant
women, although not grossly immunocompromised, are more
susceptible to diseases that are normally dealt with by
cell-mediated immune responses. Certain viral infections,
such as hepatitis, herpes simples, and Epstein—Barr virus, are
more common in pregnancy.®® Diseases caused by intra-
cellular pathogens (e.g., leprosy, tuberculosis, malaria, toxo-
plasmosis, and coccidioidomycosis) appear to be exacerbated
by pregnancy. Furthermore, approximately 70% of women
with rheumatoid arthritis (caused by cytotoxic T cells in the
joints) experience a temporary remission of their symptoms
during gestation, whereas systemic lupus erythematosus
(caused by autoantibodies) tends to get worse during
pregnancy.®

Many investigators have attempted to characterize the
maternal immune response by determining immune cell
subsets and immune cell function during pregnancy. In
general, immune function is similar in pregnant and nonpreg-
nant women (Table 1.5). Taken together, there is no clear trend
toward either the enhancement or the suppression of immune
function during pregnancy.

Immunoregulatory factors

Placental suppressor factors

The placenta itself can release factors that suppress T-cell and
NK-cell activity.*® Microvillous preparations of syncytiotro-
phoblast and culture supernatants from placental cells and

choriocarcinoma cell lines*®%”

nonspecifically  suppress
mitogen responsiveness and allogenetically stimulated lym-
phocytes in the mixed lymphocyte reaction along with the
cytolytic activity of cytotoxic T cells and NK-cell activity.®
Suppressive activity may appear very early in gestation, given
that animal®** and human preimplantation embryos have been
reported to produce inhibitory factors within 24 hours of

fertilization.”
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Table 1.5 Alterations in maternal cellular immunity during

pregnancy.
Component Alteration in pregnancy Reference
B-cell numbers No change 102, 103
T-cell numbers No change 104, 105, 106
T-cell function No change 107
Decreased 108, 109
NK-cell function Decreased 110, 111

Decidual suppressor factors

Suppressive factors released by the placenta into the blood
may inhibit lymphocyte responses systematically, but other
mechanisms may be involved locally to prevent alloimmune
recognition of extravillous cytotrophoblast that invades the
decidua. Suppression of cell-mediated responsiveness iz vitro
by cell populations® from first-trimester human decidua has
also been demonstrated. Decidual cells secrete various proteins
that might mediate these suppressive activities. Transforming
growth factor B, a cytokine that strongly inhibits proliferation
of B cells and T cells and the cytolytic activity of NK cells, has
been localized to the large granular lymphocytes in the human
decidua.”

Cytokines and pregnancy

The strongest candidates for the suppressor factors derived
from the placenta and decidua are cytokines. It has been pro-
posed that the maternal immune changes in pregnancy are
brought about by a shift in the balance of cytokines that favors
antibody production and depresses the potentially harmful
cell-mediated immune responses.

Type | and type 2 cytokines and the immune response

It has become apparent that antibody production and cell-
mediated responses are controlled through two distinct
populations of CD4+ Th cells.” Type 1 CD4+ Th cells (Th1)
control cell-mediated responses by secreting cytokines such as
IL-2, TEN-B, and IFN-y, which stimulate cytotoxic T cells and
NK cells (Th1 response). Type 2 CD4+ Th cells (Th2) produce
IL-4, which stimulates IgE and IgG antibody production by B
cells (Th2 response) (Fig. 1.6A). These two systems are also
interactive in that IFN-y produced by T1 cells inhibits B-cell
development induced by Th2 cells, and Th2 cells in turn
produce IL-10, which inhibits cytokine synthesis by Th1 cells
(Fig. 1.6B). Thus, Thl and Th2 cytokines are mutually
inhibitory but, in the normal state, they are in balance, allow-
ing both forms of immune response to coexist. However, a
deviation in the pattern of cytokine production could lead to
one type of response being favored over the other.
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Figure 1.6 (A) Th1 and Th2 cytokines in immune responses. (B)

Th1 and Th2 cytokines in pregnancy. IFN, interferon; IL,
interleukin; NK, natural killer; Th1, type 1 T helper cells; Th2, type
2 T helper cells.

Type 1 and type 2 cytokines in pregnancy

In pregnancy, it is proposed that there is a shift away from
Th1 responses and toward Th2 responses.” The cause of this
shift is thought to be the production of Th2 cytokines by the
placenta (Fig. 1.6B). Thus, excess IL-4 released from the pla-
centa would stimulate maternal antibody responses. At the
same time, excess IL-10 production would inhibit Th1 cells,

leading to the suppression of cytotoxic T cells and NK-cell
activity, which has been observed.

Experimental evidence for this hypothesis is largely confined
to the mouse. Several groups have demonstrated that produc-
tion of Th2 cytokines by tissues at the maternal-fetal inter-
face’”® and injection of Th1 cytokines TNF-o, IFN-y, and
IL-2 into pregnant mice can increase fetal resorption rates and
inhibit mouse embryo development and implantation in
vitro.” So far, evidence in the human is restricted to localiza-
tion studies showing that IL-4 is present in the syncytiotro-
phoblast, the cytotrophoblast of the fetal membranes, and
decidual macrophages,” and that IL-10 is secreted by HLA-
G-positive cytotrophoblast.”” In contrast, IL-10 knockout
mice'” and IL-10, IL-4 double knockouts'®" have normal preg-
nancies. Thus, the immunologic relationship between mother
and fetus may be more complex than originally thought.

Immune circuit

It is clear form the foregoing discussion that, in normal preg-
nancy, fetal growth progresses side by side with the develop-
ment of a number of immune mechanisms that function at
several levels. These can be summarized by constructing an
immune circuit (Fig. 1.7A). The first stage in this circuit is
the exposure of the maternal immune system to both fetal
trophoblast and leukocytes. This could potentially lead to
immune recognition and the development of cell-mediated and
antibody responses to fetal antigens, which in turn would lead
to rejection of the fetus (placenta). However, this circuit is
broken at several stages (Fig. 1.7B). First, on the basis of
current evidence, the maternal immune system does not rec-
ognize the trophoblast because it either fails to express HLA
or expresses HLA-G. Second, although fetal leukocytes can be
recognized by maternal immune cells, only antibody responses
occur because the placenta’s production of Th2 cytokines
downregulates cell-mediated immunity. Finally, the produc-
tion of antipaternal antibodies is not harmful because the
placenta filters out these antibodies before they reach the fetal
circulation. Thus, it is the combination of these many immune
adaptations of pregnancy that ensure the success of the fetus.

13
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Key points

14

1 During meiosis, the primary oocyte gives rise to four
daughter cells, each receiving 22 autosomes and an X
chromosome. The primary spermatocyte also gives rise
to four daughter cells, each receiving 22 autosomes and
either an X or a Y chromosome.

2 Prior to sperm—egg interaction, capacitation of the

spermatozoa must occur.

3 Capacitation is characterized by the acrosome
reaction, fusion between the sperm’s plasma and
acrosomal membrane with exocytosis of the enzyme
contents.

4 The zona pellucida is an acellular glycoprotein coat

covering the ovum and consists of three principal
proteins: ZP1, ZP2, and ZP3.

5 Upon fusion of the egg and sperm membranes, the
cortical and zona reactions are triggered.

6 After egg-sperm fusion, the oocyte will resume the
second meiotic division and extrude the second polar

body.

7 The morula enters the uterus 3 days after fertilization
and floats inside the endometrial cavity for 2-3 days.
The embryo begins implantation approximately 6 days
after fertilization.

8 Human chorionic gonadotrophin is a glycoprotein
produced by the early conceptus and is essential in
stimulating the corpus luteum to produce progesterone.

9 Three cytokines appear to be involved in implantation,
colony-stimulating factor 1, leukemia inhibitory factor,
and interleukin 1.

10 The adherence of the blastocyst to the endometrial

epithelium is mediated through ligand-receptor
complexes.
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11 HLA-G protein is expressed only by extravillous
cytotrophoblast.

12 Fetal nucleated erythrocytes and leukocytes can enter
the maternal blood in early pregnancy.

13 First-trimester pregnancy decidua is composed
predominantly of immune cells. Approximately 10%
of the stromal cells are T lymphocytes, 20% are
macrophages, and the main immune cell population is
large granular lymphocytes or NK cells, comprising
45% of the decidual cells.

14 HLA-G inhibits the proliferation of CD4+ T
lymphocytes and decreases decidual cell production of
IFN-y and TNF-o.

15 HLA-G may serve a dual role in protecting
trophoblast from both cytotoxic T cells and NK

16 In the placenta, class I antigen expression occurs in
the mesenchyme of the chorionic villi as early as
2.5 weeks; class II-positive cells are found in the
placenta by 14 weeks’ gestation.

17 There is no clear trend toward either the enhancement
or the suppression of immune function during
pregnancy.

18 The placenta can release factors that suppress T-cell
and NK-cell activity.

19 Type 1 CD4+ Th cells (Th1) control cell-mediated
responses by secreting cytokines such as IL-2, TFN-B,
and IFN-y, which stimulate cytotoxic T cells and NK
cells (Th1 response).

20 Type 2 CD4+ Th cells (Th2) produce IL-4, which
stimulates IgE and IgG antibody production by B cells

cells. (Th2 response).
16 Miyazaki S, Shirakawa H, Nakada K, et al. Essential role of the
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Normal embryonic and
fetal development

Trivedi Vidbya N. Persaud and Jean C. Hay

This chapter is a synopsis of the main events in normal human
development. The reader should consult the references'™ for
a more detailed discussion of individual topics.

Fertilization normally occurs in the ampulla of the uterine
tube and results in the formation of a zygote (Fig. 2.1). The
zygote undergoes cleavage to form blastomeres. Contraction
of smooth muscle in the wall of the uterine tube propels the
dividing zygote toward the uterine cavity. About day 3, the
morula, composed of approximately 16 blastomeres, enters
the uterine cavity and forms a blastocyst consisting of the
outer cell mass or trophoblast, the inner cell mass or embry-
oblast, and the blastocyst cavity. At about day 6, the blasto-
cyst begins to implant in the endometrium. As the trophoblast
penetrates the endometrium, it differentiates into the syncy-
tiotrophoblast and cytotrophoblast. By the end of this week,
a layer of cells, the hypoblast, appears on the side of the inner
cell mass facing the blastocyst cavity.

The second week is marked by the completion of implan-
tation and the formation of the bilaminar embryonic disk (Fig.
2.2). The amniotic cavity develops between the inner cell mass
and the cytotrophoblast. The epithelial roof of this cavity is
the amnion. The layer of inner cell mass cells forming the floor
of the cavity constitutes the epiblast. The epiblast and
hypoblast form the bilaminar embryonic disk. The exo-
coelomic membrane, continuous with the hypoblast, sur-
rounds a cavity called the primary yolk sac. Cells from the
trophoblast form the extraembryonic mesoderm, which sur-
rounds the amnion and primary yolk sac. Fluid-filled spaces
in the extraembryonic mesoderm coalesce to form the
extraembryonic coelom or chorionic cavity. As the extraem-
bryonic coelom develops, the primary yolk sac is reduced and,
as hypoblast cells grow out and line it, the secondary or defin-
itive yolk sac forms. Except for the connecting or body stalk,
the extraembryonic coelom splits the extraembryonic meso-
derm into two layers: the extraembryonic splanchnic meso-
derm covering the yolk sac; and the extraembryonic somatic
mesoderm that covers the amnion and lines the trophoblast.
The trophoblast and the extraembryonic mesoderm lining it
form the chorion. The prechordal plate, a midline circular

thickening of the hypoblast, marks the future mouth region
and the cranial end of the embryonic disk.

During the third week, the trilaminar embryonic disk is
formed, differentiation of the germ layers begins, and a prim-
itive circulatory system is established (Fig. 2.3). A midline
thickening of epiblast, the primitive streak, appears in the
caudal region of the embryonic disk. Epiblast cells move to
the primitive streak and pass laterally and cranially between
the epiblast and the hypoblast to form the intraembryonic
mesoderm. The epiblast is now called the embryonic ecto-
derm. Epiblast cells are thought to displace much of the
hypoblast to form the embryonic endoderm. Cells from the
primitive node pass between the endoderm and the ectoderm
in the midline and extend cranially to the prechordal plate,
which will give rise to the notochord. At the cranial and caudal
ends of the embryonic disk, the endoderm and the overlying
ectoderm fuse to form the oropharyngeal membrane and the
cloacal membrane respectively. Embryonic mesoderm passes
between the ectoderm and the endoderm except at the oropha-
ryngeal and cloacal membranes, and where the notochord
extends in the midline. Mesoderm cranial to the oropharyn-
geal membrane forms the cardiogenic area. Normally, the
primitive streak will regress and disappear.

The notochord and adjacent mesoderm induce the overly-
ing ectoderm to form the neural plate. Differential growth
gives rise to a neural groove flanked by neural folds. The
neural folds fuse to form the neural tube with a central neural
canal. Fusion of the neural folds commences in the future cer-
vical region and extends cranially and caudally (the anterior
neuropore closes between days 25 and 26 of gestation, fol-
lowed by the posterior neuropore 2 days later). It has been
suggested that there are multiple closure sites involved in the
formation of the neural tube. Some neuroectodermal cells are
not incorporated into the neural tube and form the neural
crests. The neural tube detaches from the ectoderm, and the
surface ectoderm mainly forms the epidermis and the struc-
tures derived from it.

Differentiation of the mesoderm on each side of the
notochord forms the paraxial mesoderm, which becomes
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Figure 2.1 Diagram illustrating the first week of
development.

Figure 2.2 Diagrams illustrating the second week of
development. Sections of the implanting blastocyst at
approximately 8 days (A), 9 days (B), 12 days (C), and 14
days (D).
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Figure 2.3 Diagrams illustrating some of the developmental events
in the third week. (A, and B,) Dorsal views of the embryonic disk.
(A, and B,) Transverse sections of the embryonic disk at the levels
indicated in (A;) and (By),. (C and D) Dorsal views of the embryonic
disk showing differentiation of the mesoderm and formation of the

organized into 42-44 pairs of somites. Each somite is com-
posed of a dermatome, which contributes to the dermis; a
myotome, which gives rises to skeletal muscle; and a sclero-
tome, the cells of which migrate around the neural tube and
notochord to form the precursors of the vertebrae and the ribs.
It also forms the intermediate mesoderm, a small area of meso-
derm lateral to the paraxial mesoderm. This is associated with
the development of the urogenital system. Finally, it forms the
lateral mesoderm at the margins of the disk. Spaces in this
mesoderm coalesce to form the horseshoe-shaped intraembry-
onic coelom, which will form the pericardial, pleural, and peri-
toneal cavities. This coelom splits the lateral mesoderm into
somatic and splanchnic layers. The somatopleure, the embry-
onic somatic mesoderm and ectoderm, will form the body
walls. The splanchnopleure, the embryonic splanchnic meso-
derm and endoderm, will form the primitive gut and the struc-
tures derived from it. In the cardiogenic area, mesoderm
cranial to the embryonic coelom forms the septum trans-
versum, which will form part of the diaphragm.

Somatopleure

Splanchnopleure
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intraembryonic coelom (the developing neural tube has been
omitted). (E; to E4) Development of the neural tube and neural
crests. (F) Transverse section of the embryonic disk at the level
indicated in (D).

Concurrently, chorionic villi, consisting of a core of
extraembryonic mesoderm covered with cytotrophoblast and
syncytiotrophoblast, develop around the chorionic sac. The
allantois, a finger-like extension of endoderm from the caudal
wall of the yolk sac, extends into the mesoderm of the con-
necting stalk.

Blood vessels first appear in the extraembryonic mesoderm
(except that covering the amnion) and shortly thereafter in the
embryo. Clusters of cells, the blood islands, acquire lumina.
The surrounding cells form the endothelium and other layers
of the vessel wall. As the vessels develop and sprout, the intra-
and extraembryonic vessels are linked. Blood cells develop in
association with the vessels of the yolk sac and allantois. Blood
cells may arise from cells trapped within the lumen as the
vessel forms, or from cells shed into the lumen. Paired
endothelial heart tubes develop in the cardiogenic area. These
fuse to form a single contractile heart tube and, by the end of
the third week, a primitive circulation is established between
the embryo and the chorion.
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The embryonic period

The embryonic period extends from the beginning of the
fourth week to the end of the eighth week. During this period,
all the major internal and external structures begin their devel-
opment. By the end of this period, the embryo has acquired
characteristic human features. In the fourth week, the embry-
onic disk undergoes folding (Fig. 2.4). Folding converts the
flat embryonic disk into a cylindrical embryo. Folding in the
longitudinal axis results in the formation of the head and tail
folds. With the head fold, the developing heart and pericar-
dial cavity are swung onto the ventral surface, and the septum
transversum then lies caudal to the developing heart. The
dorsal part of the yolk sac is incorporated into the embryo to
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Figure 2.4 Diagrams illustrating folding of the
embryonic disk during the fourth week. (A;)
Dorsal view. (B; to D) Lateral views of the
embryo. (A, to D,) Longitudinal sections at the
levels shown in (A; to D). (From Moore KL.
The developing human, 4th edn. Philadelphia,
PA: W.B. Saunders, 1988 with permission.)

Midgut

form the foregut. This is separated by the oropharyngeal mem-
brane from the stomodeum or primitive oral cavity. With the
tail fold, the body or connecting stalk, the future umbilical
cord, is swung onto the ventral surface, and part of the allan-
tois is incorporated into the embryo. The dorsal part of the
yolk sac is incorporated into the embryo to form the hindgut.
The terminal portion of the hindgut dilates to form the cloaca,
which is separated from the amniotic cavity by the cloacal
membrane. Folding in the transverse axis results in the
somatopleure forming the lateral and ventral body walls. As
the dorsal part of the yolk sac is incorporated into the embryo,
the splanchnopleure forms the primitive gut. The midgut is
connected to the yolk sac by the narrow vitelline duct. The
remnant of the yolk sac ultimately degenerates. As the caudal
limbs of the intraembryonic coelom are moved ventrally,
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Figure 2.5 Diagrams illustrating the pharyngeal
apparatus. Inset indicates the level of the
horizontal sections shown in (A) and (B).

they are initially separated by a ventral mesentery. This mesen-
tery disappears, except in the region of the foregut, and a
single peritoneal cavity is formed. From the pericardial cavity,
the pericardioperitoneal canals or future pleural cavities pass
dorsally and caudally to communicate with the peritoneal
cavity.

The fetal period

The fetal period extends from the beginning of the ninth week
until birth. The main features of this period are the growth
and differentiation of those tissues and organs that began their
development in the embryonic period. Few new structures
(hairs, nails) appear. During this period, fetal movement
begins, and the life-sustaining reflexes (sucking, swallowing,
etc.) are established.

Thymus

Pharyngeal apparatus

In the fourth week, ridges and grooves appear in the future
neck region (Fig. 2.5). These form part of the pharyngeal
apparatus, which consists of the following: six pairs of pha-
ryngeal arches numbered in a craniocaudal sequence (in
humans, the fifth pharyngeal arch is absent); the pharyngeal
grooves or clefts between the arches; the pharyngeal pouches
(lined by endoderm and occurring internally between the
arches); and the pharyngeal membranes, formed by the
ectoderm and endoderm between the arches. The first or
mandibular arch gives rise to the maxillary and mandibular
prominences. The second or hyoid arch enlarges and grows
caudally, concealing the posterior arches and creating an
ectodermal depression, the cervical sinus; this arch ultimately
fuses with the upper thoracic wall, giving the neck a smooth
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Table 2.1 Major derivatives of the pharyngeal arch components.

Arch Nerve Muscles Cartilages Arteries
1 Trigeminal (V) Muscles of mastication Malleus, incus Part of maxillary
1I Facial (VII) Muscles of facial expression Stapes, styloid process, None
part of hyoid bone
11 Glossopharyngeal (IX) Stylopharyngeus Remainder of hyoid Common carotids, part of internal carotids
bone
v Vagus (X) superior Part of arch of aorta and right subclavian
laryngeal branch
\Y% Muscles of palate, pharynx Laryngeal cartilages None
and larynx (except epiglottis)
VI Vagus (X) recurrent Pulmonary arteries and ductus arteriosus

laryngeal branch

contour. The first branchial groove, between the first and
second arches, persists as the primordium of the external audi-
tory meatus. In the mesodermal core of each arch are a cranial
nerve, a skeletal muscle element, an artery, and a rod or bar
of hyaline cartilage that is derived from neural crest cells. The
ventral portions of the first arch or Meckel’s cartilage dis-
appear, and the mandible is derived from intramembranous
ossification. The second arch cartilage is also called Reichert’s
cartilage. The derivatives of the branchial arch components
are summarized in Table 2.1.

The first pair of pouches (between the first and second
arches) forms the tympanic cavity and pharyngotympanic
tube. The first branchial or closing membrane forms the tym-
panic membrane. The second pair of pouches persists in part
to form the tonsillar fossa. This pair is associated with devel-
opment of the palatine tonsils. The third pair of pouches devel-
ops dorsal and ventral portions. The dorsal portions separate,
attach to the posterior aspect of the thyroid gland, and form
the inferior parathyroid glands. The ventral portions fuse to
form the thymus, which descends into the thorax. The fourth
pair of pouches also develops dorsal and ventral portions and
loses the connection with the pharynx. The dorsal portions
separate, attach to the posterior aspect of the thyroid gland,
and form the superior parathyroid glands. The small ventral
portions of the fourth pouches and the rudimentary fifth
pouches form the ultimobranchial bodies, which are incorpo-
rated into the thyroid gland to form the parafollicular cells.

In the fourth week, a thickening of endoderm appears in the
floor of the pharynx; this grows downward to form the
thyroid diverticulum. It grows caudally, becomes bilobed and
is connected by the isthmus. The gland reaches its definitive
position in the seventh week and is attached to its site of origin
by the thyroglossal duct. This duct normally degenerates
except for a small pit, the foramen cecum, in the tongue (see
Fig. 2.5). In about 50% of individuals, the caudal portion of
the duct persists to form a pyramidal lobe that extends upward
from the isthmus. The endoderm becomes organized into fol-
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licles, and the parafollicular cells are derived from the ulti-
mobranchial bodies. The thyroid gland is functional by the
12th week of gestation.

The primordia of the tongue appear in the floor of the
pharynx in the fourth week.

The body or oral part consists of the anterior two-thirds.
Proliferation of mesoderm at the ventromedial ends of the first
branchial arches forms the median tongue bud (tuberculum
impar) just anterior to the foramen cecum. This bud is flanked
by the two distal tongue buds (lateral lingual swellings). The
median tongue bud is overgrown as the distal tongue buds
enlarge and fuse, and the median sulcus indicates the plane of
fusion. The root or pharyngeal part consists of the posterior
one-third. The copula, just posterior to the foramen cecum, is
formed by proliferation of mesoderm at the ventromedial ends
of the second branchial arches. Posterior to the copula, the
hypobranchial eminence is derived from proliferation of meso-
derm at the ventromedial ends of the third and fourth
branchial arches. The cranial part of this eminence overgrows
the copula; the caudal portion will form the epiglottis. The
sulcus terminalis roughly demarcates the junction of the root
and the body. The intrinsic muscles of the tongue are derived
from myoblasts that migrate from the occipital somites, and
this explains why they are innervated by the hypoglossal nerve
rather than by the branchial arch nerves.

The face

The primordia of the face appear at the end of the fourth week
and are related to the stomodeum or primitive oral cavity as
follows: the frontonasal prominence forms the cranial bound-
ary, the maxillary prominences form the lateral boundaries,
and the mandibular prominences form the caudal boundary.
These prominences, formed by accumulations of mesenchyme,
are separated by grooves and furrows. During development,
the prominences merge with one another as the grooves are



smoothed out by proliferation of the underlying mesenchyme.
Much of the mesenchyme in the facial region is considered to
be of neural crest origin. Merging occurs mainly during the
fifth to eighth weeks. Ectodermal thickenings on the infero-
lateral aspects of the frontonasal prominence form the nasal
placodes. Mesenchyme around the placodes proliferates to
form the medial and lateral nasal prominences, and the pla-
codes then lie in depressions, the nasal pits or future nostrils.
Expansion of the back of the head moves the eyes forward
and contributes to the growth of the facial components toward
the midline. The maxillary prominences merge with the medial
nasal prominences, and the medial nasal prominences merge
with each other to form the intermaxillary segment. The
mandibular prominences merge with each other in the midline.
The adult derivatives are the frontonasal prominence — the
forehead, dorsum, and apex of the nose; the lateral nasal
prominences — the alae of the nose; the merged medial nasal
prominences (intermaxillary segment) - the columella,
philtrum of the upper lip, the maxilla that bears the incisors
(the premaxilla), and the primary palate; the maxillary promi-
nences — the lateral portions of the upper lip, the upper cheeks
and face, the rest of the maxilla, and the secondary palate; and
the mandibular prominences — the lower lip, lower cheeks and
face, and the mandible. Myoblasts from the second branchial
arch migrate into the facial region to form the muscles of facial
expression. Along the nasolacrimal groove between the lateral
nasal and maxillary prominences, a cord of cells sinks into the
underlying mesenchyme; this canalizes to form the naso-
lacrimal duct.

The palate

The palate develops from two primordia: the primary palate,
a wedge-shaped mass of mesoderm from the innermost aspect
of the intermaxillary segment that appears in the fifth week,
and the secondary palate, which develops from the lateral
palatine processes, shelf-like projections of mesoderm from
the medial aspects of the maxillary prominences. These
processes appear in the sixth week. As the developing
tongue occupies most of the oral cavity, the lateral palatine
processes assume a vertical position. As the stomodeum
enlarges, the tongue drops down to the floor of the sto-
modeum, and the lateral palatine processes elevate to a hori-
zontal position; this elevation occurs slightly later in females.
Beginning anteriorly and proceeding posteriorly, the lateral
palatine processes fuse with the posterior margin of the
median palatine process, the inferior border of the nasal
septum, and each other. Fusion involves epithelial contact,
adhesion, and the replacement of the epithelial seam by meso-
derm. Fusion begins in the ninth week and is completed by
the 11th week in males and the 12th week in females.
Intramembranous ossification spreads into the palate from the
maxillary and palatine bones and extends to the posterior
border of the nasal septum. Posterior to this, the unossified
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portion forms the soft palate and uvula. The palatal muscles
are derived from the branchial arches.

The respiratory system

The nasal pits deepen to form the nasal sacs. The oronasal
membrane separating the oral and nasal cavities ruptures, and
the cavities communicate just posteriorly to the primary
palate. The nasal septum, a midline downgrowth from the
frontonasal prominence, separates the nasal cavities. In the
late fetal period, the paranasal sinuses develop as bone is
resorbed, and most of their expansion occurs postnatally. The
epithelium of the nasal placodes, located in the roof of the
nasal cavities, forms the olfactory epithelium. In the fourth
week, the laryngotracheal groove appears in the floor of the
pharynx; it deepens to form the laryngotracheal diverticulum.
As it grows caudally, longitudinal folds of mesenchyme fuse
to form the tracheoesophageal septum, which separates the
laryngotracheal tube (ventrally) from the esophagus (dorsally).
The laryngotracheal tube gives rise to the larynx and trachea.
A lung bud develops at the caudal end of the tube, and this
soon bifurcates to give two bronchopulmonary or lung buds.
The right lung bud develops two secondary buds, and the left
lung bud gives rise to one secondary lung bud; these buds
demarcate the future lobes of the lung. Dichotomous branch-
ing forms the air-conducting passages, the bronchi and bron-
chioles. Respiratory tissue — the respiratory bronchioles,
alveolar ducts and sacs, and the alveoli — develops at the ter-
minal ends of the bronchioles and continues to develop post-
natally. As the lungs grow into the medial aspects of the
pericardioperitoneal or pleural canals, they acquire a layer of
visceral pleura.

The digestive system

The primitive gut forms during the fourth week as the head,
tail, and lateral folds incorporate the dorsal part of the yolk
sac into the embryo (see Fig. 2.4). The endoderm of the primi-
tive gut gives rise to the epithelium and glands of most of the
digestive tract; the epithelium at the cranial and caudal ends
of the tract is derived from the ectoderm of the primitive oral
cavity (stomodeum) and the anal pit (proctodeum) respec-
tively. The muscular and fibrous elements of the digestive tract
and the visceral peritoneum are derived from splanchnic mes-
enchyme. The primitive gut is divided into three parts: the
foregut, midgut, and hindgut. The derivatives of the foregut
are the pharynx and its derivatives, the lower respiratory tract,
the esophagus, the stomach, the duodenum, proximal to the
common bile duct, and the liver, biliary tract, gallbladder, and
pancreas. The esophagus develops from the cranial part of
the foregut. The striated muscle of the esophagus is derived
from the caudal branchial arches, and the smooth muscle of
the lower esophagus develops locally from the surrounding
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splanchnic mesenchyme. The lumen of the esophagus becomes
occluded by proliferation of the endodermal cells, but these
cells degenerate and the lumen is recanalized. The stomach
appears during week 4 as a fusiform dilation of the caudal
part of the foregut; this primordium soon expands and broad-
ens dorsoventrally. The dorsal border grows more rapidly than
the ventral border and forms the greater curvature. As the
stomach enlarges and acquires its adult shape, it rotates 90°
in a clockwise direction about its longitudinal axis. Thus, the
ventral border (lesser curvature) moves to the right, and the
dorsal border (greater curvature) moves to the left. The origi-
nal left side becomes the ventral surface, and the right side
becomes the dorsal surface. The stomach is suspended from
the dorsal wall of the abdominal cavity by the dorsal mesen-
tery (dorsal mesogastrium). As the dorsal mesogastrium is
carried to the left during rotation of the stomach, the lesser
sac forms. Isolated clefts develop in the dorsal mesogastrium
and coalesce to form the lesser peritoneal sac, which commu-
nicates with the greater peritoneal cavity through the epiploic
foramen. The dorsal mesogastrium, the greater omentum,
hangs from the greater curvature anterior to the developing
intestines. As the embryo lengthens, the caudal part of the
septum transversum thins and becomes the ventral mesentery,
which attaches the stomach and the duodenum to the ventral
wall of the abdominal cavity. The ventral mesentery persists
only where it is attached to the caudal part of the foregut. The
final shape and position of the stomach are influenced by the
development of the liver and the omental bursa. The duode-
num develops from the most caudal part of the foregut and
the most cranial part of the midgut. These parts grow rapidly
and form a C-shaped loop that projects ventrally. The junc-
tion of the foregut and the midgut is at the apex of this duo-
denal loop, and is demarcated by the duodenal papilla.

The liver arises as an endodermal bud from the most caudal
part of the foregut; this hepatic diverticulum extends into the
septum transversum, enlarges rapidly, and divides into a larger
cranial part, the primordium of the liver, and a smaller caudal
part, which will form the gallbladder and cystic duct. The stalk
connecting the hepatic and cystic ducts to the duodenum
becomes the common bile duct. The proliferating endodermal
cells give rise to interlacing cords of liver cells and the epithe-
lial lining of the intrahepatic portion of the biliary apparatus.
As the liver cords invade the septum transversum, they break
up the umbilical and vitelline veins to form the hepatic sinu-
soids. Hemopoiesis begins in the liver during the sixth week.
The lobes of the liver grow extensively and soon fill most of
the abdominal cavity. Initially, the lobes are about the same
size, but the right lobe becomes much larger; the caudate and
quadrate lobes develop as subdivisions of the left lobe. The
ventral mesentery gives rise to the lesser omentum (gastro-
hepatic ligament and duodenohepatic ligament), the falciform
ligament (liver to the anterior abdominal wall), and the vis-
ceral peritoneum of the liver.

The pancreas develops from dorsal and ventral pancreatic
buds. The ventral pancreatic bud forms as an evagination of
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the hepatic diverticulum, and the dorsal pancreatic bud is
derived from the proximal part of the duodenum, opposite the
hepatic diverticulum. As the duodenum grows and rotates to
the right, the two buds come together and fuse. The ventral
pancreatic bud gives rise to the main pancreatic duct, the unci-
nate process, and the lower part of the head of the pancreas.
The rest of the pancreas and the accessory pancreatic duct are
formed from the dorsal pancreatic bud. The two pancreatic
ducts usually anastomose to form a single pancreatic duct. The
spleen is derived from the fusion of mesenchymal nodules
located in the dorsal mesogastrium.

The derivatives of the midgut are the small intestines (except
for the duodenum from the stomach to the entry of the
common bile duct), the cecum and appendix, the ascending
colon, and the proximal one-half to two-thirds of the trans-
verse colon.

The dorsal mesentery, which suspends the midgut from the
dorsal abdominal wall, elongates rapidly. The midgut elon-
gates during the sixth week, forming a ventral, U-shaped intes-
tinal loop.

The midgut loop has a proximal or cranial limb, and a distal
or caudal limb. The communication of the midgut with the
yolk sac is reduced to the narrow yolk stalk or vitelline duct,
which is attached to the apex of the loop and marks the junc-
tion between the two limbs. The midgut loop migrates into
the umbilical cord. This “herniation” of the intestines occurs
because there is not enough room in the abdomen, mainly
because of the relatively large size of the liver and kidneys.
The proximal limb grows rapidly and forms intestinal loops,
but the caudal limb undergoes very little change except for
development of the cecal diverticulum. The midgut loop then
rotates within the umbilical cord. During the 10th week, as
the intestines return rapidly to the abdomen, they undergo
further rotation. The midgut segment undergoes a total coun-
terclockwise rotation of 270°. This “reduction of the midgut
hernia” is usually attributed to an increase in the size of the
abdominal cavity and a decrease in the relative size of the liver
and kidneys. The primordium of the cecum and appendix
appears during the sixth week as the cecal bud, a conical
pouch of the caudal limb of the midgut loop. The apex of this
blind pouch does not grow as rapidly as the rest of the cecum
and forms the vermiform appendix. Elongation of the proxi-
mal part of the colon results in the cecum and appendix
“descending” from the upper to the lower right quadrant of
the abdomen. As the intestines assume their final positions, in
some places the mesentery fuses with the parietal peritoneum
and disappears; those parts of the midgut become retroperi-
toneal. The proximal part of the duodenum and the ascend-
ing colon become retroperitoneal. Other derivatives of the
midgut loop retain their mesenteries. The transverse colon is
attached to the greater omentum.

The derivatives of the hindgut are the distal one-third to
one-half of the transverse colon, the descending colon, the
sigmoid colon, the rectum and the upper portion of the anal
canal, and part of the urogenital system. The expanded ter-



minal part of the hindgut, the cloaca, is separated from the
amniotic cavity by the cloacal membrane. The cloaca receives
the allantois ventrally. A mesodermal partition, the urorectal
septum, which develops between the allantois and the hindgut,
divides the cloaca into the rectum and upper anal canal dor-
sally and the urogenital sinus ventrally. By the end of the
seventh week, the urorectal septum fuses with the cloacal
membrane, dividing it into a dorsal anal membrane and a
ventral urogenital membrane. Proliferation of mesenchymal
tissue around the anal membrane elevates the surface ecto-
derm and forms the shallow anal pit or proctodeum. The anal
membrane at the floor of this pit ruptures by the end of the
seventh week, forming the anal canal. The caudal part of the
digestive tract is now in communication with the amniotic
cavity. The proximal (upper) two-thirds of this canal is derived
from the hindgut; the distal (lower) one-third develops from
the proctodeum. The pectinate line indicates the approximate
former site of the anal membrane and the junction of endo-
derm and ectoderm. The other layers are mesenchymal in
origin.

The urinary system

At the beginning of the fourth week, the intermediate meso-
derm on each side detaches from the somites and forms the
nephrogenic cords. From the nephrogenic cords, three succes-
sive sets of excretory organs develop: the pronephros, the
mesonephros, and the metanephros. The pronephros is formed
in the cervical region and is a transitory nonfunctional struc-
ture. It regresses soon after its formation, leaving the
pronephric ducts, which run caudally to enter the cloaca.
These ducts will become the mesonephric ducts. The
mesonephros also appears during the fourth week, caudal to
the degenerating pronephros. Cell clusters in the nephrogenic
cords give rise to mesonephric tubules, which drain into the
mesonephric duct. The mesonephros serves as a temporary
excretory organ and probably functions in urine production,
but it degenerates during the latter part of the embryonic
period. In the male, the mesonephric ducts form some com-
ponents of the reproductive system. In the female, the
mesonephric ducts degenerate, except for vestigial remnants.
The permanent adult kidney, the metanephros, begins to
develop early in the fifth week and is functional 2-3 weeks
later. The ureteric bud develops as an outgrowth from the
mesonephric duct, close to its entry into the cloaca.
The ureteric bud grows dorsally and cranially to meet the
metanephrogenic blastema (intermediate mesoderm). The
ureteric bud forms the ureter, renal pelvis, calyces, and
collecting tubules. The nephrons are derived from the
metanephric blastema. At birth, the nephrons, approximately
one million in each kidney, are formed, but are still short. No
new nephrons are formed after birth. During infancy, the
nephrons complete their differentiation and increase in size
until adulthood. Initially, the metanephros is located in the
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sacral region of the embryo and receives its blood supply from
the dorsal aorta at that level. The metanephros gradually
ascends, probably as a result of caudal growth of the embryo.
This results in a relative change in the position of these organs,
and they receive their blood supply from progressively higher
levels. As the kidney ascends, it rotates, and the position of
the hilum changes from ventral to medial.

The urinary bladder is derived from the cranial part of the
urogenital sinus. It is lined by endoderm; the other layers
are derived from the adjacent splanchnic mesenchyme. The
mucosa and musculature of the trigone area are mesodermal
in origin; possibly this mucosa is later overgrown by endo-
dermal epithelium. The allantois, continuous with the bladder,
constricts to form the urachus. The adult derivative of the
urachus is the median umbilical ligament, which passes from
the apex of the bladder to the umbilicus. In both sexes, the
urethra is derived from the caudal part of the urogenital sinus.
The epithelium of the entire female urethra is derived from the
endoderm of the urogenital sinus. In the male, except for its
most distal part, which is derived from ectoderm, the urethral
epithelium has a similar origin. In both sexes, the other layers
of the urethra are derived from adjacent splanchnic mes-
enchyme. Rupture of the urogenital membrane brings the
urinary system into communication with the amniotic cavity.
The suprarenal (adrenal) glands: aggregates of mesenchymal
cells, derived from the mesothelium lining the posterior body
wall, form the cortex. The medulla is derived from cells of
neural crest origin.

The genital system

The genetic sex of the embryo is determined at fertilization by
the type of spermatozoon that fertilizes the oocyte. There is
no morphological indication of sexual differences until the
eighth week, when the gonads begin to acquire sexual char-
acteristics. Initially, all normal human embryos are potentially
bisexual; male and female embryos have identical gonads,
genital ducts, and external genitalia. This period of early
genital development is referred to as the indifferent stage of
the reproductive organs. The gonads appear during the fifth
week of development, as the intermediate mesoderm on the
dorsal body wall forms the gonadal ridges. The coelomic
epithelium grows into the underlying mesenchyme and forms
the primary sex cords. A week later, the cords become popu-
lated by primordial germ cells, precursors of the spermatogo-
nia or oogonia. The Y chromosome has a strong
testis-determining effect on the indifferent gonad. Under its
influence, the primary sex cords differentiate into seminifer-
ous tubules. Absence of a Y chromosome results in the for-
mation of an ovary. Thus, the type of sex chromosome
complex established at fertilization determines the type of
gonad that develops from the indifferent gonad. The type of
gonad then determines the sexual differentiation of the genital
ducts and external genitalia.
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Two pairs of genital ducts develop in both sexes:
(wolffian)  ducts and
(miillerian) ducts. In the male, the fetal testes produce at least

mesonephric paramesonephric
two hormones: one stimulates development of the
mesonephric ducts into the male genital tract, and the other
suppresses development of the paramesonephric ducts. Some
mesonephric tubules near the testis persist and are trans-
formed into efferent ductules or ductuli efferentes, which
connect the rete testis to the epididymis. The mesonephric duct
becomes the ductus epididymis and the vas deferens. The
seminal vesicles develop from paired lateral diverticula from
the caudal ends of the mesonephric ducts. The part of the
mesonephric duct between the duct of this gland and the
urethra becomes the ejaculatory duct. The appendix of the epi-
didymis and the paradidymis are nonfunctional rudiments
of the mesonephric duct and mesonephric tubules respectively.
In the male, the paramesonephric ducts largely degenerate,
except for two vestigial remnants: the appendix of the testis
and the prostatic utricle.

In female embryos, the mesonephric ducts regress and the
paramesonephric ducts give rise to the female genital tract.
The cranial unfused ends of the paramesonephric ducts form
the uterine tubes. The caudal portions of the ducts converge
and fuse in the midline to form the uterovaginal primordium,
which gives rise to the uterus, cervix, and possibly part of the
vagina. The development of the vagina is not entirely settled.
One theory is that the uterovaginal primordium induces the
formation of paired, endodermally derived outgrowths from
the urogenital sinus. These fuse to form a solid vaginal plate,
which eventually canalizes to become the vagina. Thus,
the vaginal epithelium is derived from the endoderm of the
urogenital sinus, and the fibromuscular wall of the vagina
develops from the mesenchymal cells of the uterovaginal pri-
mordium. Another view is that the uterus and upper third of
the vagina are formed from the uterovaginal primordium and
surrounding mesenchyme, while the lower two-thirds of the
vagina is presumed to be derived from the vaginal plate and
the surrounding mesenchyme. A few blind mesonephric
tubules, the epoophoron, may persist in the mesovarium. Parts
of the mesonephric duct may persist as Gartner’s duct in the
broad ligament along the lateral wall of the uterus, or as a
Gartner’s cyst in the wall of the vagina.

The external genitalia also pass through an indifferent stage
that is not distinguishable as male or female. Early in
the fourth week, a genital tubercle develops ventrally to the
cloacal membrane; this elongates to form the phallus. By the
sixth week, labioscrotal swellings and urogenital folds develop
on each side of the future urogenital membrane. In the male,
masculinization of the indifferent external genitalia is caused
by androgens produced by the testes. The phallus will form
the penis. The urogenital folds fuse with each other along the
ventral (under) surface of the penis and form the penile
urethra. The paired labioscrotal swellings grow toward each
other and fuse to form the scrotum. In the female, because of
the absence of androgens, feminization of the indifferent
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external genitalia occurs. The phallus elongates rapidly at first
but, as its growth gradually slows, it becomes the relatively
small clitoris. The unfused urogenital folds form the paired
labia minora, whereas the labioscrotal swellings give rise to
the labia majora. The caudal portion of the urogenital sinus
gives rise to the vestibule of the vagina.

The cardiovascular system

The development of the heart begins in the third week in the
cardiogenic area (see Fig. 2.3). Splanchnic mesoderm ventral
to the pericardial cavity aggregates to form a pair of elongated
heart cords. By day 17 of gestation, these cords are canalized
to form endothelial tubes, called endocardial heart tubes. As
the lateral folds develop, the heart tubes fuse to form a single
median endocardial heart tube; fusion begins cranially and
rapidly extends caudally. A single endocardial tube is formed
by day 22. It is surrounded by a myoepicardial mantle and
separated from the endothelial lining by cardiac jelly. With the
development of the head fold, the cardiac tube comes to lie
dorsal to the pericardial cavity and ventral to the foregut (see
Fig. 2.4). As the tubular heart elongates, it differentiates into
four main regions. From cranial to caudal, these are the bulbus
cordis, ventricle, atrium, and the sinus venosus. The bulbus
cordis represents the arterial end of the heart and consists of
a proximal part, the conus, and a distal part, the truncus arte-
riosus. The sinus venosus represents the venous end of the
heart. It receives the umbilical veins from the placenta, the
vitelline veins from the yolk sac, and the common cardinal
veins from the embryo. The arterial and venous ends of the
heart tube are fixed by the pharyngeal arches and the septum
transversum respectively. Because the bulbus cordis and the
ventricle grow faster than the other regions, the heart tube
bends upon itself, forming a U-shaped bulboventricular loop.
It later becomes S-shaped. As the heart tube bends, the atrium
and the sinus venosus come to lie dorsal to the bulbus cordis,
truncus arteriosus, and ventricle. By this stage, the sinus
venosus has developed lateral expansions, called right and left
horns. The right horn of the sinus venosus subsequently
becomes larger than the left. The developing heart tube now
gradually invaginates into the dorsal aspect of the pericardial
cavity.

Partitioning of the atrioventricular canal, the atrium, and the
ventricle begins about the middle of the fourth week and is
essentially complete by the end of the seventh week. At first,
the atrioventricular opening is round. In the region of the atri-
oventricular canal, two thickenings of subendocardial tissue,
the endocardial cushions, appear in the dorsal and ventral
walls of the heart. During the fifth week, these cushions grow
toward each other and fuse, dividing the atrioventricular canal
into right and left atrioventricular canals. The primitive atrial
chamber communicates posteriorly with the sinus venosus,
and inferiorly with the ventricle through the atrioventricular
canal. A crescent-shaped membrane, the septum primum,



grows down toward the endocardial cushions. A large gap,
the foramen primum, exists between its lower free edge and the
endocardial cushions. As the septum primum grows toward the
endocardial cushions, the foramen primum becomes progres-
sively smaller. Before the foramen primum is obliterated, an
opening, the foramen secundum, appears in the upper part of
septum primum. Concurrently, the free edge of the septum
primum fuses with the left side of the fused endocardial cush-
ions and obliterates the foramen primum. At this stage, the left
atrium receives most of its blood from the right atrium via the
foramen secundum. Toward the end of the fifth week, a second
membrane, the septum secundum, arises from the roof of the
atrium on the right side of the septum primum. As this septum
grows downward toward the endocardial cushions, it gradu-
ally overlaps the foramen secundum. The septum secundum
forms an incomplete partition with an oblique opening, the
foramen ovale, through which the two atria communicate. The
upper part of the septum primum gradually degenerates, while
the remaining part of the septum primum persists as the valve
of the foramen ovale. Whereas the lower border of the septum
secundum (crista dividens) is thick and firm, the edge of the
septum primum is thin and mobile, and offers no obstruction
to blood flow from the right to the left atrium. The foramen
ovale persists throughout fetal life. Initially, the sinus venosus
is a separate chamber, opening into the part of the primitive
atrium that will become the right atrium. The left horn of the
sinus venosus and its tributaries regress, leaving the coronary
sinus. After the formation of the interatrial septum, the right
horn of the sinus venosus becomes incorporated into the wall
of the right atrium, forming the smooth part of its wall. Most
of the wall of the left atrium is smooth and is derived from the
primitive pulmonary vein. Initially, a single pulmonary vein
opens into the primitive left atrium. As the atrium expands, this
vein is gradually incorporated into the wall of the left atrium,
and the proximal portions of its branches are progressively
absorbed. This results in four pulmonary veins, which open
separately into the atrium.

The ventricles are derived from the primitive ventricular
chamber and the proximal part of the bulbus cordis, the
conus. The infundibulum of the right ventricle and the aortic
vestibule of the left ventricle arise from the conus. Partition-
ing of the primitive ventricle into right and left ventricles is
first indicated by a muscular ridge, the interventricular
septum, which grows upward from the floor of the bulboven-
tricular cavity, and divides it into right and left halves. Ini-
tially, most of the growth of the interventricular septum results
from dilation of the ventricles on each side of it. Later, there
is active growth of septal tissue as the muscular portion of the
interventricular septum forms. The gap between the upper free
edge of the interventricular septum and the endocardial cush-
ions permits communication between the right and left ven-
tricles until about the end of the seventh week. Proliferation
of tissue from several sources forms the membranous portion
of the interventricular septum, and it completes the partition-
ing of the ventricles. During the fifth week, opposing ridges of
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subendocardial tissue, the bulbar ridges, arise in the wall of
the bulbus cordis. Similar ridges also form in the truncus arte-
riosus and are continuous with those in the bulbus cordis. The
spiral orientation of the ridges is possibly caused by the
streaming of blood from the ventricles. Fusion of these ridges
results in a spiral aorticopulmonary septum. The septum sub-
divides the bulbus cordis and the truncus arteriosus into two
channels, the ascending aorta and the pulmonary trunk. Blood
from the aorta now passes into the third and fourth pairs of
aortic arch arteries, and blood from the pulmonary trunk
flows into the sixth pair of aortic arch arteries. Because of the
spiral orientation of the septum, the pulmonary trunk twists
around the ascending aorta. Proximally, the pulmonary trunk
lies ventral to the aorta but, distally, it lies to the left of the
aorta. The bulbus cordis is gradually incorporated into the
walls of the ventricles. Closure of the interventricular foramen,
at about the end of the seventh week, results from the fusion
of subendocardial tissue from the right bulbar ridge, the left
bulbar ridge, and the fused endocardial cushions. The mem-
branous part of the interventricular septum is derived from
proliferation of tissue from the right side of the fused endo-
cardial cushions. This tissue fuses with the aorticopulmonary
septum and the muscular part of the interventricular septum.
Following closure of the interventricular foramen, the pul-
monary trunk is in communication with the right ventricle and
the aorta with the left ventricle. Cardiac valves develop as
swellings or ridges of subendocardial tissue that become hol-
lowed out and reshaped.

Six pairs of aortic or branchial arch arteries arise from the
aortic sac, a dilated region of the truncus arteriosus, and ter-
minate in the dorsal aorta of the corresponding side. Their
derivatives are: first pair, parts of the maxillary arteries; second
pair, no adult derivatives; third pair, common carotid arteries
and part of internal carotid arteries; fourth pair, left — part of
arch of aorta; and right — part of right subclavian artery; fifth
pair, no adult derivatives; sixth pair, left — proximal: proximal
part of left pulmonary artery; distal: ductus arteriosus (acts as
a shunt in prenatal life); and right — proximal: proximal part
of right pulmonary artery; distal: degenerates.

Fetal circulation

Well-oxygenated blood returns from the placenta in the umbil-
ical vein. About half the blood passes through the hepatic sinu-
soids; the remainder bypasses the sinusoids by going through
the ductus venosus into the inferior vena cava. This blood flow
is regulated by a muscular sphincter in the ductus venosus near
the umbilical vein. After a short course in the inferior vena
cava, the blood enters the right atrium. Because the inferior
vena cava also receives deoxygenated blood from the lower
limbs and viscera, the blood entering the right atrium is less
oxygenated than that in the umbilical vein. The blood from
the inferior vena cava is largely directed by the lower border
of the septum secundum (the crista dividens) through the
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Table 2.2 Major derivatives of the three primary brain vesicles.

Primary vesicles Secondary vesicles Derivatives

Lumen

Lateral ventricles and part of the third ventricle

olfactory system, corpus striatum, cortex,

Thalamus, epithalamus, hypothalamus, and

Midbrain: colliculi and cerebral peduncles

Major part of the third ventricle

Cerebral aqueduct

Fourth ventricle

Prosencephalon Telencephalon Cerebral hemispheres consisting of the
and medullary center
Diencephalon
subthalamus
Mesencephalon Mesencephalon
Rhombencephalon Metencephalon Pons and cerebellum
Myelencephalon Medulla oblongata

Fourth ventricle and part of the central canal

foramen ovale into the left atrium. In the left atrium, it mixes
with a relatively small amount of deoxygenated blood return-
ing from the lungs via the pulmonary veins. From the left
atrium, the blood passes into the left ventricle and leaves via
the ascending aorta. Consequently, the vessels to the heart,
head and neck, and upper limbs receive rather well-oxy-
genated blood. A small stream of oxygenated blood from the
inferior vena cava is diverted by the crista dividens and
remains in the right atrium. This blood mixes with de-
oxygenated blood from the superior vena cava and coronary
sinus and passes into the right ventricle. From the right ven-
tricle, the blood enters the pulmonary trunk. Only a small
amount of this blood reaches the lungs. The greater part of
the blood is diverted through the ductus arteriosus into the
aorta. Some of this blood circulates to the abdominal and
pelvic viscera and the lower limbs and is returned to the fetal
heart, but much of the blood in the aorta is transported by
the umbilical arteries to the placenta.

Changes occur in several fetal blood vessels. Muscle in the
walls of the umbilical arteries contracts, occludes the lumen,
and thus prevents the loss of fetal blood. When the umbilical
vein is occluded and blood flow from the placenta ceases, the
pressure in the right atrium is lowered. The ductus venosus
also becomes occluded. Occlusion of the ductus arteriosus
results in all the blood from the right ventricle going to the
lungs for oxygenation. Because this increases the volume of
blood returning to the left atrium from the lungs, the pressure
in the left atrium is raised. As a result of the difference in pres-
sure between the right and left atria, the valve of the foramen
ovale closes. Anatomical closure of the fetal blood vessels by
fibrous tissue forms various ligamentous remnants: umbilical
arteries, medial umbilical ligaments; left umbilical vein, liga-
mentum teres of the liver; ductus venosus, ligamentum
venosum; ductus arteriosus, ligamentum arteriosum.

The nervous system
The neural tube (see Fig. 2.3) gives rise to the entire central
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nervous system, with the exception of its blood vessels and
certain neuroglial cells. At first, the neural tube consists of a
layer of pseudostratified columnar neuroepithelial cells.
As a result of continuous cell proliferation, the walls of the
neural tube become thickened and develop an inner ven-
tricular (ependymal) layer, an intermediate (mantle) layer, and
an outer marginal layer. All nerve and macroglial cells (astro-
cytes and oligodendrocytes) are derived from the neuroep-
ithelial cells; the microglial cells differentiate from
mesenchymal cells that have entered the central nervous
system with developing blood vessels. The sulcus limitans sep-
arates the dorsal alar plate (sensory) from the ventral basal
plate (motor). The cranial part of the neural tube grows
rapidly to form the three primary brain vesicles: the forebrain
vesicle (prosencephalon), the midbrain vesicle (mesen-
cephalon), and the hindbrain vesicle (rhombencephalon). The
lumen of the neural tube mainly forms the ventricles of the
brain. The derivatives of the primary brain vesicles are sum-
marized in Table 2.2. The rapid growth of the brain results
in the formation of two flexures, the cranial (midbrain)
and caudal (cervical) flexures. Later, a third flexure, the
pontine flexure, appears between the metencephalon and
myelencephalon

The spinal cord develops from the caudal part of the neural
tube. From the alar and basal plates, the posterior and ante-
rior horns are derived respectively. These plates contribute to
the formation of the lateral horn. The neural canal becomes
the central canal of the spinal cord. From the neural crest cells,
the following structures differentiate: sensory ganglia of the
cranial and spinal nerves, autonomic ganglia, neurilemmal
(Schwann) cells, cells of the suprarenal medulla, and
melanocytes. Neural crest cells contribute to the development
of the connective tissues of the head, the meninges, and the
pharyngeal arches.

The pituitary gland (hypophysis) develops from two
sources: the neurohypophysis develops as a downgrowth from
the floor of the diencephalon, and the adenohypophysis devel-
ops from an ectodermal outgrowth (Rathke’s pouch) from the
roof of the stomodeum.



The musculoskeletal system

By the end of the fourth week, the limb buds appear as paddle-
shaped thickenings of the somatic mesoderm at the level of
the lower cervical and lumbosacral somites. At the apex of
each limb bud, the overlying ectoderm thickens to form the
apical ectodermal ridge. The apical ectodermal ridge induces
proliferation of the underlying mesenchyme, some of which
differentiates into cartilage. The cartilaginous segments of the
limbs are sequentially established in a proximodistal order.
The flattened hand and foot plates develop five mesenchymal
condensations (digital rays), which will give rise to the
metacarpals, metatarsals, and phalanges. Programmed cell
death or apoptosis is responsible for the degeneration of the
loose mesenchyme between the digital rays which separates
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the fingers and toes (interdigital clefts). By the seventh week,
endochondral ossification begins. The limb muscles develop
from myogenic precursor cells in the limb buds, which prob-
ably originate from the somites. Immediately following their
formation, the muscles are penetrated by nerves. The muscle
masses separate into extensor (dorsal) and flexor (ventral)
compartments. Between the seventh and ninth weeks, the
developing limbs rotate longitudinally in opposite directions
at the elbow and knee regions. Whereas the arm buds
rotate laterally, the limb buds rotate medially. Thus, the ante-
rior (flexor) compartments of the arm and forearm are
homologous to the posterior compartments of the thigh and
leg.

The skull consists of the neurocranium, which surrounds the
brain, and the viscerocranium or facial skeleton. The flat
bones surrounding the brain form the membranous part of the

Key points

1 The fertilized oocyte (zygote) undergoes cleavage,
forming a morula and, by day 6, it differentiates into a
blastocyst, which then implants in the endometrium.

2 Implantation is completed by the end of the second
week as a bilaminar embryonic disk of epiblast and
hypoblast is formed.

3 Intraembryonic mesoderm forms the somites, which
give rise to the dermis and skeletal muscle, and
precursors of the vertebrae and the ribs.

4 The intraembryonic coelom, which is formed in the
lateral mesoderm, gives rise to the pericardial, pleural,
and peritoneal cavities.

5 Blood vessels first appear as clusters of differentiated
mesenchymal cells (blood islands) that acquire
lumina.

6 The embryonic period extends from the beginning of
the fourth week to the end of the eighth week; the fetal
period is from the beginning of the ninth week until
birth.

7 Folding converts the flat embryonic disk into a
cylindrical embryo.

8 The thyroid diverticulum forms in the floor of the
pharynx, grows caudally, and becomes functional by
the 12th week of gestation.

9 The primordia of the face (the frontonasal prominence,
the maxillary prominences, and the mandibular
prominences) merge during the fifth to eighth weeks to
form the facial structures.

10 The palate develops from two primordia: the
primary palate, a wedge-shaped mesodermal mass
from the innermost aspect of the intermaxillary
segment (fifth week); and the secondary palate from the
medial aspects of the maxillary prominences (sixth
week).

11 Fusion of the primordia of the palate begins in the
ninth week and is completed by the 11th week in males
and the 12th week in females.

12 The larynx, trachea, and lung buds develop from the
laryngotracheal tube.

13 The foregut derivatives are the pharynx and its
derivatives, the lower respiratory tract, the esophagus,
the stomach, the duodenum, proximal to the common
bile duct, and the liver, biliary tract, gallbladder, and
pancreas.

14 Three successive sets of excretory organs develop:
transitory, the pronephros; a temporary mesonephros;
and the definitive metanephros that will give rise to the
kidneys.

15 Two pairs of genital ducts develop in both sexes:
mesonephric (wolffian) ducts and paramesonephric
(miillerian) ducts, which contribute to the male and
female urogenital systems.

16 In female embryos, the mesonephric ducts regress, the
paramesonephric ducts give rise to the female genital
tract, and the cranial unfused ends of the
paramesonephric ducts form the uterine tubes.

17 The caudal portions of the ducts fuse in the midline to
form the uterovaginal primordium, which gives rise to
the uterus, cervix, and possibly part of the vagina.

18 The development of the heart begins as a single
endocardial heart tube, which forms the heart by the
end of the embryonic period.

19 The notochord induces the overlying ectoderm to form
the neural plate, which gives rise to the neural tube, the
primordium of the central nervous system: the
forebrain vesicle (prosencephalon), the midbrain vesicle
(mesencephalon), and the hindbrain vesicle
(rhombencephalon).
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neurocranium, and the cartilaginous part gives rise to the
bones of the base of the skull. The skull develops from the
mesenchyme surrounding the developing brain, with contri-
butions from the first four occipital somites and the first
pharyngeal arch. The frontal, parietal, zygomatic, palatine,
nasal, and lacrimal bones, the maxilla, and the vomer are
formed by intramembranous ossification. Only the ethmoid
bone and the inferior nasal conchae are completely formed in
cartilage. Bones formed by intramembranous and endochon-
dral ossifications include the occipital, sphenoid, and temporal
bones, and the mandible.

References

1 Carlson BM. Human embryology and developmental biology, 3rd
edn. Philadelphia, PA: Mosby, 2004.

32

Drews V. Color atlas of embryology. New York: Thieme Medical
Publishers: 1995.

England MA. Color atlas of life before birth. Chicago, IL: Year
Book Medical, 1983.

Hinrichsen KV, ed. Human embryologie. Berlin: Springer Verlag,
1995.

Larsen W]. Human embryology, 3rd edn. New York: Churchill
Livingstone, 2001.

Moore KL, Persaud TVN. The developing human. Clinically
oriented embryology, 7th edn. Philadelphia, PA: W.B. Saunders,
2003.

Moore KL, Persaud TVN, Shiota K. Color atlas of clinical embry-
ology, 2nd edn. Philadelphia, PA: W.B. Saunders, 2000.

O’Rabhilly R, Miller E. Human embryology and teratology, 3rd edn.
New York: Wiley-Liss, 2001.

Sadler TW. Langman’s medical embryology, 9th edn. Baltimore,
MD: Lippincott Williams & Wilkins, 2004.



Pregnancy and the
Fetoplacental Unit






Normal and abnormal placentation

Soheila Korourian and Luis De Las Casas

Anatomy, structure, and function

Proper function and development of the placenta is critical to
the survival of the embryo. The placenta is not only responsi-
ble for implantation but it is also necessary for the transport
of nutrients and redirection of the maternal endocrine,
immune, and metabolic functions to support the embryo.

The ovum is fertilized in the fallopian tube and develops
rapidly, reaching the endometrial cavity as a blastocyst. A
surge of estrogens, secreted by ovarian follicles, triggers and
induces implantation. In the absence of this surge, implanta-
tion cannot occur.'”

The trophoblasts grow rapidly and circumferentially, invad-
ing the endometrium and the wall of the spiral arteries of the
endometrium. Table 3.1 shows some of the crucial develop-
mental stages of the conceptus during the first postcoital (p.c.)
month. Allantoic vessels establish connectivity with the vessels
developing in the villi, resulting in fetoplacental circulation by
the fifth week of gestation (Fig. 3.1). Initially, villi surround
the entire chorionic cavity, but as the chorion grows into the
endometrial cavity, the villi on the implantation aspect con-
tinue to proliferate, forming the definitive chorionic plate,
while the villi oriented toward the uterine cavity undergo
atrophy resulting in formation of the fetal membrane.*'?

Between the 14th and 20th weeks of pregnancy, intermedi-
ate trophoblasts invade the myometrial segments of the spiral
arteries. Continued growth and enlargement of the chorion
result in obliteration of the uterine cavity at around 20 weeks’
gestation (Fig. 3.2). The PO, rises sharply at the start of the
second trimester. As the villi mature, the barrier between
maternal and fetal circulation is reduced.*¢

A term placenta consists of 40-60 functional units. These
units receive oxygenated blood from the branches of the
maternal spiral arteries, which are present in the stem villi.
Each lobular unit depends on its own spiral artery (Fig. 3.3).
Thrombosis of the spiral arteries results in infarction of the
dependent unit."”

Umbilical cord

The umbilical cord is a counterclockwise spiraled cord
that usually has three vessels: two arteries, which originate
from the internal iliac arteries, and one vein, which drains into
the hepatic vein. Usually, 96% of umbilical arteries are either
fused or connected via an anastomosis. The umbilical arteries
have no internal elastic membrane, whereas the vein has an
elastic sublayer.”"®2" A single umbilical artery is seen in less
than 1% of deliveries. Single artery cords are more common
in diabetic mothers and in fetuses with chromosomal abnor-
malities (Fig. 3.4). Infants with a single umbilical artery
have a lower birthweight and higher perinatal mortality
rate.”!** Closure of the umbilical cord at birth is caused
by irregular constrictions of the arteries; this is mediated
by serotonin, angiotensin, and oxytocin as well as by
prostaglandins.***

A normal cord is 37.7 £ 7.73 mm in diameter. A diminished
size seems to be due to a reduction in Wharton’s jelly, and can
cause vascular occlusion.?*** The length of the umbilical cord
is important and can most accurately be measured in the deliv-
ery room. Short cords, defined as cords less than 32cm long,
are seen in 0.4-0.9% of pregnancies. They are often seen in
conditions restricting fetal mobility, such as oligohydramnios,
and crowding (multiple pregnancy) and have been linked to
fetal distress. Short cords have also been seen in children with
Down syndrome. In the absence of fetal anomalies, short
cords have been associated with neonatal hypotonia and an
increased need for resuscitation. At the extreme, there may be
complete or near complete absence of the cord (acordia), asso-
ciated with fetal anterior wall defects. This condition is uni-
formly fatal. Abnormally long cords, defined as cords longer
than 80 cm according to some references or 100cm accord-
ing to others, are seen in 3.7% and 0.5% of pregnancies
respectively.?*~*® Abnormally long cords have been associated
with excess knotting, torsion, encirclement around body parts,
prolapsed cord, and vascular occlusions.
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Table 3.1 Stages of placental development, postcoital days 1-29.

Size of embryo

Placental state

Postcoital days Stage Diameter (mm)
1 1 fertilized egg 0.1
2 24 cells 0.1-0.2
3 4-16 cells 0.1-0.2
4 16 £ 64 cells 0.2
5 to early day 6 128 + 256 cells 0.2-0.3
6 to early day 8 Prelacunar stage 0.3x0.3x0.15
Late day 8 to Lacunar or 0.5 x0.5%x0.3 to
day 12 trabecular stage 0.9 x0.9 0.6
13-14 Villous stage 1.2-2.1
15-18 Secondary villous 5-8
stage
19-23 Early tertiary villi 12-15
23-29 Early tertiary villi 18-21

0.1mm

0.2-0.4 mm, yolk sac
appears

<0.9mm, development
of notochordal and
neuroenteric canals

1.5-3.5mm, neural tube
starts to fuse

Crown-rump length
2.5-5mm, 21-29
closure of caudal
somites, neuropore,
three visceral arches,
appearance of
upper limb buds

Blastocyst attaches to endometrium

Blastocyst partially implanted

Implantation pole exhibits vacuoles (first
lacunae), endometrium 0.5 mm at implantation
site

Development of primary villi

Mesenchyme invades the villi, transforming
them to secondary villi

First appearance of villous capillaries

First appearance of villous stems characterized
by fibrous stroma

Adopted and modified from ref. 8.

Most investigators agree that spiraling of the cord is due to
fetal activity. Absence of spiraling is likely due to either dis-
turbances of the central nervous system or the presence of
chromosomal abnormalities.

True umbilical knots are reported in 0.35-0.5% of preg-
nancies (Fig. 3.5). True knots are associated with an overall
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Figure 3.1 Implantation site; arrow marks the
tertiary villi seen in the first trimester. Lacunar
stage; fetal circulation is established.

perinatal mortality rate of 8-11%, and acutely tightened or
longstanding knots may be responsible for intrauterine or
intrapartum fetal death. False knots are generally of no clini-
cal significance.**™*!

Hematomas of the umbilical cord cause red-purple swelling
at the fetal end (Fig. 3.6); they are usually single but may be



multiple. The perinatal mortality rate of cord hematomas is
40-50%.*%

Thrombosis of the umbilical cord is uncommon and may be
associated with cord compression, abnormal coiling, knots,

torsion, stricture, hematomas, funisitis, anomalous insertion,

Figure 3.2 Continued growth and enlargement of the chorion
results in the obliteration of the uterine cavity at approximately 20
weeks’ gestation.

Figure 3.3 Term placenta; fetal surface is
steel gray and glistening. Umbilical cord
usually inserts slightly off center.

NORMAL AND ABNORMAL PLACENTATION

amniotic band, or entanglements. Fetal morbidity and mor-
tality are very high.***

Complete cord rupture is rare. Partial rupture with the for-
mation of hemorrhage and hematomas is more common.*’

Circulatory disorders

The placenta is a vascular organ with a dual blood supply. The
integrity of both maternal and fetal circulation is essential to
placental function.

Placental infarct

Placental infarcts occur when the maternal blood flow through
spiral arteries is obstructed by thrombi or in the presence of
a retroplacental hematoma. Small placental infarcts, usually
less than 3 cm in greatest dimension, are found in approxi-
mately 25% of placentas from uncomplicated pregnancies.
Multiple or large infarcts, and especially centrally located
infarcts and infarcts occurring in the first and second trimester,
are clinically significant (Fig. 3.7).

Clinically significant infarcts can cause neonatal asphyxia,
low birthweight, and fetal death. There is a consistent posi-
tive correlation between infarcts and maternal thrombophilia,
and with intrauterine growth retardation (IUGR), in both term
and preterm infants.

Recurrent pregnancy loss related to acute atherosis is a rec-
ognized complication in women with circulating antiphos-
pholipid antibodies (scleroderma and systemic lupus) and in
women with coagulation disorders (antithrombin III, protein
C or S deficiency).*-
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Figure 3.4 Left: underdeveloped placenta weighing 220 g at 40 weeks’ gestation, below 5% of placental weight for the gestational age. Right:
two-vessel umbilical cord (A, gross picture, from ref. 158, with permission; B, microscopic image).

Figure 3.5 Umbilical cord knot with
complete torsion and umbilical cord

hematoma.
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Figure 3.6 Thrombosis of umbilical cord.

Figure 3.7 Placental infarction involving over 70% of the placenta. The arrows indicate the area of infarction.

39



CHAPTER 3

Maternal floor infarct

Maternal floor infarct is characterized by heavy deposition
of fibrin in the region of basal villi adjacent to the decidua
basalis. The fibrin extends to the intervillous space. It is
reported in 0.09-5% of pregnancies and is associated with a
high mortality rate (17-40%) and IUGR. It frequently recurs

in successive pregnancies.®~’

Retroplacental hematomas and placental abruption

Retroplacental hematomas are clots located in the decidua
between the placental floor and the muscular wall of the uterus
(Fig. 3.8). They may cause a characteristic depression in the
placenta. Acute bleeding from a ruptured decidual artery
spreads along the decidua between the placenta and the
uterine wall, often resulting in complete detachment of the
placenta. In these types of cases, placentas do not show any
deformity.

The predisposing factors for retroplacental hematoma
and placental abruption are similar. These include pre-
eclampsia, trauma, essential hypertension, smoking, and
chorioamnionitis. Recent studies also implicate thrombophilic
states.

Small hematomas in the decidual layer can occur days or
weeks before delivery, sometimes in association with a cir-
cumvallate placenta. This condition is frequently referred to
as chronic abruption.

Retroplacental hematoma is related to, but not synonymous
with, placental abruption. Placental abruption is an acute clin-
ical syndrome characterized by pain, uterine tetany, fetal dis-
tress, and sometimes consumption coagulopathy. It occurs in
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Figure 3.8 Retroplacental hematoma; arrow
marks the area of depression secondary to
the hematoma.

1.1% of pregnancies and is associated with a 20-40% fetal
mortality rate. It accounts for 10% of all stillbirths and 5%
of maternal deaths.

In approximately 65% of cases of retroplacental hema-
tomas, placental abruption does not occur.®*"”

Placental inflammation and
intrauterine infections

Placental inflammation is common. Different patterns of
inflammation are associated with different routes of infection.
Ascending infection, commonly caused by bacteria, induces
acute inflammation of the membrane (chorioamnionitis) and
umbilical cord (funisitis), and ultimately causes fetal infection.
Hematogenous infections, usually caused by viruses, induce
inflammation of the villous parenchyma.

Acute chorioamnionitis and funisitis

This is caused by the inflammatory response of membranes to
the ascending infection (Fig. 3.9). The infection is usually
caused by bacteria, including normal cervicovaginal flora such
as group B B-hemolytic streptococci, Ureaplasma urealyticum,
Mycoplasma hominis, Fusobacterium, and, rarely, Candida
species.

In most cases, the placenta is macroscopically normal.
Occasionally, the membrane may be opaque, friable, or foul
smelling.

The maternal reaction is demonstrated by an accumulation
of neutrophils in the decidua that migrate progressively
through the chorion, amnion, and into the amniotic fluid. The
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Figure 3.9 Acute chorioamnionitis (left), and funisitis (right).

fetal reaction is manifested by the migration of fetal neu-
trophils from the umbilical cord and chorionic plate vessels
into Wharton’s jelly or the chorionic plate.

The clinical significance of this placental inflammation
includes preterm labor and neonatal infection. Chorioam-
nionitis is a major cause of premature labor. Neonatal infec-
tion can occur through the skin, eyes, nose, or ear canal or by
aspiration or swallowing of infected fluid. It is commonly
caused by group B B-hemolytic streptococci, Escherichia coli,
and Haemophilus influenzae, and the neonate may develop
bronchopneumonia, gastritis, ileitis, or gastrointestinal perfo-
ration with peritonitis and sepsis.”®”’

Acute and chronic villitis

Hematogenous maternal infection can affect the placenta and
cause villitis (Figs 3.10 and 3.11). The inflammatory infiltrate
is commonly chronic, composed of lymphocytes, histiocytes,
and plasma cells (Fig. 3.10). Granulomatous inflammation,

and rarely neutrophils (Fig. 3.10), can be seen. The inflam-
matory infiltrate may also extend into the surrounding peri-
villous and intervillous space. The majority of chronic villitis
cases (95%) are of unknown etiology. Table 3.2 shows the
infectious agents which can cause villitis and their possible
clinical manifestations.®%

Hydrops fetalis and placental hydrops

Hydrops fetalis is a state of profound generalized fetal edema,
with marked accumulation of fluid in subcutaneous tissue and
all body cavities. It represents the end stage of a variety of fetal
diseases, including genetic anomalies, hypoproteinemia, and
cardiac failure. The placenta and umbilical cord also become
edematous. The placenta does not always appear grossly
hydropic, but villous edema is usually evident microscopically.
A hydropic placenta is often massively enlarged, soft, and
friable.
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Figure 3.10 Chronic villitis; arrow marks a

plasma cell.

Figure 3.11 Acute villitis.
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Table 3.2 Microorganisms associated with acute and chronic villitis and their clinical manifestation.

Infectious agent

Type of inflammatory response

Clinical manifestation

Cytomegalovirus (CMV)

Herpes simplex virus

Varicella zoster

Parvovirus B19 (agent of fifth
disease)

Human immunodeficiency virus
(HIV)
Treponema pallidum

Chronic villitis with CMV inclusion

Villous necrosis, agglutination, lymphocytic
villitis, and fibrinoid necrosis of vessels

Chronic lymphoplasmacytic chorioamnionitis

Grossly visible necrotic foci of villous necrosis

Large, pale placenta with edematous immature
villi

Fetal erythrocytes show intranuclear inclusion

No specific finding

Large and edematous placenta with

Hepatosplenomegaly with microencephaly

Late complication: mental retardation,
chorioretinitis, and seizure

Spontaneous abortion

Congenital malformation

Wide range from completely asymptomatic to
full-blown embryopathy

Nonimmune hydrops, abortion

Malformation similar to rubella
Variable

Abortion and stillbirth, and congenital syphilis

lymphoplasmacytic villitis and possible

microabscesses
Listeria monocytogenes
formation

Toxoplasmosis gondii (risk of
transmission 50% during
parasitemia)

Unknown etiology (severity of

necrosis, and fibrosis)

Chronic villitis
villitis correlates with the
complications)

Acute villitis with villous necrosis and abscess

Wide range (lymphocytic villitis, placental

Spontaneous abortion

Prematurity

Neonatal sepsis

Wide range (asymptomatic to severe damage
to central nervous system and eyes)

Asymptomatic to intrauterine growth retardation
and increased perinatal mortality rate

Immune hydrops

Immune hydrops, also referred to as erythroblastosis fetalis,
was once the most common cause of fetal hydrops. It is caused
by severe hemolytic anemia, which results from the transpla-
cental passage of maternal rhesus (Rh) antibodies to the Rh
antigen-negative fetus. Hypoalbuminemia, or high output
cardiac failure resulting from severe anemia, is the cause for
the hydropic changes. Occasionally, other red blood cell
antigens (e.g., Kell) show a similar, but usually less severe,
effect.'03-10%

Nonimmune hydrops

A heterogeneous group of conditions is responsible for non-
immune hydrops. Most causes can be categorized as cardiac
failure, anemia, or hypoproteinemia (Table 3.3). Homozygous
o-thalassemia is a common cause of hydrops and should be
considered first among ethnic Southeast Asian parents. A fetus
with homozygous sickle cell disease or B-thalassemia is pro-
tected from hemolysis before birth by the presence of fetal
hemoglobin. Parvovirus B19 infection, seen only in fetuses
with group p antigen, is responsible for 14-18% of cases of

nonimmune placental and fetal hydrops.'®-!"

Disorders of placental development

Abnormal placental development can be caused by multiple
factors, including abnormalities of placental gene expression,
an abnormal maternal environment, or as a result of disrup-

tion of normal development.''®

Disorders of membrane development

Placental membranacea

This extremely rare condition is characterized by the failure
of normal membrane formation, leading to a gestational sac
surrounded by chorionic villi. The placenta tends to be abnor-
mally thin and the maternal surface is often disrupted owing
to placenta accreta. Clinical features include premature sepa-
ration and placenta previa, resulting in maternal hemorrhage
and life-threatening fetal hemorrhage at the time of membrane

rupture. ' 118

Circumvallation

This is the complete or partial insertion of fetal membrane into
the placental disk, away from the peripheral margin, with or
without a distinct ridge of degenerating blood clot. The inci-
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Table 3.3 Etiology of nonimmune hydrops.

Congenital

Chromosomal aberration

Infection Other

Hemoglobinopathies, o-thalassemia
Cardiac anomalies and cardiomyopathies
Adenomatoid malformation of the lung
Urinary tract malformation

Lysosomal storage disease

Trisomy 13
Trisomy 18

Down syndrome
Turner syndrome

Parvovirus Fetomaternal hemorrhage

Toxoplasma Twin—twin transfusion
Syphilis Large tumors, hemangiomas
Rubella

Figure 3.12 Term placenta showing abnormal placentation with circummargination and marginal insertion of the umbilical cord.

dence in normal pregnancies is reported to be 1-7%, and
these placentas tend to be smaller. Most investigators have
observed that marginal venous hemorrhage is often present,
which pushes the membrane inward over the chorionic plate
(Fig. 3.12).

Clinical features include recurrent vaginal bleeding in
all trimesters. Circumvallation can also cause placental
hematomas, marginal hematomas, oligohydramnios, and
placental abruption. Clinical sequelae reflect the amount of
associated hemorrhage. Term infants with circumvallation or
chronic marginal hemorrhage may have mild TUGR and be

at increased risk of neurological impairment.'*1>

Disorders of uterine implantation

Placenta previa

In placenta previa, implantation is in the lower uterine
segment with some tissue near or overlying the uterine cervi-
cal os. Complete previa occurs when the placenta completely
covers the cervical os. Partial previa is when the edge of the
placenta is within 2 cm of the os.

Placenta previa occurs in 0.3-0.5% of deliveries. Epithelial
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alterations, which might have changed the extracellular
matrix, may increase the risk for placenta previa. These
include previous history of curettage, prior Cesarean section,
or multiple vaginal deliveries, as well as abnormalities of the
uterine fundus including intrauterine and submucosal leiomy-
omata and uterine malformations.

Clinically, placenta previa often results in premature sepa-
ration of the placenta, leading to severe vaginal bleeding and
premature labor, or both.'*

Placenta accreta, increta, and percreta

These conditions are caused by implantation of anchoring villi
on uterine smooth muscle without intervening decidua. In pla-
centa accreta, the villi are limited to superficial myometrium; in
increta, the villi extend into the myometrium; and in percreta,
the villi extend to or through the uterine serosa (Fig. 3.13).
The incidence has apparently increased in recent years and
is reported to be as high as 1 in 540 pregnancies. Predispos-
ing conditions include a maternal age greater than 35, previ-
ous instrumentation, congenital or acquired uterine defects
such as uterine septa, leiomyomata, and ectopic implantation

such as placenta previa or cornual pregnancy.'**-'?



Figure 3.13 Placenta percreta with complete
perforation of the uterus.

Figure 3.14 Accessory lobe.

Grossly, the maternal surface of the placenta is always dis-
rupted. In most cases, smooth muscle cells are seen in close
proximity to the anchoring villi, with fibrin and intermediate
trophoblasts intervening.

Clinically, patients often present with recurrent vaginal
spotting or overt hemorrhage, and occasionally with uterine
rupture. Patients may also present with early or delayed post-

partum hemorrhage, necessitating gravid hysterectomy.'”

Superficial implantation

A deficiency of the interstitial and endovascular intermediate
trophoblasts in the decidua basalis and basal plate arteries
results in superficial implantation. Superficial implantation is
the underlying anatomic abnormality in preeclampsia, which
affects 2.6% of all pregnancies. Other related disorders
include maternal thrombophilia and placental abruption.

NORMAL AND ABNORMAL PLACENTATION

Superficially implanted placentas are often small for the ges-

tational age.

Clinically, superficial implantation is related to maternal
underperfusion of the intervillous space. It is not clear
whether superficial implantation occurs in all cases of

preeclampsia.'*

Disorders of placental migration

Accessory lobe and multilobulation

An accessory lobe and multilobulation occur when a portion
of placental parenchyma is completely separated from the
main placental disk by the surrounding membrane. It is found
in 3-6% of placentas. Shape abnormalities occur in response
to a local reduction of uterine perfusion (Fig. 3.14). Shape
abnormalities are of little clinical significance except as
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Figure 3.15 Chorangioma: note the well-circumscribed mass surrounded by trophoblasts and composed of tightly packed capillaries separated

by fibrous connective tissue.

markers for uterine pathology. Both placenta accreta and

previa are commonly associated with abnormal shape.'*

Peripheral cord insertion

Membranous insertion (velamentous insertion) and

marginal insertion

In velamentous insertion, the umbilical cord terminates in the
placental membrane rather than in the chorionic disk; this
occurs in 1.3-1.6% of pregnancies. In marginal insertion, the
cord inserts at the placental margin; this occurs in 6-9% of
pregnancies.

Velamentous and marginal cord insertion are thought to
occur as a result of asymmetry in the vascular supply in sin-
gletons, or competition for uterine vascular supply in twins.
Abnormal insertion is more common in twin pregnancies.

Clinically, these conditions are associated with a slightly
increased incidence of fetal growth retardation. The major risk
is the rupture of membranous vessels at the time of membrane
rupture. Twisting of the vessel can lead to progressive variable
deceleration and fetal acidosis.'”

Disorders of fetal vascular development

Chorangioma

Chorangiomas are expansile single or multiple nodular lesions
composed of capillary channels and intervening stroma cells
surrounded by trophoblasts (Fig. 3.15). Small chorangiomas
are usually incidental findings of no clinical significance; inter-
mediate sized chorangiomas are associated with ITUGR, and
masses larger than 9 cm are associated with shunting of blood
and multiple complications. They are thought to be induced
by hypoxia. 126127131
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Chorangiomatosis

This term is used when excessive capillary growth affects scat-
tered secondary and tertiary stem villi. It is associated with
preeclampsia, multiple gestation, and premature delivery. It is
also associated with extreme prematurity (<32 weeks), con-
genital malformations, and IUGR."!

The placenta in maternal disorders

There is a great deal of disagreement and direct contradiction
about the nature and significance of lesions seen in various
maternal disorders.

Preeclampsia (pregnancy-induced hypertension)
and eclampsia

No single or specific abnormality is found in the placentas
affected by these conditions. In the majority of cases, the pla-
centa shows the effect of low uteroplacental flow.

The placenta is smaller than those from uncomplicated
pregnancies. Infarcts are more common and centrally located.
The villi may show cytotrophoblastic proliferation, tro-
phoblastic basement membrane thickening, small inconspicu-
ous fetal capillaries, and prominence of villous stroma. The
villi show accelerated maturation and are often abnormally
small with increased syncytial knots (greater than 30% of the
villi). The spiral arteries show a lack of adaptive remodeling
features. In these women, the second wave of intravascular
trophoblastic migration does not occur. The intramyometrial
segment of spiral arteries retains the musculoelastic media and
cannot dilate. Spiral arteries show an acute necrotizing
arteropathy (see Fig. 3.9: right, upper and lower). This type



of arteropathy has also been described in other complications,
including other hypertensive placentas, diabetes, systemic
lupus erythromatosus, and antiphospholipid syndrome.

A smaller group of preeclamptic patients show large pla-
centas with abundant immature trophoblasts. These patients
usually have other underlying causes including diabetes, mul-

tiple gestation, or hydatidiform mole.'3*"'%

Acquired thrombophilia

Acquired thrombophilia, especially the presence of antiphos-
pholipid antibodies, promotes intraplacental clotting. The
most common inherited coagulopathies are mutations in the
factor V gene (factor V Leiden), the prothrombin gene, and
the methylene tetrahydrofolate reductase gene. Diabetes
mellitus is also commonly associated with a hypercoagulable
state.

The maternal risk is mainly venous thromboembolism,
but arterial thrombosis also occurs. There is also a strong
association with maternal preeclampsia. Adverse pregnancy
outcomes occur in approximately 54% of women with throm-
bophilia. The fetus of a mother with thrombophilia is at risk
for IUGR and stillbirth,3*-60-138.144-148

Diabetes mellitus

The gross and microscopic features of diabetic placentas vary
considerably. A large study demonstrated that about one-half
of the placentas of diabetic mothers had a normal weight and
size. However, placentas that are abnormal are larger, thicker,
more friable, and heavier than normal placentas of the same
gestational age, and the umbilical cord is often notoriously
thicker.

The microscopic appearance of the placenta can also be
normal, but some abnormalities are distinctive when they
are present. Villi commonly appear immature with stromal
edema, enlarged villous diameters, and an increase in the
prominence of the cytotrophoblastic cells. The decidual arter-
ies are unremarkable except in cases of superimposed hyper-
tension or preeclampsia.

Thrombotic vasculopathy is common. In the presence of
maternal vascular disease, renal failure, or preeclampsia, the
placenta may be smaller than expected with infarcts and accel-
erated maturation. There is generally no correlation between
the severity and duration of diabetes and the severity of the
placental lesions.*’

Maternal anemia

There are no specific histopathological features associated
with maternal anemia. Placentas can be larger or smaller
than expected for the gestational age. In maternal sickle cell
anemia, placental infarctions are common with the infarcts
generally showing sickled erythrocytes. Both placenta and
newborn are small for the gestational age and hydropic villi
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and placental abruption may occur. Uncomplicated sickle cell
trait is unlikely to cause placental lesions.

Homozygous o-thalassemia produces severe fetal anemia
and, consequently, hydropic changes in the placenta and fetus,
as well as intrauterine fetal death or death soon after birth. In
contrast, the placenta and fetus in homozygous B-thalassemia
are normal at birth, but the infant soon becomes markedly

anemic as the protective hemoglobin F declines.®¢%!4°

Toxic damage to the placenta

Some of the most common toxic exposures to the placenta are
initiated by smoking and cocaine use. Cigarette smoking
causes low birthweight, and the placentas of women who
smoke more often show necrotic damage. Women who
smoke have a higher incidence of placenta previa, abnormal-
ities of the placenta, and fetal malformations. On the other
hand, the prevalence of preeclampsia is significantly lower
than in nonsmokers. Both nicotine and cocaine can induce
vasoconstriction of uterine vessels, causing restriction in the
blood supply to the placenta. Cocaine-induced complica-
tions during pregnancy are numerous and multifactorial.
These complications include placental bleeding, abruption,
premature labor, and malnutrition of the developing

fetus,63:147:149-151

Metabolic storage disorders

On gross examination, the placenta and the fetus may be
hydropic or show no specific gross findings. The accu-
mulated metabolites in these disorders are generally soluble
in water; therefore, routinely processed histological slides
of the placenta may show only diffuse cytoplasmic

vacuolation.'?

Chromosomal abnormalities

Certain patterns of villous morphology are suggestive of an
abnormal karyotype. The incidence of chromosomal abnor-
malities increases with advanced maternal age. Abnormal
karyotype limited to the placenta is seen in 1-3% of all first-
trimester chorionic villous sampling. The clinical outcome for
chromosomal abnormalities depends on the nature of the
abnormality.

Multiple pregnancies

Multiple pregnancies are common, and their rate is increasing
owing to assisted reproductive technology (ART). In the USA,
ART accounted for 14% of all twin gestations in 2000. Mul-
tiple pregnancies are associated with a disproportionate share
of complications, including higher rates of morbidity, mortal-
ity, malformation, and anomalous development and low
birthweight.
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Dichorionic
diamniotic

13% monozygotic
56% dizygotic

Dichorionic diamniotic
(fused placentas)

S

Monochorionic Monochorionic

diamniotic monoamniotic
30% 1%
monozygotic monozygotic

Figure 3.16 Zygosity in twin placentas. Adapted from ref. 158, with permission.

Zygosity

Twins are classified as dizygous (fraternal) or monozygous
(identical). Dizygous twins are the result of the fertilization of
two separate ova. Monozygous twins are the result of division
of a single fertilized ovum (Fig. 3.16). Monozygous twins are
genetically and, usually, phenotypically identical.'*3'¢*

Frequency

The frequency of monozygous twins is relatively constant
worldwide (3.5 in 1000 pregnancies). There are marked geo-
graphic differences in dizygous twin pregnancies. This reflects
a genetic predisposition for high follicle-stimulating hormone
(FSH) levels in certain populations which results in polyovu-
lation. The frequency also increases with advancing maternal
age (greater than 35), probably as the result of increasing FSH
levels with age. Approximately 30% of Caucasian twin preg-
nancies in the USA are monozygotic.

Placentation

Features unique to multiple gestations include the relationship
of the placental disk, fetal membrane, and the pattern and
degree of anastomosis of the vessels.

Placentas in twin gestations are either dichorionic or mono-
chorionic. All dizygous twins have dichorionic placentas
(dichorionic diamniotic: DiDi).

A monozygous twin gestation can show any type of
placentation depending on the time of splitting of the blasto-
cyst. If the single fertilized ovum divides before day 3, the situ-
ation is analagous to dizygous twinning. If the split occurs
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between days 3 and 8 there will be a monochorionic diamniotic
placenta (DiMo) (Fig. 3.17). A split after formation of the
amnion (days 8-13) results in a monochorionic monoamniotic
(MoMo) placenta (Fig. 3.17). The majority of monozygous
twins have a monochorionic placenta. Twins with monochori-
onic placentas have a much higher mortality rate. Monoamnio-
tic placentas have a fetal mortality rate of almost 50%.

Two entirely separate placentas are dichorionic. The septum
in a dichorionic fused placenta is relatively thick and variably
opaque owing to the presence of chorionic tissue between the
two amniotic layers. The septum in monochorionic diamni-
otic placentas is thin and translucent, composed of only two
directly opposed layers of amnion. This type of septum is
easily detached from the placental surface. There is an impor-
tant difference in the distribution of fetal vessels between DiDi
fused placentas and DiMo placentas. In a DiDi fused placenta,
the fetal chorionic vessels approach, but do not cross, the area
of fusion.

Complications of multiple pregnancy

Twin—twin transfusion syndrome

Vascular communications in monochorionic placentas create
the potential for blood flow between twins. Large vessel anas-
tomoses are likely bidirectional, and arteriovenous anasto-
moses are likely unidirectional (Fig. 3.18).

Chronic unidirectional blood flow results in anemia and
growth retardation of the donor fetus. Hypervolemia can
cause hypertension, high urine output, and polyhydramnios in
the recipient. A relatively selective criterion for twin—twin
transfusion is a recipient heart weight that is 2—4 times that
of the donor.



Figure 3.17 Diamniotic monochorionic twin
placenta.

Figure 3.18 Twin-twin transfusion.

Clinically, twin—twin transfusion is manifested in the second
trimester with acute hydramnios. The mortality rate is as high
as 70-100%. The recipient twin can develop cardiac failure,
hemolytic jaundice, kernicterus, and thrombosis. The donor
twin may be severely anemic, hypoglycemic, and is at risk for
ischemic lesions.

Asymmetric growth

The growth curves of twins approximate those of singletons
up to 34 weeks. Thereafter, twins weigh progressively less than
singletons. Twin birthweight discordance is associated with
preterm labor, perinatal death, and postnatal morbidity.
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Duplication abnormalities

Monozygotic twins occasionally show a marked discrepancy
in size and configuration, asymmetry, and incomplete dupli-
cation. Acardiac twinning is the most common asymmetric
duplication, occurring in 1% of monochorionic twins.

Cord anomalies

Anomalies of the umbilical cord are more common in multiple
pregnancies. Velamentous cord insertion is nine times higher
in multiple pregnancies. Single artery cords are also more
common in multiple pregnancies. Monoamnionic twins are at
increased risk for cord entanglement (Fig. 3.19).

Higher multiple births

The same principles of placentation and zygosity apply to
triplets, quadruplets, and higher multiple births. Combina-
tions of monozygous and polyzygous multiples are common.

Preterm labor, premature rupture of
the membranes

Labor, including preterm labor, is induced by prostaglandin
release, which mediates the release of cytokines. The most
common cause of preterm labor is bacterial infection, with the
second most common cause being vascular sequelae.
Neonatal complications include hyaline membrane disease,
periventricular leukomalacia, intraventricular hemorrhage,
retinopathy, necrotizing enterocolitis, and death.'¢®

Post-term pregnancy

Postmaturity is defined as a pregnancy of 42 or more
weeks (294 days) following the onset of the last menses.
It is important to note that many supposed cases of
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postmaturity result from an incorrect estimation of gestational
age. 16

There is a marked increase in perinatal mortality in preg-
nancies of more than 43 weeks. The fetus can experience a
combination of progressive oligohydramnios and meconium
impregnation with cord compression and be at risk of pul-
monary failure, possibly due to aspiration of viscous

meconium.'®

Recurrent spontaneous abortion

This diagnosis is usually based on the occurrence of three or
more consecutive spontaneous abortions. The probability that
a recognizable cause can be demonstrated is small, but the
identifiable causes are potentially significant. They include
maternal thrombophilias, especially those related to auto-
immune antibodies; anatomic problems such as an incompe-
tent cervix or leiomyomata; and poorly controlled diabetes
mellitus. Rare placental lesions such as maternal floor infarcts
and extensive chronic villitis may cause repeated miscarriage
often in the third trimester. Early gestational problems can
include massive chronic intervillositis, lymphoplasmacytic

deciduitis, and chronic decidual perivasculitis.'®~¢”

Intrauterine growth retardation
and small for gestational
age newborn

A small for gestational age (SGA) infant is a baby who has a
birthweight below the 10th percentile for gestational age.
Term babies born with a weight below 2500g are considered
to be of low birthweight. Many of these babies are normal
and healthy but small because of genetic factors such as
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Figure 3.19 Umbilical cord entanglement
seen in a monoamniotic monochorionic
component of a triplet placenta.

parental size or ethnicity. For those below the third percentile,
the death rate is nearly 20 times the average population.'®®

In addition to fetal demise, the prevalence of seizures in the
first day of life, respiratory insufficiency, sepsis, hypothermia,
hypoglycemia, and meconium aspiration is increased. The
medical problems of the survivors persist into adulthood and
include hypertension, coronary artery disease, and type 2 dia-
betes mellitus.'**"°

Maternal factors associated with IUGR are poor nutrition,
hypertension, preeclampsia, chronic renal disease, tobacco,
and other drug abuse. Fetal factors include chromosomal
anomalies, congenital malformations, and multiple gestations.

Placental lesions associated with IUGR include maternal
vasculopathy, chronic abruption, fetal thrombotic vasculopa-
thy, large chorangiomas, villitis of unknown etiology, and

maternal floor infarction.!”%!72

Meconium staining

The passage of meconium in utero is due to bowel peristalsis
and relaxation of the anal sphincter; it may indicate fetal dis-
tress and can be associated with meconium aspiration. It is
seen in 14% of pregnancies. Meconium staining should be dif-
ferentiated from the deposition of slimy green meconium
across the placental surface that can be washed off by gentle
rinsing with water, which indicates a normal fetus that has
passed meconium shortly before delivery. True meconium
staining results from exposure to meconium for several hours.
Damage to the fetus increases with length of exposure to
meconium. Over time, soluble meconium components diffuse
into the placenta and cord, inducing vasoconstriction and
resulting in fetal hypoperfusion.

Chorioamnionitis is an especially common association and
may play an important role in neonatal morbidity.



Abnormal amniotic fluid volume

The presence of an excess of amniotic fluid is called hydram-
nios or polyhydramnios. A diminished amount is called oligo-
hydramnios. Amniotic fluid provides the medium for free fetal
movements and has a cushioning effect to prevent possible
fetal injury. Secretions from amniotic epithelium and fetal
urine are the main sources of amniotic fluid. The most
common significant anomalies associated with hydramnios are
anencephaly, spina bifida, esophageal atresia, nonimmune
hydrops, and various abnormal karyotypes. The recipient twin
affected by twin—twin transfusion syndrome commonly has
polyhydramnios.

The most common cause of oligohydramnios is leakage of
the amniotic fluid caused by premature rupture of membranes.
Oligohydramnios also occurs in nearly all cases of bilateral
renal agenesis and fetal urinary tract obstruction. Other asso-
ciations include abnormal karyotype, IUGR, post-term preg-
nancies, preeclampsia, maternal hypertension, and the donor
twin in twin—twin transfusion syndrome. The umbilical
cord is subject to compression, especially with severe oligo-
hydramnios, and pulmonary hypoplasia occurs secondarily.
These fetuses are at risk for amniotic band syndrome.
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Gestational trophoblastic disease

There is a heterogeneous group of gestational and neoplastic
conditions of trophoblastic origin.'”® The incidence of gesta-
tional trophoblastic disease (GTD) varies widely among dif-
ferent populations. It is reported to occur in 8.3 in 1000
pregnancies in some areas of Asia and South America com-
pared with 0.1-0.6 in 1000 pregnancies in the USA. The inci-
dence of this disease is higher in women aged 40 or over and
is also increased in those younger than 20. Other risk factors
include a diet that is low in vitamin E, low socioeconomic
status, and blood group A women who have children with
blood group O men.

Complete and partial hydatidiform mole

Complete hydatidiform mole (CHM) results from fertili-
zation of an empty ovum. The majority of CHMs are
diploid and show a 46,XX karyotype, whereas the partial
hydatidiform mole (PHM) is triploid and shows a 69,XXY
karyotype. Up to 50% of gestational choriocarcinomas follow
CHM.

Figure 3.20 Complete hydatidiform mole.
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Figure 3.21 Partial mole. Note the presence of nucleated red blood cells indicative of fetal circulation. Partial moles are in general triploid
(69,XXY).

. o
[ £

Figure 3.22 Choriocarcinoma.
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1

10

11

Key points

The fertilized ovum at day 1 (post coital) has a
diameter of 0.1 mm. The blastocyst measures
approximately 0.3 mm. The embryo grows from
0.1mm at days 8-12 to 3.5 mm by day 23.

Steroid hormones prepare the endometrium for
implantation of the blastocyst. A surge of estrogens,
secreted by the ovary, triggers and induces
implantation.

The fetal-placental circulation is developed by the fifth
gestational week. Between 14 and 20 weeks, the
trophoblast invades the myometrium, resulting in
obliteration of the uterine cavity by the 20th week.

The term placenta consists of 40-60 functional units
that receive oxygenated blood from the branches of the
maternal spiral arteries. Each unit depends on its own
spiral artery. Thrombosis of the spiral arteries results in
infarction of the dependent unit.

The mean length of the umbilical cord at term is
32-45 cm. Markedly long cords (greater than 80cm in
length) have been associated with encirclement around
the neck, knots, torsion, prolapse, and variable degrees
of vascular occlusion. Short cords (less than 32cm in
length) may predispose to intrauterine hypoxia, cord
rupture and hemorrhage, retroplacental hematomas
and abruption, and uterine inversion.

Wharton’s jelly acts as a cushion between umbilical
cord vessels. A diminished size of cord is related to a
decrease in the amount of Wharton’s jelly and can
cause vascular occlusion.

Small placental infarcts (<3 cm) can be found in
uncomplicated pregnancies. However, large or multiple
infarcts can be associated with neonatal asphyxia, low
birthweight, and intrauterine fetal death.

Maternal floor infarcts are characterized by heavy
deposition of fibrin around basal villi adjacent to the
decidua basalis. Infarcts can be associated with
perinatal death and intrauterine growth retardation.

Retroplacental hematomas are intradecidual clots
between the placental floor and the myometrium. They
can cause a characteristic area of placental depression.
Acute bleeding from a ruptured decidual artery,
spreading between the placenta and uterine wall, can
cause placental detachment (abruption).

Premature rupture of the membranes is very commonly
associated with preterm delivery. In the majority of
cases, the reason for membranes becoming weak and
rupturing is not known. Known reasons for premature
rupture of the membranes are subclinical infections,
hydramnios, incompetence of the cervix, retroplacental
hematomas, and amniocentesis.

Acute chorioamnionitis is caused by an inflammatory
response of the membranes to an ascending infection
caused by bacteria, including normal cervicovaginal
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flora, such as group B B-hemolytic streptococci,
Ureaplasma urealyticum, Mycoplasma hominis,
Fusobacterium, and, rarely, Candida species.
Chorioamnionitis can predispose to, and be associated
with, preterm labor and neonatal infection.

Hematogenous infection of the placenta can
occasionally be associated with chronic endometritis,
localized maternal infection, or pelvic inflammatory
disease.

Immune hydrops is caused by severe hemolytic anemia,
which is mostly the result of transplacental passage of
maternal Rh antibodies to the Rh-negative fetus.
Rarely, other blood groups than Rh are responsible for
the hemolysis (e.g., Kell). Various different conditions
can cause or be associated with nonimmune hydrops
fetalis. Some of these conditions are homozygous o-
thalassemia, infection with parvovirus B19, and
metabolic disorders.

The term placenta previa refers to a placenta that is
implanted at the lower uterine segment near, or
overlying, the cervical os. Placenta previa can cause
premature separation of the placenta, resulting in
severe bleeding and/or premature labor.

In placenta accreta, the villi are implanted into the
superficial myometrium. In placenta increta, the villi
invade the myometrium. In placenta percreta, the villi
penetrate through the entire uterine wall.

Chorangiomas are expansile nodules composed of
capillaries and stroma surrounded by trophoblasts.
Small lesions are of no clinical significance, but larger
lesions (>9cm) are associated with shunting of blood
and multiple related complications.

Preeclampsia is related to low uteroplacental blood
flow and can be associated with other conditions such
as diabetes, multiple gestation, and hydatidiform mole.

Acquired thrombophilic disorders, especially those
associated with antiphospholipid antibodies, promote
intraplacental clotting. The maternal risk is mainly
venous thromboembolism; however, arterial thrombosis
may also occur.

Assisted reproductive technology is increasing the rate
of multiple pregnancies. Multiple pregnancies are
associated with an increased incidence of complications
related to prematurity, low birthweight, malformations,
and developmental anomalies.

Excess of amniotic fluid is called polyhydramnios and
is associated with anencephaly, spina bifida, esophageal
atresia, nonimmune hydrops, and abnormal
karyotypes. A diminished amount is called
oligohydramnios. The most common cause of
oligohydramnios is premature rupture of membranes.
Other important causes include bilateral renal agenesis
and fetal urinary tract obstruction.
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Clinically, patients with CHM usually present in the first
trimester with bleeding, enlarged uteri for expected gestational
age, an absence of fetal parts on ultrasound, and markedly ele-
vated B-human chorionic gonadotropin (B-hCG). Other signs
include hyperemesis and toxemia during the first or second
trimester.

CHM shows a diffusely edematous placenta in which the
macroscopically enlarged villi lack blood vessels and have
cyst-like fluid-filled cavities. Complete hydatidiform mole can
also be seen in a twin gestation; in these cases, the diagnosis
is often delayed. The majority of complete moles arise in
uterine pregnancy, although occasional molar pregnancies are
seen in ectopic pregnancies. As a comparison, PHM is com-
posed of large and small villi, and fetal parts are present (Figs
3.20 and 3.21).

Invasive hydatidiform mole

This condition is characterized by molar villi and trophoblasts
infiltrating the uterine wall, and occurs more frequently after
CHM. Molar tissue may be transported to distant organs such
as the lung, and may result in acute pulmonary hypertension,
edema, and even death. In these cases, clinical follow-up and
therapy do not differ from patients with CHM confined to the
uterus.

Gestational choriocarcinoma

This is a malignant neoplasm composed exclusively of cytotro-
phoblasts and syncytiotrophoblasts. In the USA, the incidence
is 1 in 40000 pregnancies and correlates with the rate
of CHM occurrence (Fig. 3.22). Choriocarcinoma spreads
hematogenously; metastatic sites include lung (80%), vagina
(30%), pelvis (20%), brain (17%), and liver (10%).
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Fetoplacental perfusion and
transfer of nutrients

Henry L. Galan and Frederick C. Battaglia

The technical advances in the tools that obstetricians use for
the evaluation of a pregnancy have progressed faster than our
basic understanding of some of the developmental aspects of
fetal and placental physiology. In this chapter, we shall try to
bring out those aspects of perinatal physiology that are rea-
sonably well established.

Perfusion and placental transport

A number of concepts relating to placental perfusion and
transport, most of which have considerable clinical signifi-
cance, have become relatively well established. One of these
is the absence of autoregulation in the uterine vascular bed.
This has been shown in animal studies by the absence of reac-
tive hyperemia after uterine artery occlusion.'

The clinical implication of these observations is that the
uterine bed in late pregnancy may be regarded as an almost
fully dilated bed. Thus, it cannot easily compensate for a
sudden decrease in vasodilation. From a clinical perspective,
maternal hypotension must be regarded as a direct causal
factor in producing a reduction in uterine and placental blood
flow. Maternal hypotension should therefore be avoided, par-
ticularly in late gestation.

Another characteristic of the uterine vascular bed is the
unresponsiveness of the uterine vascular vessels to changes in
PO, or PCO,. Again, this has considerable clinical significance
because it means that oxygen therapy for the mother does
carry with it the risk of increasing fetal hypoxia by vasocon-
striction of the uterine bed. It has been well demonstrated in
animal studies that oxygen administration to the mother
increases fetal oxygenation, lending support to the clinical
approach of using maternal oxygen therapy when there are
signs of fetal distress during labor and delivery. Unfortunately,
as is true with many areas of physiology, we have much less
information about the effects of chronic maternal oxygen
therapy. Because this is such an important issue in clinical
obstetrics, it is worth reviewing in some detail the animal
studies that support the use of maternal oxygen therapy for

fetal hypoxia. The first study® to directly address the question
of the impact of maternal oxygen administration upon uterine
and umbilical blood flows and fetal oxygenation showed that
there was no effect of the increased maternal PO, upon uterine
or umbilical blood flows and that, as expected, umbilical
venous PO,, representing the most oxygenated blood of the
fetus, increased significantly.

Clinically, the first studies demonstrating an effect upon
fetal oxygenation by maternal oxygen administration were
based upon changes in fetal scalp PO, and were carried out by
scalp sampling during labor. More recently, maternal oxygen
administration has been used in pregnancies complicated by
intrauterine growth retardation (IUGR). The beneficial effect
is confirmed both by the changes in fetal blood PO, and sat-
uration in blood obtained by cordocentesis, and by an appar-
ent improvement in velocity waveform measurements upon
the fetal descending aorta, suggesting a reduced placental
impedance during maternal oxygen therapy.’

The relationship between fetal oxygenation and maternal
oxygenation is complex because a number of factors are
involved in determining the “normal” umbilical venous PO,
in any species. These factors include:

1 placental oxygen consumption

2 uterine and umbilical blood flows

3 placental permeability

4 pattern of placental perfusion (i.e., concurrent, cross-
current, countercurrent)

5 maternal arterial PO, and hemoglobin concentration

6 shape of maternal and fetal oxygen dissociation curves.

For a more complete discussion of the contribution of each
of these factors, see references 1 and 4. In man, umbilical
venous PO, tends to equilibrate with uterine venous, not arte-
rial, PO,, i.e., it simulates a concurrent exchanger. With the
advent of techniques to sample umbilical venous blood
transabdominally (i.e., cordocentesis), data are now available
describing umbilical venous PO, through the latter half of ges-
tation. The umbilical venous PO, of the human fetus is higher
in mid-gestation and decreases as gestation advances.™®
However, at any gestational age, it is clear that the human fetal
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umbilical venous PO, is very low by postnatal standards. This
highlights the importance of the difference in whole blood
oxygen affinity in the fetus versus the adult because the higher
affinity of fetal hemoglobin insures that the bulk of the hemo-
globin will be oxygenated even at the low PO, of fetal umbil-
ical venous blood. The change in fetal PO, in late gestation
does not imply increasing fetal hypoxia because, associated
with this, there is an increasing hemoglobin concentration as
gestation progresses. This latter change maintains the oxygen
content of umbilical venous blood throughout gestation.” For
this reason, measurements of fetal oxygen content are partic-
ularly useful because they are independent of gestational age.
Studies in the mid-gestation fetal lamb have shown a higher
PO, and oxygen saturation in fetal vessels than in late gesta-
tion lambs.®

Soothill and coauthors’ have shown a relationship between
fetal lactate concentration and fetal hemoglobin and oxygen
concentration in rhesus (Rh)-isoimmunized pregnancies.
Similarly, Ferrazzi and coauthors'® and Soothill and coauthors®
described lactic acidemia in association with abnormal veloc-
ity waveforms in the fetal descending aorta or umbilical artery.
Several studies have shown that it is now possible to move
beyond velocity measurements alone to measurements of
actual blood flow in the umbilical vein.'"'* These studies have
reported a mean umbilical blood flow of 120 mL/min/kg fetal
weight in the human fetus during late gestation. The umbilical
flow is markedly reduced in TIUGR pregnancies."?

Uterine flow and placental transport

Uterine blood flow increases remarkably during late gestation.
However, the increase in uterine blood flow does not keep up
with the increase in uterine oxygen consumption, which causes
the uterine venous PO, content to decrease with increasing ges-
tational age. In human pregnancies, it has been shown that a
decrease in uterine venous PO, leads to a lower umbilical
venous PO,.

In terms of clinical applicability, one of the more important
contributions to fetal physiology was made by the studies that
described a nonlinear relationship between uterine blood flow
and placental transport of oxygen and nutrients to the fetus.
Wilkening and Meschia'* demonstrated that, in pregnant
sheep, uterine blood flow can decrease over a fairly wide range
without any effect on oxygen transport. A critical point is then
reached beyond which any further reduction in uterine blood
flow leads to a decrease in oxygen transport. As shown in
Fig. 4.1, similar data have been obtained by the same investi-
gators for umbilical blood flow versus placental transport.'
Although a similar study has not been carried out for other
nutrients, the transport of all nutrients should share this
common characteristic, namely that there is a margin of safety
represented by the range within which uterine blood flow can
be reduced without affecting transport. This concept has con-
siderable clinical significance. It would appear that a critical
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Figure 4.1 Changes in fetal O, uptake and fetal arterial blood pH
in relation to the ratio of umbilical O, delivery to control O,
uptake. In control periods, the ratio averaged 3.09 (O) and ranged
between 2.60 and 3.62. Note that O, uptake and pH remained
virtually constant for ratios of O, delivery to control O, uptake
>1.6.

need in obstetrics is to determine whether such relationships
exist in high-risk pregnancies, i.e., critical levels of uterine per-
fusion beyond which reductions in uterine flow profoundly
affect fetal oxygenation and fetal nutrition.

There is currently active research from many centers
directed at determining the role of specific vasoconstrictors
and vasodilators in normal pregnancy and in pathologic preg-
nancies, particularly in pregnancy-induced hypertension
(PIH). However, one common path for the control of vaso-
motor tone is through nitric oxide production by uterine and
placental endothelium. Several studies on human placental
tissue by Myatt and co-workers,'*"®
workers,'”*

Diiulio and co-
and others*'** have highlighted the importance
of this area of research, particularly in terms of endothelial
nitric oxide synthase expression in placental tissues. The link
between these pathways and other vasodilators and constric-
tors is likely to remain a major focus of vascular research in
perinatal medicine.

Uterine venous drainage

Uterine arterial flow has been relatively well studied in
animals; however, uterine venous drainage has not received
such careful attention. Maternal position has been considered
to be important in clinical obstetrics, principally through
the potential to relieve inferior vena caval obstruction by the
pregnant uterus and increase right-sided venous return to the
heart. Alleviation of signs of fetal distress have been reported
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Figure 4.2 Tritiated water concentrations in both arteries and both
ovarian veins of a rhesus monkey. It is clear that only one ovarian
vein was carrying blood from the placenta whereas the other was
draining nonexchange tissues within the uterus; the latter had a
*H,0 concentration indistinguishable from the maternal artery. It
should be stressed that this difference in tissue drainage could not
be detected from the gross appearance of the two veins by either
color or size of the vessels.”?

after positioning the mother from the supine into the left-
lateral decubitus position.

Two laboratories have confirmed that, in the rhesus
monkey, drainage is not predictable; occasionally, one vein
carries essentially all of the placental drainage. This can put
the fetus at risk, as shown in Figs 4.2 and 4.3 that were taken
from the study of Battaglia and coauthors.”® Figure 4.2 shows
that tritiated water infused into the fetal rhesus monkey as a
marker appeared in only one uterine vein. The other vein had
a concentration similar to that of maternal arterial blood.
Occlusion of this latter vein would have no repercussions
upon placental function. However, as shown in Fig. 4.3,
obstruction of the vein carrying all of the placental drainage
leads to a rapid accumulation of tritiated water in the fetus
because placental clearance is virtually zero. Such data are not
available in man, but there is sufficient reason to believe that
placental drainage in man is not distributed equally to the
venous drainage on the two sides of the uterus. One study has
shown that, when both uterine veins are sampled across the
pregnant uterus during Cesarean section, there is great vari-
ability in oxygen saturation and this is independent of the
position of the placenta.” This suggests that there may be an
unequal distribution of placental drainage to one of the other
uterine veins. Thus, the question of whether uterine venous
obstruction contributes to the maternal positional effects
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Figure 4.3 Ligation of one ovarian vein produced rapid
deterioration of the preparation, as indicated by the rapid rise of
*H,O concentration in the fetus and the inability of the system to
attain a new steady state. Presumably in this animal, the principal
channel for venous drainage of the placenta was the ovarian vein
that was ligated.”

upon fetal well-being is an important one that needs further
investigation.

Placental transport and metabolism

The placenta is very active metabolically and has an oxygen
consumption and glucose utilization rate similar to brain
tissue.”* One of the characteristics of its metabolism is the pro-
duction of lactate and ammonia (NHj3) as the end products
that are delivered into both the uterine and the umbilical cir-
culations. Because the production of lactate and NH; by the
pregnant uterus has been a general characteristic among
species with very different placental types, it seems reasonable
to hypothesize that this reflects the metabolic activity of the
trophoblast as this epithelial layer persists in all placental
types.

There are several studies that have examined maternal—fetal
glucose relationships in human pregnancy utilizing data
obtained at cordocentesis. Figure 4.4, taken from Marconi and

5 compares fetal and maternal glucose concentra-

coauthors,”
tions over a wide gestational age range. The data demonstrate
that the maternal-fetal glucose concentration difference
increases as gestation advances. The increased transplacental
glucose gradient is one means of accommodating the increased
glucose requirements of the rapidly growing fetus. In addition,
there is probably a substantial increase in placental glucose
transport capacity. In fetuses with IUGR, the maternal-fetal
glucose gradient is further increased and this appears to cor-
relate with increasing severity, as shown in Figure 4.5. The
question of maternal glucose utilization in pregnancy has also
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Figure 4.4 Umbilical venous glucose concentrations vs. gestational
age for appropriate for gestational age (AGA) pregnancies (A).
Maternal arterial glucose concentration vs. gestational age (O).
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Figure 4.5 Measured mean + SD values of maternal
arterial-umbilical venous glucose concentration (conc.) differences
in AGA fetuses and fetal growth restriction (FGR) cases of groups
1, 2, and 3. The P-values refer to the significance of the differences
for the intercepts of AGA compared with FGR groups (solid lines),
and among groups of FGR (dashed lines) for the regression analysis
of the maternal-fetal difference vs. gestational age.

been studied from the viewpoint of the increased metabolic
demand placed upon the mother by multiple pregnancies.
Marconi and coauthors® reported that there was a significant
correlation between plasma glucose disposal rate and both the
maternal glucose concentration and the mass of the concep-
tus. Thus, maternal glucose disposal rate is a function not only
of the glucose concentration but also of the mass of the con-
ceptus (fetus + placenta).

Amino acid transport has been studied under steady-state

27-30

conditions in sheep in vivo as well as under a variety of

in vitro conditions in small mammals and in the human pla-
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centa.’! This is an extensive subject that has been well
reviewed recently,* but that is not covered in this chapter.

Placental growth

In all mammalian species, placental growth is much more
rapid than fetal growth in early gestation. Placental growth
then either stops or is at a very low rate during later gesta-
tion. Fetal growth, on the other hand, is largely exponential
throughout gestation. There is a slower rate of fetal growth
in late gestation but this still far exceeds placental growth.
The outcome of these differences in growth rate is that the
fetal-placental ratio increases markedly as gestation advances.
Although the growth rate of the human placenta decreases, its
maturation continues. This can be demonstrated by morpho-
metric techniques that bring out the continued exponential
increase in surface area of the placenta during late gestation

when its weight is no longer increasing.”

Physiological
studies in animals support the morphometric data in that there
is a marked increase in the capacity of the placenta to diffuse
urea in late gestation, which parallels the changes in surface

area.>

Fetal growth

Key aspects of fetal growth include not only the rate of change
in fetal body weight but also the change in body composition
as gestation advances. This is particularly striking for the
human fetus, which grows by approximately 1.5% each day.
Accompanying this growth there is a reduction in total body
water concentration, attributable largely to a decrease in
extracellular fluid volume as a fraction of total body water,
and large increases in white fat depots. There are a number of
clinical implications of these changes in body composition.
Water has no caloric density, whereas fat has the highest
caloric density of tissues; therefore, the human fetus has a
relatively high caloric accretion rate. Also, because fat consists
of 78% carbon but is nitrogen free, the human fetus has a
relatively low nitrogen accretion rate in late pregnancy but
builds up large carbon stores in fat and glycogen.*

The accumulation of large white fat depots in the human
fetus has important nutritional implications. Fat depots are
important storage sites for the fat-soluble vitamins and essen-
tial fatty acids, particularly the polyunsaturated, long-
chain fatty acids. Intrauterine growth-retarded and very
preterm infants are born with depleted fat and glycogen stores
and are at risk of developing essential fatty acid deficiency rel-
atively quickly (i.e., within days) compared with term infants
(i.e., within weeks).***” Similarly, IUGR and preterm infants
are at risk of neonatal hypoglycemia. Fat also helps to insu-
late the term infant, reducing heat and water loss through
the skin — all adaptations that the premature infant does not
have.



Fetal metabolism

Fetal metabolism has been fairly intensively studied in the past
few years as techniques for the application of tracer method-
ology have become more available.

Umbilical uptake of nutrients

The net uptake of nutrients into the umbilical circulation from
the placenta is an indispensable reference point for under-
standing fetal metabolism. The reason for this is that the net
umbilical uptake represents the dietary supply of nutrients to
the fetus. Although it is possible for the fetus to synthesize
nutrients such as glucose or nonessential amino acids within
the fetal tissues, such interconversions of compounds do not
satisfy the absolute requirement for an exogenous (to the
fetus) supply of carbon and nitrogen for growth and
oxidation.

The main nutrients that the fetus receives include glucose,
lactate, and amino acids.**® Glucose and the essential amino
acids are derived from the maternal circulation.

The nonessential amino acids are a far more complicated
issue. Tracer studies have clearly shown that some amino acids
are produced within the placenta in large amounts, with a
relatively small component coming from direct transplacental
transport. The fetal requirements for some amino acids (glu-
tamate and serine) appear to be met entirely by production
within the fetus. Studies of glutamate venous-arterial differ-
ences across the human umbilical circulation at the time of
Cesarean section have shown a net uptake of glutamate from
the fetal circulation into the placenta.” Presumably, it is used
as a metabolic fuel in the human placenta as it is in the ovine
placenta.*

Both glucose and lactate have been shown to have fairly
high oxidation rates during fetal life. If their transport is
increased, their contribution to oxidation will also increase,
sparing the utilization of amino acids as metabolic fuels. Con-
versely, during maternal fasting, placental glucose transport is
decreased and amino acid oxidation increased.

Quantitative information about amino acid and nitrogen
transport to the human fetus is not as firmly established
because it is difficult to obtain reliable data for umbilical
venous-arterial differences of amino acids at the time of deliv-
ery. Several studies have measured the uptake of amino acids
by the umbilical circulation at the time of Cesarean section.
Because umbilical blood flow could not be measured reliably,
the data were expressed per unit of oxygen uptake. These
studies have shown a large uptake of most amino acids (with
the exception of glutamate, which is taken up by the placenta).
Amino acids are provided to the human fetus in amounts that
exceed their net rates of accretion. The data supporting this
interpretation come from the observation of a relatively large
placental urea gradient, with fetal concentrations being higher
than maternal concentrations.*' Given the large urea clearance
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in the primate placenta, the urea concentration difference
across the placenta implies a fairly high urea production rate
during fetal life.

In addition to serving as fuels for the fetus, amino acids are
used for protein synthesis. There are a number of conceptual
problems in attempting to estimate the rate of protein syn-
thesis during fetal life. However, it is clear that the rate of
protein synthesis expressed per gram of fetus is higher in early
gestation and decreases towards term, roughly in parallel with
the changes in metabolic rate.** The rate of protein synthesis
exceeds the rate of net protein accretion from growth, reflect-
ing a relatively high rate of protein turnover during normal
fetal development.

Fatty acids and ketone bodies cross the placenta in man and
in several other species, maintaining relatively small transpla-
cental concentration gradients. Their fate upon entering the
fetal circulation has not been well studied, although it is clear
that fatty acids are used largely for carbon accretion in white
fat depots and are not oxidized extensively during fetal life.*’
Because of their importance for brain growth, there are more
studies directed at placental transport of polyunsaturated,
long-chain fatty acids.

As alluded to earlier, the limitation in understanding fetal
growth has been the inability to measure umbilical volume
blood flow accurately. For example, endpoints of many nutri-
tionally based studies, such as those evaluating amino acids,
fatty acids, or glucose transport, have required that values
be expressed by units other than rate (i.e., mL/min or
mL/min/kg). Recent advances in ultrasound technology that
include improved imaging and flow velocity data acquisition
have given investigators the tools to accurately assess volume
flow. Although Doppler velocimetry has been a very
useful tool in assessing and managing the fetus with IUGR by
obtaining information on blood flow resistance,*** determi-
nation of oxygenation and nutrient delivery is dictated by
volume blood flow and not velocimetry. A study in 1999
demonstrated that umbilical venous flow measurements
(mL/min) can be obtained in human fetuses with accuracy and
precision, and that the examination can be completed on
average in less than Smin.*” This technique involves the
combined use of real-time ultrasound, color Doppler, and
pulsed-wave Doppler velocimetry to obtain the necessary
measurements for calculation of umbilical vein flow from the
following formula:

Umbilical vein flow (mL/min) = vessel cross-sectional
area (mr®) x mean velocity (cm/s) X 60s (4.1)

Figures 4.6 and 4.7 show the images required for accurately
calculating the umbilical vein flow. Important technical
aspects include maximal magnification of the vessel for diam-
eter measurement and vertical orientation of the vessel for
acquisition of the Doppler flow velocity waveform. This
method of calculating blood flow has been validated in a sheep
model in which a well-established technique of measuring flow
(steady-state diffusion technique) confirmed the accuracy of
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Figure 4.6 Magnified longitudinal image of
the umbilical vein for accurate placement of
calipers to measure the diameter of the vein
from which the radius can be obtained.
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Figure 4.7 Ultrasound and Doppler images
depicting the vertically oriented umbilical
vein image with color Doppler, and the 0°
angle of insonation of the Doppler sample
volume for obtaining the Doppler flow

velocity waveform.
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Figure 4.8 Graph showing the reduction of umbilical vein flow in

growth-restricted fetuses compared with control subjects across
gestation.'
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Figure 4.10 Graph demonstrating a reduction in umbilical vein
blood velocity adjusted for fetal weight among fetuses with [UGR
compared with control subjects."
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Figure 4.9 Graph demonstrating that there was no difference in
umbilical vein diameter adjusted for fetal weight among fetuses with
IUGR compared with control subjects.'

measuring blood flow with ultrasound.* Using this ultrasound
technique, absolute umbilical vein volume flow has been
shown to be reduced in fetuses with IUGR compared with
those growing normally (Fig. 4.8)."* Furthermore, when
adjusted for estimated fetal weight, the reduction in blood
flow volume was found to be secondary to a reduction in the
velocity of blood and not to a reduction in the diameter of the
umbilical vein (Figs 4.9 and 4.10). This study also showed that
volume blood flow was reduced by mid-gestation in these
fetuses with IUGR. This finding is important from a develop-
mental point of view because if blood flow on a per kilogram
basis is reduced by mid-gestation then this suggests that there
are factors affecting normal uteroplacental vascularization
and angiogenesis (branching). Thus, abnormal placental devel-
opment and reduction in circulating blood volume at some
point in gestation will result in insufficient nutrient delivery
and aberrant fetal growth. The ability to calculate volume
blood flow will provide the opportunity to better understand
nutrient flux across the human placenta. It is anticipated that,
with the knowledge accumulated from these types of studies,
fetuses with IUGR could potentially be treated in the antepar-
tum period and at the appropriate time.
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Key points

1 The oxygen exchange across the human placenta is
characterized by the umbilical vein PO, following the
uterine venous PO, but at a somewhat lower level.

2 The transport of oxygen to the fetus is a function of
both uterine and umbilical blood flow as well as
placental permeability to oxygen.

3 Uterine blood flow can decrease significantly before a
critical flow is reached at which oxygen delivery to the
baby decreases.

4 Metabolism by the placenta takes place at a very high
rate, as indicated by its high oxygen and glucose
consumption.

5 There is a persistent maternal—fetal glucose
concentration difference that is maintained over a very
wide range of maternal glucose concentrations.

6 This gradient is increased in cases of fetuses with
intrauterine growth retardation (IUGR).

7 Fetal growth in the human is characterized by a very
long gestation period and by the accretion of a large
mass of white fat, which accumulates in the last third
of gestation.

8 The net umbilical uptake of nutrients represents the
dietary supply to the fetus.

9 There is extensive interconversion of nutrients within
the placenta; glucose, lactate, and amino acids
represent the major sources of carbon and nitrogen for
the fetal diet.

10 There is a net umbilical uptake of all of the essential
amino acids from the maternal circulation into the fetal
circulation.

11 The nonessential amino acids do not all show a
significant transport from the maternal circulation to
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the fetus. There are some nonessential amino acids,
e.g., glutamate and aspartate, which are taken up from
the fetal circulation into the placenta.

It is important to understand the differences between
measuring velocity profiles and measuring the actual
blood flow, which can now be undertaken for the
umbilical circulation and the uterine circulation. In
normal pregnancy, umbilical blood flow, expressed per
kilogram of fetal weight, decreases as pregnancy
advances.

Umbilical blood flow per kilogram, as well as absolute
flow in millimeters per minute, are both significantly
reduced in fetuses with IUGR compared with normal
fetuses.

Placental growth is characterized by a much more
rapid growth rate than fetal growth in early
pregnancy.

In late pregnancy, the growth rate of the human
placenta slows markedly but its maturation
continues.

There continues to be an exponential increase in
surface area of the placenta during late gestation.

The uptake of oxygen, glucose, and amino acids in the
fetal circulation has been shown to be increased when
maternal concentration is increased.

Fetal lactic acid concentrations are increased in
association with velocimetry changes in fetuses with
IUGR.

Uterine venous PO, is an important determinant of
umbilical venous PO,.

Both the maternal-fetal PO, gradient and the glucose
gradient are increased in [IUGR pregnancies.

References

1 Wilkening RB, Meschia G. Current topic: comparative physiology
of placental oxygen transport. Placenta 1992;13:1-15.

2 Battaglia FC, Meschia G, Makowski EL, et al. The effect of
maternal oxygen inhalation upon fetal oxygenation. | Clin Invest
1968;47:548-555.

3 Soothill PW, Nicolaides KH, Bilardo CM, et al. Relation of fetal
hypoxia in growth retardation to mean blood velocity in the fetal
aorta. Lancet 1986;2:1118-1120.

4 Battaglia FC, Meschia G. An introduction to fetal physiology.
Orlando, FL: Academic Press Inc., 1986.

5 Pardi G, Cetin I, Marconi AM, et al. The venous drainage of
the human uterus: respiratory gas studies in normal and fetal
growth retarded pregnancies. Am | Obstet Gynecol 1992;166:
699-706.

6 Soothill PW, Nicolaides KH, Rodeck CH, et al. Blood gases and
acid-base status of the human second-trimester fetus. Obstet
Gynecol 1986;68:173-176.

66

10

11

12

13

Bozzetti P, Buscaglia M, Cetin I, et al. Respiratory gases, acid-base
balance and lactate concentrations in the mid-term human fetus.
Biol Neonate 1987;51:188-197.

Bell AW, Kennaugh JM, Battaglia FC, et al. Metabolic and
circulatory studies of fetal lamb at mid gestation. Am | Physiol
1986;250:E538-ES544.

Soothill PW, Nicolaides KH, Rodeck CH, et al. Relationship of
fetal hemoglobin and oxygen content to lactate concentration in
Rh isoimmunized pregnancies. Obstet Gynecol 1987;69:268-270.
Ferrazzi E, Pardi G, Buscaglia M, et al. The correlation of bio-
chemical monitoring versus umbilical flow velocity measurements
of the human fetus. Am | Obstet Gynecol 1988;159:1081-1097.
Gill RW, Kossoff G, Warren PS, et al. Umbilical venous flow in
normal and complicated pregnancy. Ultrasound Med Biol 1984;
10:349-363.

Jouppila P, Kirkinem P. Umbilical vein blood flow in the human
fetus in cases of maternal and fetal anemia and uterine bleeding.
Ultrasound Med Biol 1984;10:365-370.

Rigano S, Bozzo M, Ferrazzi E, et al. Early and persistent
reduction in umbilical vein blood flow in the growth-restricted



14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

fetus: a longitudinal study. Am ]| Obstet Gynecol 2001;185:
834-838.

Wilkening RB, Meschia G. Fetal oxygen uptake, oxygenation, and
acid-base balance as a function of uterine blood flow. Am J Physiol
1983;244:H749-H75S.

Wilkening RB, Meschia G. Effect of umbilical blood flow on
transplacental diffusion of ethanol and oxygen. Am ] Physiol
1989;256:H813-H820.

Myatt L, Eis ALW, Brockman DE, et al. Endothelial nitric oxide
synthase in placental villous tissue from normal, pre-eclamptic and
intrauterine growth restricted pregnancies. Hum Reprod 1997;
12:167-172.

Myatt L, Rosenfield RB, Eis ALW, et al. Nitrotyrosine residues
in placenta — evidence of peroxynitrite formation and action.
Hypertension 1996;28:488-493.

Lyall E Greer IA, Young A, et al. Nitric oxide concentrations are
increased in the feto-placental circulation in intrauterine growth
restriction. Placenta 1996;17:165-168.

Diiulio JL, Gude NM, King RG, et al. Human placental and fetal
membrane nitric oxide synthase activity before, during and after
labour at term. Reprod Fertil Dev 1996;7:1505-1508.

King RG, Gude NM, Diiulio JL, et al. Regulation of human
placental fetal vessel tone — role of nitric oxide. Reprod Fertil Dev
1996;7:1407-1411.

Boccardo P, Soregaroli M, Aiello S, et al. Systemic and fetal—
maternal nitric oxide synthesis in normal pregnancy and pre-
eclampsia. Br | Obstet Gynaecol 1996;103:879-886.
Schonfelder G, John M, Hopp H, et al. Expression of inducible
nitric oxide synthase in placenta of women with gestational dia-
betes. FASEB ] 1996;10:777-784.

Battaglia FC, Makowski EL, Meschia G. Physiologic study of the
uterine venous drainage of the pregnant rhesus monkey. Yale | Biol
Med 1970;42:218-228.

Meschia G, Battaglia FC, Hay WW; et al. Utilization of substrates
by the ovine placenta in vivo. Fed Proc 1980;39:245-249.
Marconi AM, Paolini C, Cetin I, et al. The impact of gestational
age and of intrauterine growth upon the maternal—fetal glucose
concentrations difference. Obstet Gynecol 1996;87:937-942.
Marconi AM, Davoli E, Cetin I, et al. The impact of conceptus
mass upon glucose disposal rate in pregnant women. Am | Physiol
1993;27:E514-ES518.

Marconi A, Battaglia FC, Meschia G, et al. A comparison of
amino acid arteriovenous differences across the placenta and liver
in the fetal lamb. Am | Physiol 1989;257:E909-E915.

Lemons JA, Adcock EW, III, Jones MD, Jr, et al. Umbilical uptake
of amino acids in the unstressed fetal lamb. | Clin Invest 1976;
58:1428-1434.

Lemons JA, Schreiner RL. Metabolic balance of the ovine fetus
during the fed and fasted states. Ann Nutr Metab 1984;28:
268-280.

Lemons JA, Schreiner RL. Amino acid metabolism in the ovine
fetus. Am | Physiol 1983;244:E459-E466.

FETOPLACENTAL PERFUSION AND TRANSFER OF NUTRIENTS

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

Yudilevich DL, Sweiry JH. Transport of amino acids in the
placenta. Biochim Biophys Acta 1985;822:169-201.

Regnault TRH, de Vrijer B, Battaglia FC. Transport and metabo-
lism of amino acids in placenta. Endocrine 2002;19:23-41.

Baur R. Morphometry of the placental exchange area. Advances
in anatomy, embryology and cell biology. Berlin: Springer-Verlag,
1977.

Kulhanek JF, Meschia G, Makowski EL, et al. Changes in DNA
content and urea permeability of the sheep placenta. Am | Physiol
19745226:1257-1263.

Sparks JW, Girard J, Battaglia FC. An estimate of the caloric
requirements of the human fetus. Biol Neonate 1980;38:113—
119.

Clandinin MT, Chappell JE, Heim T, et al. Fatty acid utilization
in perinatal de novo synthesis of tissues. Early Hum Dev 1981;
5:355-366.

Clandinin MT, Chappell JE, Heim T, et al. Fatty acid accretion in
fetal and neonatal liver: implications for fatty acid requirements.
Early Hum Dev 1981;5:7-14.

Battaglia FC, Meschia G. Fetal nutrition. Annu Rev Nutr
1988;8:43-61.

Hayashi S, Sanada K, Sagama N, et al. Umbilical vein-artery
differences of plasma amino acids in the last trimester of human
pregnancy. Biol Neonate 1978;34:11-18.

Moores RR, Jr, Vaughn PR, Battaglia FC, et al. Glutamate meta-
bolism in the fetus and placenta of late gestation sheep. Am |
Physiol 1994;267:R89-R96.

Gresham EL, Simons PS, Battaglia FC. Maternal-fetal urea con-
centration difference in man: metabolic significance. | Pediatr
1971;79:809-811.

Kennaugh JM, Bell AW, Meschia G, et al. Ontogenetic changes in
protein synthesis rate and leucine oxidation rate during fetal life.
Pediatr Res 1987;22:688-692.

Warshaw JB. Fatty acid metabolism during development. Semin
Perinatol 1979;3:131-139.

Karlesdrop VHM, van Vugt JMG, van Geijn HP, et al. Clinical
significance of absent or reversed end-diastolic velocity waveforms
in umbilical artery. Lancet 1994;344:1664-1668.

Pardi G, Cetin I, Marconi AM, et al. Diagnostic value of blood
sampling in fetuses with growth retardation. N Engl | Med
1993;328:692-696.

Ferrazzi E, Bozzo M, Rigano S, et al. Temporal sequence of abnor-
mal Doppler changes in the peripheral and central circulatory
systems of the severely growth restricted fetuses. Ultrasound
Obstet Gynecol 2002;19:140-146.

Barbera A, Galan HL, Ferrazzi E et al. Relationship of umbilical
vein blood flow to growth parameters in the human fetus. Am |
Obstet Gynecol 1999;181:174-179.

Galan HL, Jozwik M, Rigano S, et al. Umbilical vein blood flow
determination in the ovine fetus: Comparison of Doppler ultra-
sonographic and steady-state diffusion techniques. Am | Obstet
Gynecol 1999;181:1149-1153.

67



Endocrinology of pregnancy and

the placenta

Alan DeCherney, Jessica Spencer, Tim Chard, and

Karen A. Hutchinson

The synthesis and role of hormones in pregnancy is a unique
interplay between the three major compartments of preg-
nancy: the fetus, the placenta, and the mother. Some hormones
are produced in the nonpregnant state and upregulated in
pregnancy (quantitative hormones), whereas others are largely
unique to the pregnant state (qualitative hormones). This
chapter will review each of these compartments and their
respective hormone products by axis, emphasizing their func-
tion and the consequences of pathological change.

The corpus luteum

The corpus luteum forms from the ovulated follicle and, in the
absence of pregnancy, undergoes luteolysis at the onset of
menses. Maximal activity is achieved 1 week after the luteiniz-
ing hormone (LH) surge and the normal lifespan is 14 days.
The corpus luteum in early pregnancy synthesizes crucial hor-
mones until the fetoplacental unit can take over. These include
progesterone, estradiol, inhibin A, relaxin, and vascular
endothelial growth factor (VEGF), all of which promote the
growth and development of the embryo, inhibit spontaneous
uterine activity, and suppress further folliculogenesis. The
corpus luteum can also produce metalloproteases and other
cytolytic enzymes that initiate luteolysis. Human chorionic
gonadotropin (hCG), which is secreted by the trophoblast,
inhibits this cascade and is therefore essential for rescuing the
corpus luteum. This is discussed in more detail at the end of
the chapter.

Estrone, estradiol, and estriol

These estrogen molecules share the same basic 18-carbon
estrone nucleus and differ only in the number and arrange-
ment of hydroxyl groups as depicted in Figure 5.1. All three
estrogens increase dramatically in pregnancy. Estrone (E,) is a
precursor to estradiol (E,) and is the predominant estrogen in
menopause.
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E, is the predominant estrogen secreted by the ovary. The
endometrium contains receptors for both E, and proges-
terone,' creating a secretory environment that permits embry-
onic implantation and development.?

Estriol (E;) is almost exclusively produced in pregnancy by
the placenta, with its precursor dehydroepiandrosterone
sulfate (DHEAS), produced in the fetal and maternal adrenal
glands. It is believed to be the primary estrogen responsible
for increased uterine blood flow during pregnancy.’ It is
excreted rapidly and may provide an important route of elim-
ination for the estrogen precursors of pregnancy. The mater-
nal system tolerates higher levels of E; than more potent
compounds.

Progesterone

Progestins differ in the number and arrangement of their
hydroxyl groups as shown in Figure 5.2. Progesterone is
clearly the more biologically active progestin.

The effects of progesterone begin early in pregnancy.
The pre-implantation corona cells of the conceptus secrete
progesterone and E, before implantation.** En route to the
uterus, the conceptus secretes progesterone, which is believed
to relax uterotubal musculature. The site where ova and
sperm meet, in the distal one-third of the fallopian tube, con-
tains many progesterone receptors. It is possible that E,
secreted by the conceptus may balance the effects of proges-
terone to maintain an optimal level of tubal motility and
tone.>*

At the time of implantation, progesterone inhibits T
lymphocyte-mediated tissue rejection. Human chorionic
gonadotropin and decidual cortisol are also involved in this
process.” This inhibition of rejection may well offer immuno-
logical protection to the implanted conceptus and evolving
placenta. In addition, progesterone decreases uterine blood
flow. Progesterone and estrogens thus appear to balance one
another in the maintenance of optimal blood flow to the
implantation site.*’
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The fetal allograft and maternal
immune tolerance

Several changes occur in the maternal immune system and the
decidual immunological environment to allow the conceptus
to coexist with the mother. Normal pregnancy is characterized
by a type 1 to type 2 T helper (Th1 to Th2) cytokine devia-
tion in the mother. Pathologically, this change is not seen in

HO

Estrone preeclampsia.'” Recurrent abortion and endometriosis, both

OH major causes of infertility, have also been linked to a Thl
cytokine deviation (tumor necrosis factor alpha, TNF-o, being
the main factor).!" Several studies have also demonstrated sig-
nificant changes in the levels of peripheral maternal CD4" and
CD8" cells during pregnancy. Deletion of alloreactive B cells,
which are detectable in early pregnancy and which rise with
each subsequent gestation, may also occur.'?

HO The physical barrier which develops after implantation is
Estradiol composed of the outer syncytiotrophoblast layer (which is in
direct contact with maternal blood) and an inner cytotro-

OH phoblast layer. This barrier is not impermeable; fetal DNA has

been isolated from maternal blood"” and has even been

detected in women 27 years after giving birth."* On the fetal

---OH side of the barrier, major histocompatibility complex I (MHC-

HO

Estriol

Figure 5.1 Molecular structures of estrogens. The basic 18-carbon
estrane nucleus is shared by estrone, estradiol, and estriol. Each
estrogen is different as a result of the arrangement of hydroxyl
groups.

CHs CH,
=0 C==0
<--OH
Figure 5.2 Molecular structure of
progestogens. The basic 21-carbon pregnene
structure is shared by progesterone and 170-
hydroxyprogesterone. These compounds 0 o
differ in the number and arrangements of the
hydroxyl groups. Progesterone 170.-Hydroprogesterone
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CHAPTER 5

1) is replaced by human leukocyte antigen (HLA)-G and -E,
which are much less polymorphic, allowing the fetal cells to
“hide” from maternal cytotoxic T lymphocytes. Interestingly,
maternal serum and placental HLA-G expression appears to
be reduced in preeclampsia according to one small study."

Several studies have also implicated the Fas—FasL pathway,
critical in apoptosis, as playing an integral role in deleting
alloreactive T cells. Fetal cells and decidua express high levels
of Fas ligand, which prevents the infiltration of cytotoxic T
lymphocytes.'

Additionally, complement regulation at the maternal-
fetal interface helps prevent complement-mediated cellular
lysis. When antibodies exist in very high levels, however, such
as in antiphospholipid antibody syndrome, fetal loss may
occur.

The recently implicated uterine natural killer (NK) cells
appear to be the dominant lymphocyte in the decidua and are
concentrated most highly around the invading trophoblast.
Natural killer cells seem to play a pivotal role in the accept-
ance of trophoblast invasion.'® Indeed, mice with deficient NK
cells have been shown to have higher levels of fetal loss than
their wild-type equivalent. Furthermore, rescuing their NK
population with a bone marrow transplantation decreases the
frequency of fetal loss.!”

All of these mechanisms represent a delicate balance in
cytokines, lymphocyte proliferation and apoptosis, and recep-
tor expression, which ultimately allows the immunotolerance
of the fetal allograft.

Maternal cardiovascular adaptation
to pregnancy

The average blood volume in pregnant women increases by
approximately 40%, peaking at 32 weeks. In contrast, the
absolute red blood cell count increases by only 33%, creating
a physiological anemia. This cardiovascular metamorphosis
provides enough blood for the rapidly enlarging uterus, pla-
centa, and fetus. It also safeguards the mother from blood loss
in delivery, which averages 500 mL.

Angiotensin II resistance occurs in normal pregnancy
causing a mild hyponatremia with a lower plasma osmolality.
Several mediators including progesterone, prostaglandins, and
nitric oxide also cause vasodilation. This increase in volume
brings about a decrease in peripheral vascular resistance
and maternal blood pressure lowers by approximately
10-20 mmHg. In contrast, maternal heart rate will increase by
approximately 25%.

This characteristic volume expansion and vasodilation is
pathologic in preeclampsia, when arteriolar constriction is a
key feature. Leaking capillaries lead to a depletion of intravas-
cular volume and fluid collection in interstitial spaces (e.g.,
liver and brain edema). Furthermore, endothelial dysfunction
is characterized by higher levels of thromboxane A,, which
increases platelet activation. Corticotropin-releasing factor

70

and neurokinin B are additional endocrine factors that may

perpetuate platelet dysfunction.'®"”

Nutrition and the fetus

Glucose is the primary fuel of fetal growth and its turnover in
a neonate is twice that of a normal adult. The fetal glucose
level is usually 10-20 mg/mL lower than in its mother, because
glucose crosses the placenta by carrier-mediated facilitated dif-
fusion. Once inside the fetus, glucose serves as a precursor for
fat and glycogen. In contrast, maternal insulin and glucagon
are unable to cross the placenta and are instead produced by
the fetus itself. Amino acids are also actively transported by
the placenta and can stimulate fetal insulin secretion. Addi-
tionally, free fatty acids cross the placenta and are esterified
in the fetal liver into very low-density lipoprotein (VLDL).

This enormous maternal glucose drain favors an insulin-
resistant environment that has been attributed previously to
the increase in human placental lactogen (hPL) and growth
hormone, progesterone, cortisol, and prolactin. Newer
studies, however, have implicated TNF-a and leptin and, most
recently, the so-called resistin protein, which may be the
missing link between obesity and insulin resistance. Its role in
pregnancy, however, has yet to be established.?

Obesity is now a problem that affects over 40% of women
of childbearing age. Besides its known detrimental effect on
fertility (via anovulation) and the increase in miscarriage rates,
obesity significantly increases a pregnant woman’s chances of
developing gestational diabetes and hypertensive disorders
such as preeclampsia. This, in turn, increases Cesarean section
rates and overall morbidity in obese women.*'

Hypothalamic and pituitary
development in the fetus

The earliest embryonic development of the brain can be iden-
tified by day 22 after conception, and the primitive dien-
cephalon by day 35. Within the ventral portion of the
diencephalon (which later develops into the hypothalamus),
primitive fiber tracts and neuroblasts can be observed. By ges-
tational day 42, the hypothalamus has coalesced beneath the
third ventricle and already contains thyroid releasing factor
(TRF).

Much of what we know about the development of the fetal
endocrine system comes from a review by Kaplan and coau-
thors.?* All of the hypothalamic nuclei are differentiated by 14
weeks’ gestation and the continuity of the primary and sec-
ondary plexus of the portal system is finally completed by ges-
tational weeks 19-21.

The pituitary gland is formed at about this time and devel-
ops from the outpocketing of oral ectoderm from the floor of
the diencephalon (Rathke’s pouch), which gives rise to the ade-
nohypophysis anteriorly, and neuroectoderm from the ventral



diencephalon posteriorly. Capillaries appear within the mes-
enchymal tissue adjoining Rathke’s pouch and the dien-
cephalon by 9 weeks’ gestation. Rapid vascularization begins
with the development of the primary plexus of the portal
system at approximately 100 days. The anterior portion of the
pituitary will differentiate into five cellular subtypes: thy-
rotrophs, corticotrophs, somatotrophs, gonadotrophs, and
lactotrophs. The posterior pituitary will eventually produce
oxytocin (Chapter 66) and vasopressin (Chapter 35), which is
not discussed in this chapter. Many of the specific genes
responsible for cellular differentiation in the pituitary have
been elucidated and seem to be controlled by local signals that
are derived from adjacent tissues.*

Pituitary and hypothalamic-like peptides
in the placenta

Pituitary-like hormones [adrenocorticotropic  hormone
(ACTH), hCG, human chorionic somatomammotropin (hCS),
and human chorionic thyrotropin (hCT)] have been histo-
chemically localized to the syncytiotrophoblast.**** Hypo-
thalamic-like hormones [corticotropin-releasing hormone
(CRH), gonadotropin-releasing hormone (GnRH), soma-
totropin-release inhibiting factor, and thyrotropin-releasing
hormone (TRH)] have been similarly localized to the cytotro-
phoblastic layer.””*° It would appear that there is a paracrine
analog within these tissues that is similar to the hypothala-
mic—pituitary axis. The end organ feedback within this system
is not exclusively inhibitory (see below). Indeed, selective pla-
cental proteins may well have a positive feedback relationship

with fetal steroids.

The endocrine axes of the fetus
and placenta

GnRH, FSH and LH, and the gonads

Immunoreactive GnRH is present in the fetal hypothalamus
by 10 weeks. Follicle-stimulating hormone (FSH) and LH
secretion first begin at 9-10 weeks’ gestation and peak at
about 20-22 weeks. Unlike GnRH, which is secreted in equal
concentration in the male and female fetus, the female pitu-
itary appears to contain more FSH and LH than the male
gland.”* Gonadotrope activity then gradually declines during
late gestation, remaining dormant until puberty. As demon-
strated in fetal sheep, this is likely due to decreased secretion
of GnRH from the fetal hypothalamus as the gonadaotropes
are unstimulated, not inactive.*'

At approximately 6 weeks’ gestation, the structure of the
fetal testes can be recognized including prominent interstitial
(Leydig) cells. These cells produce testosterone, which is crit-
ical for male internal secondary sexual development. In con-
trast, dihydroxytestosterone (DHT), a reduced metabolite of
testosterone formed in certain androgen target tissues by So-
reductase, is the trophic hormone for the external genitalia.

ENDOCRINOLOGY OF PREGNANCY AND THE PLACENTA

Testosterone also stimulates the production of two proteins
within the adjacent Sertoli cells of the testes: miillerian-
inhibiting substance (MIS) and androgen-binding protein. The
former causes inhibition of miillerian duct development; the
latter binds testosterone and possibly DHT within the wolf-
fian duct system and may be involved in the transduction of
androgens into their target tissues. Maximal hCG production
by the placenta coincides with the time of greatest biosynthetic
activity by the interstitial cells, suggesting that these events are
interrelated.***

The fetal ovary can be histologically recognized by gesta-
tional week 10. The female gonad lacks the impressive biosyn-
thetic capacity of the testis at this point in utero. In vitro
studies have demonstrated that fetal ovarian tissue has the
capacity to cleave pregnenolone sulfate and further metabo-
lize pregnenolone to the C-19 steroids dehydroepiandros-
terone and androstenedione. However, ovarian production
of free progesterone, testosterone, or estrogens has not been
documented.*

Placental GnRH, hCG, and inhibin

Placental GnRH is similar in structure to the hypothalamic
decapeptide of the same name. Its activity has been localized
to the cytotrophoblastic cells along the outer surface layer of
the syncytiotrophoblast.*® The structure and additional func-
tions of hCG are described below (see section on human chori-
onic gonadotropin). Inhibin is a heterodimeric glycoprotein
with o~ and B-subunits and its immunoreactivity has been
localized to the cytotrophoblast layer.

Syncytiotrophoblastic GnRH activity peaks at approxi-
mately 8 weeks’ gestation and decreases with advancing fetal
age. These changes in GnRH activity parallel those seen in pla-
cental hCG.** Information regarding inhibin variation during
pregnancy is not available.

It is clear that placental GnRH stimulates the release of hCG
through a dose-dependent paracrine mechanism.”” In vitro
work with first-trimester placentas has shown that GnRH has
little stimulatory effect on hCG production when the latter is

close to maximum.*

However, in midtrimester, GnRH
markedly increases hCG release. Not surprisingly, this effect
diminishes in the term placenta. A complete intraplacental reg-
ulatory system can be hypothesized whereby cytotrophoblas-
tic GnRH stimulates the production of syncytiotrophoblastic
hCG, which, in turn, influences steroidogenesis. It has been
postulated that placental inhibin functions also go through a
paracrine mechanism to inhibit GnRH release and thereby
hCG release.

TRH, TSH, and the thyroid

Immunoreactive TRH has been detected in significant levels
in the fetal hypothalamus by 10 weeks. As noted with GnRH,
there is not an appreciable correlation between gestational
age or sex. Secretion of thyroid-stimulating hormone (TSH)
in utero is regulated by both hypothalamic TRH and
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the intact pituitary—thyroid feedback system (mature by
mid-gestation).

The thyroid gland first appears at 16-17 days of gestation
and the capacity of the developing follicular cells to produce
thyroglobulin is established by day 29. However, the devel-
opment necessary to concentrate iodide into synthesized
thyroxine (T,) is not operational until the 11th week.*
Furthermore, pituitary thyrotropes are not detectable until
approximately 13 weeks’ gestation. Once the thyrotropes
mature, iodine uptake and the synthesis of iodothyronines in
the thyroid commences.

Interestingly, fetal thyroid function is not affected to any sig-
nificant degree by the limited transplacental passage of TSH
and iodothyronines. Indeed, the human placenta appears to
contain a highly active 5-monodeiodinase that converts T, to
the inert iodothyronine, reverse triiodothyronine (reverse
T3)~39

The metabolism of Ty in utero differs dramatically from the
situation found in adults. Not only are production and degra-
dation rates greater in the fetus (on the basis of unit body
mass), but also the specific enzymatic pathway by which Tyis
metabolized favors the formation of the inert, reverse T, at
the expense of the metabolically active product generally
found in adults, Ts.

Thyroxine-binding globulin (TBG) can be detected in serum
by the 10th gestational week, progressively increasing in con-
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centration to term. The second- and third-trimester increase
in serum T, concentration reflects not only this increase in
TBG, but also the greater secretory capacity of the fetal
thyroid gland under the influence of the maturing hypothala-
mic-hypophyseal portal system (Fig. 5.3).%

Somatic development in utero is not a phenomenon that is
dependent on thyroid hormones. However, thyroid hormones
do appear to be necessary for late-phase skeletal maturation
and late prenatal pulmonary development, as well as the
normal development of the brain and intellectual function.?®

Human chorionic thyrotropin

TRH has been detected in the cytotrophoblast layer of the
placenta and is then called human chorionic thyrotropin
(hCT). However, this molecule appears to be chromatograph-
ically different from synthetic TRH, which is a tripeptide.*!
The structure of hCT is similar to pituitary TSH o-subunits,
but it has negligible thyrotrophic activity’ and its role is
unclear.

The excessive amount of thyroid-stimulating activity found
in neoplastic trophoblast tissue is not secondary to an hCT
effect. Indeed, studies in molar pregnancy have failed to iden-
tify hCT.* The hyperstimulation of thyroid tissue that occurs

in some women with molar pregnancy is attributed to the high
circulating concentration of hCG which has 1/4000th of the
activity of TSH.*
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Figure 5.3 Patterns of maturation of serum thyroid-stimulating hormone (TSH) and thyroxin (T,) concentrations in the human fetus. (From
Fisher DA, Klein AH. Thyroid development and disorders of thyroid function in the newborn. N Engl ] Med 1981;304:702, with permission.)
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Figure 5.4 Schematic representation of transplacental transport of
calcium (Ca), phosphorus (PO,™), parathyroid hormone (PTH),
calcitonin (CT), and mono- and dihydroxyvitamin D (25(OH)D
and 1,25(OH),D respectively). (From Fuchs F, Klopper A, eds.
Endocrinology of pregnancy. Philadelphia: Harper & Row,
1983:186, with permission.)

The parathyroid and calcium homeostasis

Fetal parathyroid hormone (PTH) is detected between the
tenth and thirteenth gestational weeks (Fig. 5.4). Parathyroid
function, however, remains suppressed throughout most of
pregnancy owing to the relatively hypercalcemic state of the
fetus (secondary to the considerable placental transport of
calcium, critical for bone formation). Calcitonin levels are ele-
vated, which enhances bone development.

At term, fetal 1,25-dihydroxyvitamin D levels are consider-
ably below maternal levels, supporting the concept that 1,25-
dihydroxyvitamin D does not cross the placenta, although
25-hydroxyvitamin D probably does cross. Direct compar-
isons of serum concentrations of vitamin D in mother and
fetus are complicated by the fact that there are estrogen-
induced changes in vitamin D-binding protein. The fetal
kidney can hydroxylate 25-hydroxyvitamin D although the
placenta can synthesize 1,25-dihydroxyvitamin D directly.

Excellent reviews of vitamin D and its metabolism have been
published.**

Prolactin

Immunoreactive prolactin is present in the pituitary gland in
small but measurable amounts early in gestation. However, in
both males and females, the concentration increases rapidly
between 20 and 30 weeks’ gestation and term. Several authors
have proposed that the major modulating force behind the
late-trimester increase in fetal prolactin is placenta-derived
estrogens. It is also possible that, developmentally, the pitu-
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itary is functionally able to respond to tropic agents including
TRF after 20 weeks’ gestation.

Fetal prolactin may play a role in the regulation of normal
fetal osmolality.*® Prolactin receptors are expressed in a range
of fetal tissues as early as the seventh gestational week and
may play a role in bone, adrenal gland, lung, brain, and pan-
creatic B-cell development and function.*” In fact, cord blood
from preterm infants who develop respiratory distress syn-
drome has been shown to have lower mean prolactin

levels.**#

GH-RH, GH, and somatostatin

The presence of growth hormone-releasing hormone (GH-
RH) late in gestation is suggested by the elevated levels of
plasma growth hormone (GH) in premature neonates.”
However, this peptide has yet to be identified in fetal tissues.

By 7-9 weeks’ gestation, GH is present in the fetal pituitary.
“Little” or monomeric GH predominates in the fetal pituitary
with only a small amount of “big” GH present. This pattern
is similar to that observed in adults.** Because GH does not
cross the placenta, circulating GH is entirely of pituitary
origin. Peak concentrations of immunoreactive GH occur
between 25 and 30 weeks’ gestation, followed by a decrease
in the third trimester. This coincides with maturation of hypo-
thalamic neuroregulation (Fig. 5.5). The reader is referred to
an excellent review by Gluckman and coauthors.*

The exact role of GH in development is unknown; however,
many fetal tissues express GH receptors and GH stimulates
the synthesis of insulin-like growth factors (IGF-1 and -2).
Fetal IGF-1 and its binding protein seem to be altered in
chronic hypoxemia and malnutrition, and IGF-2 may be
closely related to steroid hormone biosynthesis.*

Growth hormone release-inhibiting hormone (also known
as somatostatin) more than triples from 10 to 20 weeks’ ges-
tation.?? Studies have identified somatostatin receptors as early
as 16 weeks’ gestation in the hypothalamus, pituitary, and
central nervous system.’! It has been suggested that the pattern
of GH secretion in the fetus reflects maturational changes in
the secretion of GH-RH and somatostatin.*

Somatomedin

Somatomedin activity in umbilical cord blood increases during
gestation from 24 weeks to term, although somatomedin
activity can be detected in fetal sera by 14 weeks.* A growth-
promoting function for somatomedin in the fetus is supported
indirectly by the observations that cord somatomedin con-

253 and infants

centrations correlate directly with body weight,
with intrauterine growth retardation (IUGR) have lower
somatomedin levels than normal newborns of a similar gesta-
tional age.’>***® Moreover, fetal chondrocytes are responsive
to the growth-promoting effects of this peptide.

In the human fetus, somatomedin secretion is not GH

dependent. Because a transient increase in neonatal
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somatomedin has been observed during the first month of life
when estrogen levels are declining, it has been suggested that
estrogens may serve some suppressive regulatory function in
utero.

CRH, ACTH, and the adrenal gland

After the seventh week of gestation, the corpus luteum ceases
to be the dominant steroid-producing organ and the fetopla-
cental unit takes over. The interdependence of the fetal adrenal
cortex and the placenta reflects their incomplete, but comple-
mentary steroidogenic, enzyme systems. The characteristic
steroid profile of pregnancy results from their constant
exchange of steroid precursors. However, there appears to be
little maternal contribution to the fetal pool of ACTH.

Bioassayable ACTH can be detected in the fetal pituitary by
8-10 weeks’ gestation, peaks between 12 and 19 weeks, and
then declines slowly throughout the third trimester. At mid-
gestation it appears to play a critical tropic role in the devel-
oping fetal zone of the adrenal gland. However, pituitary
ACTH may not provide the only stimulus for adrenal growth:
placental-derived proopiomelanocortin (POMC, the precursor
of ACTH and B-lipotropin) may also share this activity.

Placental CRH is structurally similar to hypothalamic
CRH.”” Both are products of the same gene located on the long
arm of chromosome 8.°* Likewise, placental ACTH appears
to be structurally similar to the pituitary ACTH 1-39
peptide.”” The activity of CRH is highest during the first
trimester and diminishes as term approaches. Of note, pro-
CRH mRNA has been found in the cytotrophoblast®, and
placental ACTH activity has been localized to the
syncytiotrophoblast.**

Similarly to their hypothalamic pituitary counterparts, there
is a dose-dependent stimulation of placental ACTH by pla-
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Figure 5.5 Schematic illustration of the
proposed ontogenesis of hypothalamic
neurohormonal control of fetal growth
hormone (GH) secretion. GRE, growth-
hormone-releasing factor; SRIF,
somatotropin release-inhibiting factor.

’ (From Gluckman PD, Grumbach MM,
Kaplan SL. The neuroendocrine regulation

GH and function of growth hormone and
prolactin in the mammalian fetus.
Late Endocrine Rev 1981;2:363, with
gestation permission.)

cental CRH.*® However, a paradoxical relationship is
observed between the endorgan product, cortisol, and these
placental peptides (Fig. 5.6). Glucocorticoids increase placen-
tal CRH and ACTH secretion.®® Placental CRH, once released
into the maternal and fetal circulations, stimulates the respec-
tive pituitary glands and the placenta to secrete ACTH. In
turn, ACTH from the maternal and fetal adrenal cortex, as
well as from the placenta, stimulates more glucocorticoid
secretion (see Fig. 5.6). This positive feedback mechanism may
allow an increase in glucocorticoid secretion during times of
stress, beyond the amount available if the woman were not
pregnant.

Placental CRH and ACTH probably participate with the
fetal hypothalamus and pituitary in the observed surge of fetal
glucocorticoids associated with the late third trimester.®'

The fetal adrenal gland

At term, the fetal adrenal glands are as large as those of adults,
weighing 10g or more. What ultimately develops into the
adult adrenal cortex, the outer or definitive zone, accounts for
only 15% of the fetal gland (Fig. 5.7). The unique inner or
fetal zone constitutes 85% of the volume of the adrenal gland
in utero but involutes after delivery and completely disappears
by the first year of life. Work in nonhuman primates suggests
that the fasciculata zone of the adult adrenal gland may stem
from the fetal zone.*

In late gestation, the fetal zone appears to be dependent on
the fetal pituitary. This is indirectly supported by observations
of fetal zone atrophy in anencephalic and apituitary fetuses,
and gland atrophy and reduced DHEAS secretion sub-
sequent to glucocorticoid treatment.®*=** However, before mid-
gestation, the endocrine support of the pituitary appears
unnecessary because anencephalic fetuses demonstrate normal
adrenal growth and development up to week 20.°° Peptides,
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Figure 5.6 The fetoplacental corticotropin-releasing hormone
(CRH)-glucocorticoid positive feedback hypothesis. CRH, secreted
by the placental trophoblast, enters the fetal circulation via the
umbilical vein and stimulates (+) fetal adrenocorticotropic hormone
(ACTH) release from the fetal pituitary. Fetal ACTH stimulates
secretion of fetal adrenal cortisol, which enters the placental
circulation via the umbilical artery. Cortisol further stimulates
placental CRH secretion, thereby completing the positive feedback

Fetal Cortisol

loop. Fetal CRH, secreted from the fetal hypothalamus, may
independently stimulate fetal ACTH release, and placental and fetal
hypothalamic CRH may be directly stimulated by environmental
stresses. In addition, placental ACTH may stimulate the fetal
adrenal directly. (From Buster JE, Carson SA. Placental
endocrinology and diagnosis of pregnancy. In: Gabbe SG, Niebyl
JR, Simpson JL, eds. Obstetrics: normal and problem pregnancies.
New York: Churchill Livingstone, 1991:59, with permission.)
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Figure 5.7 Size of adrenal gland and its

component parts in utero, during infancy,
and during childhood. (From Bethune JE.
The adrenal cortex. A Scope Monograph.

Kalamazoo, MI: Upjohn, 1974:11, with 1 2
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permission.)
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including hCG, prolactin, hPL, GH, and o-melanocyte-
stimulating hormone (a-MSH), as well as epidermal and
fibroblast growth factors, have all been proposed to play a
tropic role in adrenal development.’>¢7

Catecholamine production occurs in the fetal adrenal
medulla, which is derived from sympathetic cell precursors
from the neurocrest and neurotube. These subsequently dif-
ferentiate into neuroblasts, then sympathetic ganglion cells,
and eventually pheochromoblasts which invade the develop-
ing adrenal cortex by the seventh gestational week and become
pheochromocytes or mature chromaffin cells. The adrenal
medulla, however, is not fully developed until 3 years of
age.®”’® Catecholamines are critical for optimal regulation of
the central nervous, cardiovascular, and metabolic systems.
Catecholamine release is predominantly regulated by sympa-
thetic nerves that secrete acetylcholine.”

DHEAS
The fetal adrenal cortex is functionally deficient in the enzyme
3B-hydroxysteroid dehydrogenase, which converts preg-

Estriol

?

16 OH Androstenedione

nenolone and dehydroepiandrosterone (DHEA) to proges-

7273 the immediate

precursors of the sex steroids. These enzyme deficiencies are

terone and androstenedione, respectively,

offset by the enzyme activities of the placenta, allowing these
two organs to work together to produce a range of steroids
not otherwise possible (Fig. 5.8). The fetal adrenal cortex
extracts LDL from the fetal circulation and converts it to preg-
nenolone sulfate and DHEAS.”*”* Pregnenolone sulfate is
delivered to the placenta through the umbilical artery. The pla-
centa, which has an abundance of 3B-hydroxysteroid dehy-
drogenase, converts pregnenolone to progesterone and this is
then returned to the fetus for mineralocorticoid and gluco-
corticoid synthesis. Of note, the placenta also has the enzy-
matic capacity to extract LDL cholesterol and convert it to
progesterone.

The fetal zone produces DHEAS in large concentrations.
This reflects the restricted availability of A3B-hydroxysteroid
dehydrogenase and A4,5 isomerase activity necessary for the
biosynthesis of progesterone, cortisol, and testosterone. The
high circulating levels of progesterone and estradiol found
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Figure 5.8 Exchange of circulating steroid intermediates between
the adrenal fetal zone and placenta. Enzyme deficiencies of the fetal
zone are offset by enzyme activities of the placenta, enabling the
two organs to work as a mutual cooperative to produce an
extensive profile of steroids not otherwise possible. The fetal
adrenal cortex is functionally deficient in 3B-hydroxysteroid
dehydrogenase, the enzyme that converts pregnenolone to
progesterone and dehydroepiandrosterone sulfate (DHEAS) to
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androstenedione. The placenta contains 33-hydroxysteroid
dehydrogenase in abundance and can make this conversion. The
placenta is deficient, however, in 170-hydroxylase and cannot make
corticoids. LDL, low-density lipoprotein. (From Buster JE, Carson
SA. Placental endocrinology and diagnosis of pregnancy. In: Gabbe
SG, Niebyl JR, Simpson JL, eds. Obstetrics: normal and problem
pregnancies. New York: Churchill Livingstone, 1991:59, with
permission.)
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during pregnancy inhibit this enzyme complex and thereby
indirectly promote DHEAS production. Maternal LDL cho-
lesterol appears to be the major precursor of fetal adrenal
DHEAS. Other steroid sulfates can also be converted to
DHEAS without loss of the sulfate sidechain. DHEAS is deliv-
ered to the fetal liver, where it is converted to 160-hydroxy-
androstenedione and then further aromatized into estriol.”?
Estrogens are subsequently secreted into the fetal and mater-
nal circulations.” Jaffe and Payne” have demonstrated that
the human fetal testis has the capacity to use DHEAS in vitro
to form active steroids.

Cortisol

Together with aldosterone, cortisol is the major steroid pro-
duced by the definitive zone (Fig. 5.9). The adrenocorticoids
share the same 21-carbon pregnane structure with proges-
terone. However, these compounds differ markedly in their
biological activity because of the additional hydroxyl and
ketone groups as shown in Fig. 5.10. Low-density lipoprotein
cholesterol is used as a substrate for the synthesis of cortisol
via the pathways of 170, 21-, and 11B-hydroxylation. Prog-

esterone derived from the placental circulation can also be
used within the definitive zone for the production of cortisol,
deoxycorticosterone, corticosterone, and aldosterone.®® As
described below, cortisol has many roles in fetal development.

Cortisol stimulates pulmonary surfactant production by
type 2 pneumocytes.”® At approximately 34-36 weeks’ gesta-
tion, cortisol, together with thyroxin, prolactin, and estrogens,
stimulates choline phosphotransferase to produce dipalmitoyl
lecithin, the principal surface-active phospholipid.”””® This
increases the lecithin—sphingomyelin ratio, characteristic of
fetal lung maturity.

Corticosteroids induce the development and maturation of
a number of hepatic enzyme systems necessary for carbohy-
drate, protein, and fat metabolism. The concentration of liver
glycogen increases with advancing gestational age, and glyco-
gen deposition appears to be controlled by cortisol.” This role
of cortisol is critical considering the fact that glycogen avail-
ability in the newborn is necessary for its extrauterine adap-
tation. Indeed, during the first 24 h of life, continuous blood
glucose delivery to the neonatal brain is dependent on liver
glycogen stores.””
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Cortisol

In nonhuman models, cortisol has also been shown to par-
ticipate in the maturation of the hypothalamic—pituitary—
adrenal (HPA) axis, in central nervous system growth, and the
establishment of hypothalamic rhythmicity.”” Intrauterine
stressors may set this axis at an early age to favor short-term
benefits such as restricting growth and increasing fuel avail-
ability, but this may have long-term adult consequences such
as coronary heart disease.®

Maternal free and bound cortisol levels increase in preg-
nancy, peaking in the early third trimester and then declining
again. In parturition, a transient increase in cortisol is again
observed. Placental CRH production has been hypothesized
to initiate labor and even preterm labor. In sheep, fetal corti-
sol production is responsible for the initiation of labor but this
has not been demonstrated in humans. However, concentra-
tions are slightly higher in spontaneous labor than in induced
labor.!

Cortisol may also play a role in the transfer from fetal- to
adult-type hemoglobin. However, most of the work on the
function of cortisol in the fetus has been carried out in animal
models and human data are lacking.

Renin—angiotensin system

Renin secretion clearly doubles as early as the eighth week of
gestation, and then increases to 32 weeks, after which no
further significant changes occur. Plasma renin substrate,
however, doubles by the eighth week of pregnancy, plateaus
by the 20th week, and remains steady thereafter.? This con-
current stimulation of enzyme and substrate levels results in a
dramatic increase in plasma renin activity. The large size of
renin (molecular weight 43kDa) makes it unlikely that
this molecule crosses the placenta. Not surprisingly,
anephric infants have been found to have undetectable renin
levels.

The circulating concentration of the octapeptide,
angiotensin II, in the fetus is similar to or greater than the
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Figure 5.10 Molecular structure of the
corticoids. Cortisol and cortisone differ
from progesterone in the number and
arrangements of hydroxyl groups.

maternal level, and both are higher than those observed in the
nongravid state. Placental metabolism of angiotensin I into
angiotensin II, or production of angiotensin II by the placenta,
is suggested by the observation that venous blood from the
umbilical cord has higher levels of angiotensin II than arterial
cord blood. It has been suggested that these findings support
a significant role of the renin-angiotensin system in the regu-
lation of fetoplacental blood pressure.

The pattern of aldosterone secretion, as well as plasma
aldosterone levels, may diverge from that of plasma renin
activity in pregnancy. Although changes in plasma renin activ-
ity begin to plateau as early as 20-32 weeks, plasma and urine
aldosterone continue to increase progressively throughout
pregnancy. This pattern appears to closely parallel the
profile of other steroid hormones, such as progesterone, E;,
and E,.%

Fetoplacental peptides

Considering the totipotential nature of the trophoblast, it is
not surprising that this tissue secretes a variety of substances,
including several proteins that are produced early in human
pregnancy. The following discussion considers the most
prominent of these and their role in gestation.

Human chorionic gonadotropin

Human chorionic gonadotropin (hCG) has a molecular weight
of 36-40kDa and is a glycoprotein that is biologically and
immunologically similar to LH but with a longer half-life.**-%
All of the glycoprotein hormones (hCG, LH, FSH, and TSH)
have a similar biological activity which is characteristic of the
B-subunit component. It is because of this that hCG seems
to have a stimulatory effect on the maternal thyroid in early
pregnancy when hCG levels are highest. The o-subunit and

carbohydrate component are required for expression of the



biological activity unique to the B-subunit. The 28-30 amino
acids on the carboxy-terminal end of the B-subunit of hCG
are unique compared with LH. The specific immunoreactive
properties of the hCG B-subunit allow the diagnosis of
pregnancy or extrapregnancy sources of hCG (i.e., gonadal
tumors) with great accuracy. Even in the presence of LH, hCG
is produced by the syncytiotrophoblast during pregnancy. It is
also produced by all other types of trophoblastic tissue, includ-
ing that derived from choriocarcinoma and hydatidiform
mole.*

The physiological role of hCG in human pregnancy has yet
to be fully elucidated. As described earlier, it is known to play
a luteotropic role early in pregnancy. Late in pregnancy, hCG
assumes a gonadotropic role by inducing the secretion of
testosterone from the fetal testes prior to the availability of
LH secretion from the fetal pituitary. It may also regulate
DHEAS production by the fetal zone of the adrenal gland®
and play a critical immunosuppressive role iz vivo by pre-
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venting the rejection of the fetal allograft by its maternal
host.’” However, data from recent studies are mixed, and the
relative contributions of progesterone, hCG, and cortisol to
DHEAS production and immunosuppression continue to be
the subject of investigation.

In spontaneous pregnancy, hCG can be detected by the
ninth day after the LH surge.®® This initial detection in
maternal blood has been found to correlate with the implan-
tation of the blastocyst and, specifically, with the moment that
lacunae receive maternal blood.®* The concentration of
intact hCG peaks by 60-90 days’ gestation and then decreases
to a plateau that is maintained throughout the duration of
the pregnancy. The production of the B-subunit by the tro-
phoblast parallels that of intact hCG throughout the first
trimester.”” During this period, free o-subunit levels are low
or absent. Thereafter, the relative production of o- and
B-subunits reverses and levels of the c-subunit increase until
term.

Key points

1 The corpus luteum synthesizes crucial hormones that
maintain pregnancy until the placenta can take over.
These include progesterone, estradiol (E,), inhibin A,
relaxin, and vascular endothelial growth factor (VEGEF)
which maintain the endometrial lining, prevent
contractions, and promote the growth of the
embryo.

2 All three estrogens share the same 18-carbon nucleus.
Estrone (E;) predominates in menopause, E, is the
major estrogen secreted by the ovary during the
reproductive years, and estriol (E;) is produced almost
exclusively in pregnancy.

3 Physiological changes of pregnancy include:
¢ physiologic anemia;

e angiotensin II resistance and a decrease in blood
pressure;
e propensity toward insulin resistance.

4 The pituitary is composed of two distinctly derived
parts: the anterior pituitary is derived from Rathke’s
pouch and secretes thyroid-stimulating hormone (TSH),
adrenocorticotropic hormone (ACTH), growth
hormone (GH), prolactin, follicle-stimulating hormone
(FSH), and luteinizing hormone (LH), whereas the
posterior pituitary is derived from neuroectoderm and
produces oxytocin and vasopressin.

5 The o-subunits of TSH, FSH, LH, and human
chorionic gonadotropin (hCG) are homologous.

It is the B-subunit that confers each hormone’s
specificity.

6 B-hCG has partial thyrotropic activity and its high
levels probably cause the suppression of TSH in early
pregnancy and the potential hyperthyroid state
sometimes observed in molar pregnancies.

7 Each endocrine axis of the fetus is intricately tied to
the endocrine function of the placenta and the mother.

8 Gonadotropin-releasing hormone (GnRH) activity
peaks at 20 weeks’ gestation during gonadal
development and then gradually becomes dormant until
puberty.

9 Testosterone is converted by So-reductase to its more
active form, dihydroxytestosterone (DHT). DHT is
responsible for virilization of external genitalia.

10 The fetal adrenal cortex is mostly composed of an
inner fetal zone that involutes after birth, and a smaller
outer definitive zone that ultimately becomes the adult
adrenal cortex.

11 The fetal cortex produces dehydroepiandrosterone
sulfate (DHEAS) from maternal low-density lipoprotein
(LDL). DHEAS serves as a precursor to multiple
hormones including estrogens, testosterone, and
androstenedione.

12 Cortisol stimulates the production of surfactant in
developing fetal lungs, matures fetal liver enzymes, and
may be involved in the initiation of labor.

13 B-hCG is produced by the syncytiotrophoblast of the
placenta and maintains the corpus luteum, stimulates
the testes to produce testosterone (in place of LH), and
regulates DHEAS production.

14 B-hCG is detectable 9 days after the LH surge at the
time of implantation. The level of B-hCG peaks at 2-3
months’ gestation.

15 Human chorionic somatomammotropin (hCS, also
known as human placental lactogen, hPL) shares 96 %
identity with GH and serves as a key stimulatory
hormone for fetal growth.
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Human chorionic somatomammotropin
(human placental lactogen)

Human chorionic somatomammotropin (hCS), also known as
hPL, is a single-chain polypeptide of 190 amino acids with
two disulfide bridges. It has a short half-life and is produced
in massive daily quantities by the syncytiotrophoblast layer of
the placenta. Circulating levels increase 10-fold from the first
trimester and plateau in the third trimester. It shares 96%
identity with GH and its levels have been shown to relate to
fetal and placental weight. Despite this, hCS has only 3% of
the somatotrophic activity of GH. In animal studies it has been
found to display 50% of the lactogenic activity of prolactin.

hCS can be detected in the urine and serum in normal and
molar pregnancies, as well as in the urine of patients with tro-
phoblastic tumors and in men with choriocarcinoma of the
testes.

The major metabolic role of hCS during pregnancy is to
ensure the nutritional needs of the fetus. Hypoglycemia stim-
ulates hCS secretion. As the supply of glucose decreases during
the fasting state, hCS levels rise, stimulating lipolysis over car-
bohydrate metabolism. The increased ketones induced by
metabolism of free fatty acids are an important energy source
for the fetus. During the fed state, and in response to rising
glucose levels, insulin secretion increases and hCS secretion
decreases, leading to glucose use and lipogenesis. Because of
increasing substrate requirements by the fetus as pregnancy
progresses, the functional role of hCS assumes great signifi-
cance in the second and third trimesters.”!

Conclusion

Endocrine influences on fetal growth and development are
complex. Although there are significant gaps in our knowl-
edge, tremendous progress has been made. The fetoplacen-
tal-maternal unit stands as a wondrous example in human
biology of interrelated systems that allow for the concurrent
processes of fetal progression and maternal adaptation.
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Fetal lung development and amniotic

fluid analysis

Ian Gross and Matthew ]. Bizzarro

Respiratory distress syndrome (RDS) is a developmental dis-
order of prematurely born infants, characterized by progres-
sive atelectasis and respiratory insufficiency. RDS occurs as a
result of the structural and functional immaturity of the lung.
The primary biochemical deficiency is immaturity of the sur-
factant system, which results in increased surface tension at
the air-alveolar interface and a tendency for alveolar collapse
and generalized atelectasis.

Composition and
function of surfactant

Pulmonary surfactant is a complex mixture of phospholipids
and proteins that is synthesized in type 2 alveolar cells. The
major phospholipids in surfactant are phosphatidylcholine
(PC, also called lecithin), which accounts for 80-85% of total
phospholipid, and phosphatidylglycerol (PG), which accounts
for 8-11%. Approximately one-half of the phosphatidyl-
choline is in the disaturated form (DSPC)." At 80-90% gesta-
tion, a marked increase in total lung phospholipid occurs, with
a large increase in PC accounting for most of the change.” An
increase in the surface activity of lung extracts and in lung dis-
tensibility and stability also occurs at this time.

In addition to the phospholipid components of surfactant,
four surfactant-related proteins have been described and char-
acterized. Surfactant protein A (SP-A) is a highly glycosylated
protein with a molecular weight of 28-36 kDa. SP-A is a com-
ponent of the innate immune system of the lung and recent
studies indicate that mice deficient in SP-A are more likely to
develop pulmonary and systemic infections when challenged
with an intratracheal administration of bacteria, including
group B streptococcus.’ Two smaller hydrophobic proteins,
SP-B and SP-C, with molecular weights of 4 and 8 kDa, respec-
tively, are important for the surface-active properties of sur-
factant and are present in clinically effective surfactant
preparations. SP-D is a lectin-like protein and, similar to
SP-A, is important for defense against infection.*

Regulation of lung maturation

Clinical observations

A variety of physical, chemical, and hormonal stimuli can alter
lung development and phospholipid synthesis and secretion.
The incidence of RDS is lower in infants who are delivered
after labor, whether by vaginal delivery or Cesarean section,
than in those delivered without labor at the same gestational
age.” Gender appears to play a role in lung maturation; at the
same gestational age, males are more likely than females to
develop RDS. Differences in amniotic fluid phospholipids indi-
cate that the biochemical maturity of the female lung precedes
that of the male by approximately 1 week.® Maternal diabetes
also influences lung maturity; there is a higher incidence of
RDS in infants born prematurely to mothers with class
A-C diabetes in whom there is no strict control of blood
glucose. This delay in lung maturation could be due to hyper-
glycemia, hyperinsulinemia, excess butyric acid derivatives, or
a combination of all three factors.” Acute asphyxia with
hypoxia and acidosis also appears to inhibit surfactant pro-
duction. The incidence of RDS is higher in the second of twins,
as are a variety of other problems; it is not clear whether this
is related to asphyxia. Finally, there appears to be a familial
tendency to develop RDS, and a history of a previous infant
with RDS places a subsequent premature infant at a higher
risk.

Conversely, some clinical conditions appear to accelerate
lung maturation and decrease the incidence of RDS. These
include long-term maternal stress, e.g., toxemia and hyper-
tension, intrauterine growth retardation, maternal infection,
class F and R diabetes, and maternal heroin exposure. Chronic
low-grade maternal stress, as opposed to acute asphyxia,
accelerates lung maturation by a mechanism that may involve
hormones such as glucocorticoids and catecholamines.

The pharmacological acceleration of lung maturation by
antenatal hormone administration will be discussed in more
detail below.
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Figure 6.1 Amniotic fluid phospholipid concentration vs.
gestational age.

Experimental findings

Surfactant synthesis is stimulated by a variety of hormones,
growth factors, and transcription factors including glucocor-
ticoids, thyroid hormones, thyrotropin-releasing hormone
(TRH), prolactin, cyclic adenosine monophosphate (cAMP),
retinoic acid, epidermal growth factor, and thyroid transcrip-
tion factor. Of these, glucocorticoids have been most exten-
sively studied.”® The administration of glucocorticoids to a
fetus results in morphological changes indicative of acceler-
ated lung maturity including larger alveoli, thinner interalve-
olar septae, increased number of type 2 cells, and increased
lamellar bodies within the type 2 cells. In addition, glucocor-
ticoids enhance the biosynthesis of both lung phospholipids
and surfactant proteins. Secretion of surfactant is also stimu-
lated by a number of agents, including B-adrenergic agonists,
such as terbutaline, and purinoceptor agonists, such as
adenosine.

Evaluation of fetal lung maturity

The assessment of fetal lung maturity by the analysis of phos-
pholipids in amniotic fluid began in 1971, when Gluck and
coauthors’ reported on gestational changes in amniotic fluid
phospholipid concentrations. In an analysis of amniocenteses
from both normal and abnormal pregnancies, from 12 weeks
to term, they showed that total phospholipids in amniotic fluid
increased throughout gestation, but that there was a sharp
increase at 35 weeks. Both lecithin (PC), which originates in
the fetal lung, and sphingomyelin were measured. The con-
centrations of lecithin and sphingomyelin were nearly equal
until approximately 32 weeks, after which lecithin concentra-
tion increased while sphingomyelin declined (Fig. 6.1). The
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Figure 6.2 Lecithin—-sphingomyelin (L/S) ratio vs. gestational age.

concept of the lecithin—sphingomyelin (L/S) ratio emerged
from this report. The ratio between the two phospholipids was
used to correct for changes in amniotic fluid volume.

This report was followed by a number of studies on the clin-
ical utility of the L/S ratio for predicting lung maturity. In an
early report, Hobbins and coauthors'® used a lecithin concen-
tration greater than the sphingomyelin concentration as a def-
inition of maturity and found that, regardless of birthweight,
infants did not develop RDS if the amniotic fluid phospho-
lipids indicated maturity.

An L/S ratio of 2: 1 occurs at approximately 35 weeks’ ges-
tation (Fig. 6.2) and, in subsequent clinical studies,'"'> RDS
was reported in only 2-3% of infants with a ratio of 2:1 or
greater. Most of these cases of RDS occurred in infants born
to women with diabetes. However, a L/S ratio of less than 2: 1
was found to have a low predictive value for RDS as almost
one-half of the infants with a low L/S ratio failed to develop
RDS. In an effort to improve the accuracy of amniotic fluid
phospholipid analysis at predicting RDS, other phospholipids
such as PG were studied in normal and complicated pregnan-
cies.'>!? PG was first detected at 34-35 weeks’ gestation and
the concentration then increased with gestational age. The
presence of PG as 3% or more of total phospholipids was
found to predict lung maturity. Combining the L/S ratio and
PG measurements improved both the positive and the nega-
tive predictive accuracy of amniotic fluid phospholipid analy-
sis. This was particularly important in diabetic pregnancies.
Class A-C diabetics showed a delayed appearance of PG until
37-39 weeks, whereas class D, F, and R diabetics had a normal
or early appearance of PG.

The L/S ratio and PG measurements (L/S-PG) have become
a standard means of determining fetal lung maturity. A mature
L/S with a positive PG has a negative predictive value (a
mature test = clinical maturity) of close to 100%. However,
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the positive predictive value (an immature test = clinical imma-
turity) is only around 70%. The L/S-PG test has other draw-
backs as well. The test is done by the time-consuming method
of thin-layer chromatography. Blood and meconium in the
amniotic fluid can greatly reduce the accuracy of the L/S ratio.
As a result of these limitations, other methods of determining
fetal lung maturity have been evaluated. The ideal method
would be reproducible, technically simple, and have a short
turnaround time, and it would have both positive and nega-
tive predictive accuracy. However, to date, no ideal method
has been developed.

In 1972, Clements and coauthors' reported a rapid test for
surfactant in amniotic fluid called the foam stability or shake
test. This was based on the ability of surfactant to produce a
stable foam in the presence of ethanol. The technique is fairly
simple, requires no special equipment, and results are avail-
able rapidly: a “mature” test is indicated by the presence of
foam at a 1:2 dilution of amniotic fluid; an “immature” test
is indicated by the absence of foam at a 1:1 dilution. The
shake test is as good at predicting maturity as the L/S ratio;
however, it has a higher false immature rate.'> As with the L/S
ratio, the shake test is not accurate in the presence of blood
or meconium. Although it is more easily and rapidly per-
formed than the L/S ratio, the shake test has only been used
as a screen and an immature result should be confirmed with
an L/S-PG test.

The concentration of lamellar bodies in amniotic fluid is
directly related to its absorbance at 650nm,'* and this
absorbance has been used as a rapid test for fetal lung matu-
rity. However, this test is limited by a very high, false imma-
turity rate.

Amniotic fluid microviscosity, as determined by fluorescence
polarization, has also been used as a fairly rapid method of
evaluating lung maturity. Amniotic fluid has a high, constant
viscosity until approximately 30-32 weeks’ gestation when
there is an abrupt decrease followed by a steady decline to
term. As with other tests, determination of microviscosity
accurately predicts maturity but overestimates immaturity.'” A
refinement of fluorescence polarization uses a ratio of surfac-
tant to albumin rather than microviscosity.'® As an automated
test it is simple to perform and can be carried out quickly,
although it does require special instrumentation. A “mature”
test correlates well with clinical maturity, but an immature test
is not as good a predictor of who will actually develop RDS.

Surfactant proteins in the amniotic fluid have been exam-
ined as a way of predicting lung maturity more accurately.
King and coauthors' assayed amniotic fluid from 12 weeks
to term for “surfactant-associated protein,” now known to be
SP-A. Between 12 and 32 weeks of gestation essentially no
protein was found; the protein titers increased from 32 to 37
weeks and then plateaued. This pattern parallels the gesta-
tional age-related increase in phospholipids. A more specific
monoclonal antibody assay for SP-A was subsequently used
to determine the predictive accuracy of protein assay of amni-
otic fluid.*® Little protein was found before 32 weeks, there

Table 6.1 Predictive value of prenatal tests for lung maturity.

Test Positive Negative References
accuracy accuracy

L/S 0.54 0.98 11, 12, 15-18, 20

L/S-PG 0.47 0.99 20, 22

Shake test 0.12 1.0 15

Agso 0.13 0.99 16

SP-A 0.32 1.0 20

L/S-PG + 35 kDa 0.71 1.0 20

FELMA 0.33 1.0 17

TDx-FLM 0.31 0.97 18

FELMA, microviscosity by fluorescence polarization; L/S, lecithin—
sphingomyelin ratio; PG, phosphatidylglycerol; TDx-FLM,
fluorescence polarization, Abbot Laboratories.

Negative test, maturity; positive test, immaturity; negative predictive
accuracy, accuracy with which a mature test predicts no RDS;
positive predictive accuracy, the accuracy with which an immature
test predicts RDS.

The values above were calculated using data from the references
cited. (Definitions from Feinstein AR. On the sensitivity, specificity,
and discrimination of diagnostic tests. In: Feinstein AR, ed. Clinical
biostatistics. St. Louis, MO: CV Mosby; 1997.)

was a slow increase at between 32 and 37 weeks, and a sharp
increase after 37 weeks. An SP-A concentration of 3 pg/mL
or greater accurately predicted clinical lung maturity but the
test was much less accurate in predicting immaturity with a
large false-positive rate. When surfactant protein determina-
tion was combined with an L/S-PG, the ability to correctly
predict immaturity increased. Studies have also indicated that
SP-A levels are decreased in amniotic fluid in diabetic
pregnancies,’"** but a clear clinical role for surfactant protein
determination in diabetic pregnancies has not yet been
established.

Table 6.1 summarizes the predictive accuracy of each of the
methods discussed. The values in this table were calculated
from the data in the references cited. All of the tests accurately
predict lung maturity with a very low false-negative rate. This
means that an infant with a mature test has a very low risk of
developing RDS, which is of great value in determining the
timing of delivery of a complicated pregnancy. Conversely, an
infant with an immature L/S ratio has about a 50% chance of
developing RDS. Using the presence of PG or surfactant
protein analysis together with the L/S ratio reduces the chance
of a false mature test.

Acceleration of lung development by
antenatal hormone administration

Glucocorticoids

The seminal observation by Liggins that antenatal glucocorti-
coid administration accelerated lung maturity and improved
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viability in prematurely born lamb fetuses led to clinical trials
of antenatal steroids and other agents, including TRH. In
1994, the National Institutes of Health (NIH) convened a
Consensus Conference to study the impact of glucocorticoid
therapy on fetal maturation and perinatal outcome.** The con-
ferees relied to a large extent on Crowley’s® meta-analysis
of published randomized trials of antenatal glucocorticoid
therapy and on the data from several “observational data-
bases.” The latter consisted of treatment and outcome infor-
mation collected from five sources and involving more than

30000 infants.

Effect on the incidence of RDS

The meta-analysis** (Fig. 6.3) revealed that antenatal gluco-
corticoid therapy significantly reduced the overall incidence of
RDS by approximately 50%. Whereas the effect was statisti-
cally significant only in those infants who delivered from 1 to
7 days after the initiation of maternal treatment, there was a
trend toward decreased RDS in infants born less than 24 h or
more than 7 days after the initiation of steroid treatment. Also,
treatment was effective in boys and girls.

Taken as a group, there was a significant reduction in the
incidence of RDS in babies born before 31 weeks, but the
effectiveness of glucocorticoids in infants born before 28
weeks of gestation was not resolved by these studies. Although
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Figure 6.3 The effects of antenatal
glucocorticoids. Modified from ref. 44.
Original data from ref. 24.

it is not clear whether the incidence of RDS was decreased,
there was a benefit in terms of diminished severity of RDS,
decreased mortality, and a lower incidence of intraventricular
hemorrhage (IVH).

Effect on complications of prematurity

The use of antenatal steroid therapy reduces early neonatal
mortality as well as two major complications of prematurity,
IVH and necrotizing enterocolitis (NEC).

It is reassuring that long-term follow-up of infants exposed
to antenatal glucocorticoids revealed no adverse effects on
developmental outcome. Studies conducted at 12 years of age
found no deficits in motor skills, cognition, or scholastic
achievement despite the greater survival rate of premature
infants after steroid therapy.”** The meta-analysis actually
revealed a trend toward decreased neurological abnormalities
at follow-up.

Effects on neonatal and maternal infection

Glucocorticoid therapy does not have a significant effect on
the overall incidence of maternal or fetal infection. When
steroids were administered in the presence of premature
rupture of the membranes (PROM), there was a trend toward
an increase in fetal and neonatal infection, but this effect was
not statistically significant. The meta-analysis also indicated
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that steroids decreased the incidence of RDS in the presence
of PROM. Furthermore, the observational database revealed
that when steroids are administered to women with PROM,
there is a decrease in neonatal IVH and mortality. The advan-
tages of using steroids in the presence of PROM appear to
outweigh the disadvantages.

Complicated pregnancies

An early report®” that there was increased fetal mortality when
women with hypertension and proteinuria received antenatal
steroid therapy has not been confirmed.”®** Glucocorticoid
administration, however, may adversely affect pregnant
women with diabetes and the use of steroids in this situation
is a matter of judgment.

Information on the use of glucocorticoids in pregnancies
complicated by multiple gestation, intrauterine growth retar-
dation, or hydrops fetalis is, at present, inadequate. Until more
information is available, glucocorticoid therapy should prob-
ably be used in these situations.

Repeat courses of antenatal glucocorticoids

The incidence of RDS is not significantly decreased in
newborns delivered more than 7 days after maternal gluco-
corticoid treatment.>® As a result, some obstetricians adminis-
ter repeated courses of antenatal glucocorticoids during
pregnancies threatened by preterm delivery. This practice
has raised major concerns. In 2000, a NIH Consensus
Development Conference®' recommended that “because of
insufficient data from randomized clinical trials regarding effi-
cacy and safety, repeat courses of corticosteroids should not
be used routinely.” The American College of Obstetricians
and Gynecologists (ACOG)*? supported this recommendation
in 2002. Three trials addressing this issue have now been

d*** and their data have been summarized in a sys-

complete
tematic review.*® These trials found that there is a reduction
in the severity of lung disease or decreased need for surfactant
therapy in patients who receive repeated doses of glucocorti-
coids. However, there was no statistically significant difference
between groups with regard to the incidence of RDS, chronic
lung disease, IVH, periventricular leukomalacia (PVL), and
fetal, neonatal, or infant death.’® Concern over the safety of
repetitive courses of antenatal glucocorticoids stems from
animal studies that have reported adverse long-term outcomes
such as growth retardation,”” suppression of brain growth,*
and neuronal myelination,” and clinical trials that have
reported suppression of adrenal function, increased risk of
destructive and hyperactive behavior in children," and
increased mortality.*® Sufficient concern has been raised by
these observations to support limiting the number of
courses of antenatal corticosteroids to one, as recommended
by ACOG (or perhaps at most two, with the second course
being administered if the patient again demonstrates
threatened preterm labor, weeks after the initial course of
glucocorticoid).

Betamethasone versus dexamethasone

Dexamethasone and betamethasone are structurally similar
glucocorticoids that differ only in the configuration of a single
methyl group, and that have equal ability to cross the placenta
and influence fetal function.”” However, there is a growing
body of evidence suggesting that dexamethasone may have
more significant side-effects than betamethasone. In addition,
Crowley’s systematic review indicated that there was a signif-
icant reduction in neonatal mortality in the patients treated
with betamethasone compared with those treated with
dexamethasone.”*

In 1999, Baud and coauthors** retrospectively examined the
effects of antenatal betamethasone, dexamethasone, or no glu-
cocorticoid treatment on neonates of 24-31 weeks’ gestation.
After adjusting for differences in gestational age, number of
courses of glucocorticoids, and other possible confounding
variables, they found no significant differences between the
two glucocorticoids with respect to the incidence of RDS,
bronchopulmonary dysplasia, IVH, or necrotizing enterocoli-
tis. However, there was a significant reduction in the risk of
cystic PVL in the group treated with betamethasone compared
with the no-treatment group, whereas those neonates whose
mothers had received antenatal dexamethasone had an
increased risk of cystic PVL compared with the no-treatment
group.

A number of theories have been put forward to account for
the increased toxicity of dexamethasone. One suggestion is
that it relates to sulfite preservatives which are used in dex-
amethasone preparations.” An in vivo and in vitro study
found that there is increased neuronal death after exposure to
pharmacological preparations of dexamethasone-containing
sulfites or to isolated sulfites. The dose of glucocorticoid used
in this study was approximately 10 times that recommended
for antenatal administration. An alternative, and probably
more likely, explanation is that when dexamethasone is
administered intravenously or intramuscularly, it reaches
higher peak blood levels than the slowly released intramuscu-
lar (i.m.) betamethasone. These high circulating levels of dex-
amethasone may cause the observed neuronal damage.* At
this stage, betamethasone should be regarded as the gluco-
corticoid of choice.

Synergism between antenatal glucocorticoid and
postnatal surfactant therapies

Animal and clinical data indicate that there is a positive inter-
action between antenatal glucocorticoid administration and
postnatal surfactant therapy. In a clinical trial, infants who
were treated with antenatal steroids and received surfactant,
if indicated, had significantly less respiratory disease as well
as a lower incidence of IVH or periventricular leukomalacia
than infants who did not receive antenatal steroids.*
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Conclusions

The recommendations of the NIH Consensus Conference? are
summarized in Table 6.2. It is clear that there are few situa-
tions when steroids should not be used in women with threat-
ened preterm labor. Repeated courses of glucocorticoid,
however, should not be routinely administered during preg-
nancy. Betamethasone is the glucocorticoid of choice.

At present, optimal management of premature infants
includes assessment of fetal lung maturation, antenatal gluco-
corticoid administration, and postnatal surfactant therapy.
This approach has been shown to be highly beneficial for the
prevention and treatment of RDS and other major complica-
tions of prematurity.

Table 6.2 NIH Consensus Development Conference.
Recommendations for use of antenatal glucocorticoids.

The benefits of antenatal corticosteroids “vastly” outweigh the risks

All fetuses at risk for preterm delivery between 24 and 34 weeks of
gestation are candidates for treatment

This decision should not be altered by race, gender, or availability
of surfactant therapy

Patients who are eligible for tocolytic therapy are also eligible for
steroid therapy

Treatment should be given unless immediate delivery is expected;
treatment for less than 24 h is associated with decreased mortality,
RDS, and intraventricular hemorrhage

In cases of PROM at less than 30-32 weeks of gestation, treatment
is recommended in the absence of clinical chorioamnionitis

In complicated pregnancies in which delivery before 34 weeks is
expected, treatment is recommended unless there is evidence that it
will have an adverse effect on the mother

Dosing: betamethasone, 12mg i.m. g24h x 2 (or dexamethasone,
6mg i.m. q12h x 4)

Key points

1 The major phospholipids in surfactant are
phosphatidylcholine (PC, also called lecithin), which
accounts for 80-85% of total phospholipid, and
phosphatidylglycerol (PG), which accounts for 8-11%.

2 Surfactant protein A (SP-A) is a component of the
innate immune system of the lung; mice deficient in SP-
A are more likely to develop pulmonary and systemic
infections.

3 Two smaller proteins, SP-B and SP-C, are important
for the surface-active properties of surfactant and are
present in clinically effective surfactant preparations.

4 At the same gestational age, males are more likely than
females to develop RDS. Amniotic fluid phospholipid
analysis indicates that the biochemical maturity of the
female lung precedes that of males by around 1 week.

5 An L/S ratio of 2:1 occurs at approximately 35 weeks
of gestation. RDS was reported in only 2-3% of
infants with a ratio of 2:1 or greater.

6 Combining L/S ratio and PG measurements improves
both the positive and the negative predictive accuracy
of amniotic fluid phospholipid analysis. This is
particularly important in diabetic pregnancies.

7 Some clinical conditions appear to accelerate lung
maturation and decrease the incidence of RDS. These
include long-term maternal stress, e.g., toxemia and
hypertension, intrauterine growth retardation, maternal
infection, and maternal heroin exposure.
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8 The benefits of antenatal corticosteroids vastly
outweigh the risks.

9 All fetuses at risk for preterm delivery between 24 and
34 weeks of gestation are candidates for antenatal
glucocorticoid treatment.

10 Glucocorticoid therapy significantly reduces the overall
incidence of RDS by approximately 50%.

11 The effect of glucocorticoid therapy on RDS is
statistically significant in infants who deliver from 1 to
7 days after the initiation of maternal treatment. There
is a trend toward decreased RDS in babies born less
than 24 h or more than 7 days after the initiation of
steroid treatment.

12 Although it is not clear whether glucocorticoids
decrease the incidence of RDS in infants below
28 weeks’ gestation, there is a benefit in terms of
diminished severity of RDS, and reduced incidence of
intraventricular hemorrhage (IVH) and necrotizing
enterocolitis (NEC) as well as decreased neonatal
mortality.

13 Glucocorticoid therapy does not have a significant
effect on the overall incidence of maternal or fetal
infection.

14 In cases of prolonged rupture of the membranes
(PROM) at less than 30-32 weeks of gestation,
treatment is recommended in the absence of clinical
chorioamnionitis.
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15 A National Institutes of Health (NIH) Consensus

Development Conference and the American College of
Obstetricians and Gynecologists (ACOG) recommend
that repeat courses of corticosteroids should not be
used routinely during pregnancy.

16 Administration of antenatal betamethasone has been

reported to result in a significant reduction in the risk
of cystic periventricular leukomalacia (PVL), whereas
neonates whose mothers receive antenatal
dexamethasone have an increased risk of cystic

PVL.

17 Betamethasone is the glucocorticoid of choice for

antenatal steroid therapy.

18

19

20

Antenatal betamethasone, if indicated, should be given
unless immediate delivery is expected. Treatment for
less than 24 h is associated with decreased mortality
and IVH, and a trend to reduced severity of RDS.

The recommended dose of betamethasone is
12 mg i.m. q24h x 2. If dexamethasone is used, the
dose is 6 mg i.m. q12h x 4.

Infants whose mothers were treated with antenatal
steroids and who then received postnatal surfactant, if
indicated, showed a significant reduction in respiratory
disease as well as a lower incidence of IVH or PVL
than infants whose mothers did not receive antenatal
steroids.
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Fetal cardiovascular physiology and
response to stress conditions

Jean-Claude Fouron and Amanda Skoll

Fetal cardiovascular physiology

Functional characteristics of the fetal heart

Functional maturational processes

Significant maturational changes are observed in the structure
of the myocardium prior to birth.' In more immature myocar-
dial cells, the myofibrils are chaotically organized and often
not oriented along the long axis of the cell. These cells are also
characterized by a proportionally greater amount of noncon-
tractile proteins than in adult cells. A maturational increase in
the myofilament content of myocytes is observed progressively
along with a rearrangement of these filaments into an orien-
tation along the long axis of the cells. The nuclei and mito-
chondria, which were localized at the centre of the cell, are
ultimately distributed in an ordered arrangement along the
myofilaments. Primitive mesodermal cells lose their ability to
differentiate into cardiomyocytes at approximately the time
of birth; consequently, fetal cardiomyocytes may divide and
increase in number, whereas mature adult cardiomyocytes can
only increase in size.

The sarcoplasmic reticulum is also the site of developmental
changes.”? In the mature myocardium, the sarcoplasmic reticu-
lum serves as the site of calcium release and removal, which acti-
vates the contractile process. The process of calcium removal
from troponin C, responsible for myocardial relaxation, has
also been shown to be less rapid in the fetus* compared with the
adult myocardium. Many elements suggest that the effective-
ness of the sarcoplasmic reticulum in storing and releasing
calcium is quantitatively enhanced with maturation. Thus,
more immature cells rely mainly on trans-sarcolemmal move-
ment of calcium to modulate their cytosolic concentration.

In addition to these structural modifications, there are bio-
chemical differences in fetal and adult forms of the myocar-
dial contractile proteins myosin, actin, and the troponins, as
well as in their sensitivity to cytosolic calcium concentration.™®
As far as we know, cardiac myosin is made up of two heavy
chains, alpha and beta. There are three known myosin

isozymes based on the distribution of these two chains. The
V1 isozyme contains two alpha chains, V2 contains an alpha
and a beta chain, and V3 has two beta chains. The slower V3
myosin is the predominant adult form in larger animals,
including humans. Ventricles with different proportions of
myosin V1 and V3 may perform similar amounts of work.
However, the myocardium, with a higher proportion of V3,
consumes a relatively smaller amount of oxygen and adeno-
sine triphosphate (ATP) and, therefore, demonstrates greater
efficiency. Lactate is the primary agent metabolized in the
immature heart, whereas the adult myocardium preferentially
consumes long-chain fatty acids.” A fetal deficiency in carni-
tine palmitoyl transferase hampers the transport of long-chain
fatty acids into the mitochondria.

Another contractile protein, titin, also known as connectin,
has been shown to play a major role in myocardial mechan-
ics.® Titin is likely to be a factor in setting the lower sarcom-
ere length limit during systole and in the elastic recoil
responsible for early diastolic filling. A recent report, showing
that fetal cardiac titin contains additional spring elements not
found in adults, suggests that regulation of titin’s spring com-
position may allow adjustment of diastolic filling behavior
during the development of the heart.’

Fetal myocardial contractility

When isolated fetal muscle strips are studied, there is a sig-
nificant reduction in the active tension that can be generated
compared with adult samples, at all muscle lengths along the
length—tension curve.'® Resting tension is, however, higher in
fetal tissue. These contractile characteristics of fetal myocytes
have been related to their significantly greater proportion of
noncontractile protein (60% in the fetal myocardium com-
pared with 30% in adults)'® and also to the differences in the
activity of ATPase of fetal and adult myosin isoforms.®

Effect of changes in preload

The concept that the fetus has a stiff heart was the basis of
a controversy concerning its ability to respond to the Frank—
Starling mechanism. For some time, it had been accepted that
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Figure 7.1 (A) Demonstration of the capacity of fetal ventricles to
increase their stroke volume with a decrease in heart rate. (B)
Consequently, no change is observed in ventricular outputs with
bradycardia. Solid line, left ventricle; dotted line, right ventricle
(reprinted with permission from ref. 14).

variation in fetal cardiac output was essentially linked to
changes in heart rate.!* This position was apparently strength-
ened by observations that volume infusion in fetal lambs did
not result in any significant increase in either right or left ven-
tricular output.'*'* However, because of great compliance of
the umbilical placental circulation, volume infusion in the fetal
circulation requires a relatively greater amount of fluid to
achieve a significant change in venous return.

More recent investigations based on Doppler echocardiogra-
phy have revealed that changes in fetal heart rate are not nec-
essarily associated with alterations in cardiac output'* (Fig.
7.1). Furthermore, the Frank-Starling relationship has been
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Figure 7.2 Relationship between end-diastolic volume (LVEDV) and
stroke volume (SV) of the left ventricle in the fetal lamb (reprinted
with permission from ref. 1).

shown to be present in the isolated fetal myocardium.'® As
would be anticipated, when the relationship is plotted between
muscle tension and the extent or velocity of shortening, the fetal
value always falls below that of the adult myocardium. Other
evidence of a functional Frank-Starling mechanism was
demonstrated when the maximum rate of rise of left ventricu-
lar pressure (dp/dt max) was used to assess the effect of changes
in end-diastolic volume in fetal lambs.! In addition, because of

’ end-diastolic pressure is not a reliable

its relative stiffness,’
index for evaluation of the Frank-Starling relationship in the
fetal heart. A large change in diastolic pressure may produce
relatively little change in end-diastolic volume. In fact, when
ventricular dimensions are used to assess the effect of preload
on fetal ventricular stroke volume, a significant positive rela-
tionship between end-diastolic volume and stroke volume is
found in the fetal heart' (Fig. 7.2). Echocardiography permits
the documentation of two clinical examples of the capacity of
the fetal heart to respond to myocardial fiber stretching: first,
fetuses with congenital atrioventricular block with heart rates
around 60 b.p.m. show an increase in end-diastolic diameters
of both ventricles without cardiac failure and, secondly, there is
evidence of a postectopic increase in stroke volume in fetuses
with arrhythmia. Finally, it must be remembered that, in the
fetal heart, manifestations of the Frank-Starling mechanism
can be hampered by diastolic—ventricular interaction. Indeed,
because of the widely patent foramen ovale, any increase in
right ventricular end-diastolic pressure should be transmitted to
the left ventricle. The simultaneous increase in diastolic pres-
sures on both sides of the ventricular septum should limit the
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possibility of volume expansion of one ventricle and, by the
same token, should impose limitations on the Frank-Starling
mechanism. Similarly, extrinsic compression of the fetal heart
by the chest wall, pleural pressure, and fluid-filled lungs and
pericardium have also been proposed as factors constraining
fetal stroke volume. '

Thus, the fetal myocardium has the ability, albeit limited, to
respond to the Frank-Starling mechanism. The various
components of fetal ventricular preload must be clarified,
however, as they are quite different from those of extrauterine
life. In utero, each ventricle must be considered separately. In a
normal fetus, left ventricular preload will be greatly influenced
not only by the size of the foramen ovale but also by approxi-
mately 30-40% of the volume flow coming from the inferior
vena cava, by pulmonary venous return, and by the diastolic
filling characteristics of the right side. Based on data gathered
from experimental lamb preparations, it had been widely
accepted that no more than 7-10% of combined cardiac output
goes to the lungs, a phenomenon explained by elevated pul-
monary vascular resistance during fetal life."”'® More recent
reports using the Doppler technique on normal human fetuses
showed that pulmonary blood flow increased by almost four-
fold over the period of gestation studied and amounted to a
mean of 22-25% of combined ventricular output. Thus, pul-
monary venous return becomes a significant component of left
ventricular preload, at least during the third trimester of gesta-
tion.'”?° Diastolic function of the right ventricle should also
influence left ventricular preload during fetal life via the widely
patent foramen ovale, which allows the transmission of flow
and pressure from the right to the left atrium.

On the other hand, right ventricular volume load during
fetal life is normally made up of the entire volume flow coming
from the superior vena cava (21% of total venous return)'®
and the fraction of inferior vena cava return that does not go
through the foramen ovale. Consequently, factors that will
influence right to left shunting through the foramen will also
modify right ventricular preload. For example, although an
increase in left atrial pressure, such as that observed in left
ventricular diastolic dysfunction, will have little repercussion
on right atrial pressure because of secondary sealing of the
foramen ovale by the septum primum, this will nevertheless
cause significant volume overload of the right ventricle by
rerouting the entire inferior vena cava blood toward the right
ventricle.

Effect of changes in afterload

In all cardiac preparations, including those using fetal tissue,
the shortening ability of the myocardium is decreased as after-
load is increased.'® When the relationship between shortening
velocity and afterload of the fetal myocardium is compared
with that of the adult, the fetal myocardium shortens more
slowly against the same relative load than does the adult
myocardium. Interestingly, studies on fetal lambs have shown
that, for a similar increase in afterload, a significantly greater

reduction in right compared with left ventricular stroke
volume was observed.*""**

Approximately 65% of the blood ejected by the left ventri-
cle perfuses the upper body."® Therefore, any changes in resist-
ance or pressure of the vascular beds in this region will
specifically influence afterload of the fetal left heart. On the
other hand, the right ventricular outlet during intrauterine life
consists of a large main pulmonary artery from which smaller
left and right arteries branch off at very sharp angles. The
widely patent ductus arteriosus forms a natural prolongation
of the main pulmonary artery toward the descending thoracic
aorta. Somewhere between 80% and 90% of blood ejected by
the right ventricle flows with minimal resistance through the
ductus arteriosus into the descending thoracic aorta. Because
of this arrangement, fetal right ventricular afterload is essen-
tially dictated by resistances of the various vascular beds
perfused by the descending aorta. Among these vascular net-
works, the placenta plays a key role in establishing the level
of right ventricular afterload because of its significantly lower
resistance and higher volume flow.

Fetal systolic and diastolic ventricular performances

When combined right and left ventricular output/min nor-
malized to unit fetal body weight is used to examine the ability
of the developing heart to eject blood, very little difference is
noted from 18 weeks of gestation to term in the human fetus,
similar to that in the fetal lamb. At term, combined ventricu-
lar output of the human fetus, calculated by Doppler echocar-
diography, is approximately 450 mL/kg/min.”*** The same
value has also been found in fetal lambs by radioactive micros-
phere techniques.'® Likewise, right ventricular preponderance
has been found in the human fetus, as described previously in
sheep, and is expressed by right ventricular stroke volume
approximately 20% greater than that of the left ventricle.
Pressure development in the fetal left ventricle appears to
be similar to that in the adult. For example, the peak first
derivative of left ventricular pressure (dp/dt max) has the
same range in fetal lambs as it has in adult sheep (1500-
3000mmHg/s).! This range is the same as that observed in
the human child and adult. Likewise, the mean value of
0.36 £ 0.06 found in normal human fetuses for the myocar-
dial performance index,* a global index of cardiac function,
is similar to values for the same index in normal adults
(0.39 + 0.05) .*° Peak velocity and acceleration time in the
ascending aorta have also been used as a Doppler index of
myocardial performance. Unlike adults, in normal fetuses,
acceleration time or time to peak velocity is known to be
shorter in the fetal pulmonary artery than in the aorta.”” This
finding has been explained by the higher resistance of the
fetal pulmonary vascular system. However, as mentioned
previously, the right ventricle is ejecting blood toward the
placenta through the widely patent ductus arteriosus. The pos-
sibility deserves investigation that, in normal fetuses, the
shorter acceleration time is due to better right ventricular
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performance with a higher stroke volume and a lower
afterload.

In summary, the systolic performance of the fetal heart does
not seem to be affected by the maturational changes observed
in sarcomeres throughout gestation. In contrast, the limita-
tions are more apparent during diastole. With the advent of
Doppler ultrasound technology, it has been possible to study
blood flow velocity patterns through the fetal atrioventricular
valves; they are quite different from those seen during post-
natal life. In extrauterine life, there is a predominance of the
E wave, reflecting the major contribution of the early relax-
ation process causing rapid filling of the ventricles during the
first part of diastole. In contrast, the fetal profile is character-
ized by a higher peak A than E wave*® (Fig. 7.3). Throughout
pregnancy, the peak velocity of the A wave does not change
significantly, whereas that of the E wave rises steadily and is
entirely responsible for the increase in the F/A ratio® (Fig.
7.4). This observation would support the concept of a pro-
gressive maturational change predominantly involving the
active process of ventricular relaxation.

Fetal circulatory dynamics

Four basic elements characterize the dynamics of the fetal cir-
culation: parallel arrangement of the ventricles; high resistance
of the pulmonary circulation; the placental vascular system
with its low resistance and relatively high flow; and the pres-
ence of shunts.

Parallel arrangement of the ventricles

In the fetus, both ventricular pumps are perfusing the same
systemic circulation, the left via the ascending aorta, the right
via the pulmonary trunk and the ductus arteriosus. Figure 7.5
is a schematic representation of this feature. The hemody-
namic implications of this arrangement are presented in Table
7.1. In this situation, the individual ventricular outputs are
not necessarily equal, and fetal cardiac output is logically
expressed as combined ventricular output. Another conse-
quence of this arrangement is that both ventricles share
the same systolic ejection pressure of approximately 70—
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Figure 7.3 Example of Doppler flow
velocity waveforms through the tricuspid
valve of a fetus at 22 weeks of gestation.
The A waves are predominant.

Table 7.1 Hemodynamic implications of the parallel arrangement
of the two ventricles.

Inequality of ventricular outputs

Similarity of systolic pressures

Reciprocal influence of ventricular diastolic functions
Possibility of adequate perfusion by a single ventricle
Special status of the aortic isthmus

80 mmHg. Close to term, a slight increase in pressure has been
reported in the pulmonary trunk compared with systemic pres-
sure. This could be due to either greater flow through the right
ventricle and/or active constriction of the ductus arteriosus.
As a third consequence, there is the reciprocal influence of
diastolic function of the two ventricles through a widely patent
foramen ovale. The parallel arrangement of the two ventricles
is also a key element in the intrauterine survival of fetuses with
complex malformations; in cases of hypoplasia of one ventri-
cle, for example, blood can be diverted toward the contralat-
eral ventricle without significant impairment of peripheral
perfusion.

Finally, the parallel arrangement of the two ventricles
confers special status to the aortic isthmus. This vascular
segment, localized between the origin of the left subclavian
artery and the aortic end of the ductus arteriosus, establishes
communication between the two parallel systems. The direc-
tion of blood flow through the fetal aortic isthmus should
reflect the balance between both left and right ventricular
outputs, and the vascular resistances, of the upper body on
one side and the subdiaphragmatic circulation on the other
side. This specific aspect will be discussed later in the chapter.

The pulmonary circulation

The fetal pulmonary arteries, offering high resistance to flow,
are responsible for relatively minor pulmonary flow. This pro-
portion, however, increases with advancing gestation. As men-
tioned previously, recent reports using Doppler technology
found that, in term human fetuses, as much as 25% of com-
bined ventricular output goes through the lungs.'*"> This
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Figure 7.5 Schematic representation of the fetal circulatory
dynamics. The right (RV) and left (LV) ventricles are perfusing the
systemic circulation in parallel. The upper part of the body receives
blood exclusively from the LV. In addition to the lungs, RV perfuses
the subdiaphragmatic part of the circulation via the ductus
arteriosus (DA). The parallel disposition of the pulmonary (PA) and
the aortic (Ao) arches is well illustrated. The isthmus represents a
vascular segment connecting these two parallel systems.

unique feature of intrauterine life is related to both morpho-
logical and dynamic factors. Major developmental changes
occur in the pulmonary circulation throughout pregnancy, and
these changes continue after birth.***! In humans, the preaci-
nar branching pattern of the pulmonary arteries is complete

98

by 20 weeks of gestation; subsequently, extensive ramification
of small pulmonary arteries is observed, with these arteries
increasing in number until term. Some intra-acinar arteriolar
growth occurs late in gestation, but this developmental process
is mainly associated with alveolar growth in the first years of
life. The progressive morphological changes are responsible
for a low total cross-sectional pulmonary vascular area in the
first half of gestation and, at least in part, for the high vascu-
lar resistance observed in utero. However, a 20-fold increase
in the cross-sectional area of the pulmonary vascular bed has
been documented during the latter half of gestation. This
growth would cause a significant drop in vascular resistance
if it was not for the concomitant development of a thick mus-
cular layer in the walls of the pulmonary arteries to the level
of the terminal bronchioles. This muscular layer is the site of
reactivity of fetal intrapulmonary arterial branches.

One of the main determinants of pulmonary vascular tone
during fetal and extrauterine life is oxygen. Reduced pul-
monary (mixed venous) and systemic arterial blood oxygen
tension has been demonstrated to cause pulmonary vasocon-
striction in fetal sheep.**** Normally low fetal mixed venous
PO, (16-18 mmHg) therefore plays a major role in maintain-
ing elevated pulmonary vascular resistance during intrauterine
life. The mechanisms by which oxygen influences pulmonary
vascular tone and the role played by other elements have been
the subjects of extensive investigation.’**” From these studies,
it appears that the pulmonary circulation can be influenced
not only by local changes in O,, but also by many other
factors, acting either directly or as mediators or messengers.
Among them, neurochemicals, such as alpha-adrenergic
agonists and beta-antagonists, constrict whereas alpha-
adrenergic antagonists and beta-agonists dilate the pulmonary
circulation before and after birth. Vasoconstrictors, such as
endothelin, have also been shown to be involved in the mod-
ulation of high basal pulmonary vascular resistance in normal
lamb fetuses.*® Another important determinant of pulmonary
vascular tone is the blood pH level. Acidosis, either metabolic
or respiratory, has been demonstrated to cause pulmonary
vasoconstriction, and alkalosis elicits vasodilation at all stages
of development.***

The influence of the central nervous system on pulmonary
vasomotor tone has been documented experimentally. In dogs,
hypothalamic stimulation alters the distensibility of large pul-
monary arteries, and this influence is mediated by the sympa-
thetic nervous system.*' Electrical stimulation of the brainstem
vasomotor center of the newborn piglet has been shown to
cause significant increases in pulmonary artery pressure
without changing pulmonary flow, indicating pulmonary vaso-
constriction.*” The effects of eicosanoids derived from arachi-
donic acid (prostaglandins, thromboxane, and leukotrienes) on
the fetal and perinatal pulmonary circulation have also been
studied extensively. Thromboxane, leukotrienes, and prosta-
glandin F,, are pulmonary vasoconstrictors.*™* All the other
products of cyclo-oxygenase have been found to be pulmonary
vasodilators, among which prostacyclin is one of the most
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Figure 7.6 Pulsed Doppler recording in the
umbilical artery of a 24-week fetus.
Systolodiastolic forward velocities confirm
the low vascular placental resistance.

Figure 7.7 (A) Pulsed Doppler recording in
the intra-abdominal portion of the umbilical
vein, showing continuous low velocities. (B)
In the ductus venosus, peak velocities reach
0.7 m/s. Two forward waves are seen: one
during ventricular systole (S) and the other
during the early part of diastole. A
deceleration wave is recorded during atrial
(A) contractions. B

potent.***” The purine nucleotides adenosine and ATP also have
significant pulmonary vasodilatory effects in fetal lambs.**

The placental circulation
Unlike fetal lungs, the normal placenta is a vascular bed with
very low resistance to flow. Consequently, approximately 50%
of the combined cardiac output of lamb fetuses flows into the
umbilical circulation.'® This unique feature of the fetal circu-
lation is well illustrated by the Doppler velocimetric assess-
ment of blood flow through the umbilical artery (Fig. 7.6);
fetuses with a normal placental vasculature show Doppler
flow velocity waveforms with significant diastolic forward
flow, increasing as gestation progresses.*

Many investigators have studied the mechanisms regulating
placental blood flow. The absence of innervation in either the

umbilical cord or the placenta makes it very unlikely that

neural control plays any physiological role.’® Similarly, despite
experimental evidence of placental vascular reactivity to some
vasoactive hormones, such as angiotensin II*' and norepi-

administration of their respective blockers has no
52

nephrine,*
effect on placental vascular resistance.”® Prostaglandins
have also been proposed as local vasoactive agents.* Intrigu-
ing evidence of maternal and fetal placental blood flow match-
ing®* strongly suggests some form of intrinsic regulation.
For the time being, however, the mediator(s) of this physio-
logical and important mechanism has(ve) not yet been clearly
identified.

The umbilical vein drains oxygenated blood coming from
the placenta into the left branch of the portal vein. Umbilical
venous flow has a continuous low velocity (mean 15 cm/s) (Fig.
7.7A). Placental flow depends on the umbilical arteriovenous
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gradient. The venous component of this relationship is influ-
enced by resistance in the ductus venosus, in the liver
parenchyma, and also by right atrial filling pressure.

The shunts

Three shunts are classically described within the fetal circula-
tion. The first occurs at the level of the ductus venosus. This
short venous segment links the umbilical and portal veins to
the inferior vena cava, allowing a portion of blood coming
from the umbilical vein to bypass the hepatic circulation and
directly enter the inferior vena cava. From Doppler investi-
gations in normal human fetuses, this shunt amounts to
approximately 30% of umbilical venous return.’® Because of
its trumpet-shaped appearance, the ductus venosus functions
as an important regulator of the placental circulation, pro-
tecting the fetal heart from excessive blood flow to the pla-
centa. The continuous low velocity of umbilical venous blood
is transformed within the ductus venosus into a pulsatile high-
velocity jet with peak flows up to 75 cm/s, suggesting a gradi-
ent between the umbilical vein and the central venous system.
The gradient has been estimated to reach a peak of 3mmHg
during atrial and early ventricular filling.’® This flow acceler-
ation is responsible for the preferential streaming of highly
oxygenated blood across the foramen ovale into the left
heart." Flow in the ductus venosus is normally phasic, char-
acterized by two forward waves, one during ventricular
systole, the other early in diastole. Atrial contraction causes
the deceleration of blood velocities, which normally never
results in complete absence of anterograde flow toward the
heart (Fig. 7.7B).

A second shunt takes place at the level of the foramen
ovale, which corresponds to an opening in the septum secun-
dum between the two atria, associated with a flap valve
formed by the septum primum. This valve allows blood to pass
only from the right to the left atrium. Recent Doppler inves-
tigations of human fetuses estimated the shunt through the
foramen ovale to drop from 34% to 18% of combined
ventricular output during the period from 20 to 30 weeks of
gestation.”’

Finally, the ductus arteriosus, which is a prolongation of the
main pulmonary artery toward the descending aorta, is also
usually considered as a shunt, allowing much of the blood
ejected by the right ventricle to bypass the lungs. Convincing
data now demonstrate that, during fetal life, the patency of the
ductus arteriosus is regulated by both contractile and dilatory
factors. Oxygen was the first constrictor of the ductus arterio-
sus to be recognized.”” The sensitivity of the ductus arteriosus
to O, increases during the last trimester of gestation.’® The
oxygen-constrictive effect appears to be linked to accelerated
endothelin-1 production.®® Although circulating adenosine has
been suggested to be a dilator of the ductus,® numerous reports
favor the prostaglandins (E; and particularly E,) as major ele-
ments maintaining ductal patency.®'~*

The idea of considering the ductus arteriosus as the site of
a vascular shunt is certainly valid in extrauterine life where
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the two ventricles are disposed in series. In this situation, the
ductus arteriosus is obviously diverting blood from the pul-
monary or the systemic circulations, depending on the balance
between downstream resistances of the two circulations.
During fetal life, however, classification of the ductus arterio-
sus as a shunt must be questioned, as it is incompatible with
the concept of parallel arrangement of the prenatal circula-
tion. Indeed, because of its parallel disposition, the fetal ductus
arteriosus is a segment of the pulmonary arch and does not
actually divert any blood, but rather participates in combined
output by channeling right ventricular output toward the sys-
temic circulation. This is well illustrated in Figure 7.5. The
concept of parallel disposition of the two ventricles implies,
as a rational conclusion, that, in fetal life, the only arterial
segment corresponding to the definition of a shunt would be
the aortic isthmus.®* Indeed, this vascular segment normally
transfers blood from the upper body toward the lower body
by connecting the two parallel systems (Fig. 7.5). Approxi-
mately 65% of the blood ejected by the left ventricle perfuses
the upper body, the rest going through the aortic isthmus
toward the subdiaphragmatic circulation.'® The factors influ-
encing the direction of blood flow through the isthmus are
illustrated in Figs 7.8 and 7.9. In systole, the direction of
blood flow is dictated by both individual performances of the
ventricles and downstream resistance of the upper and lower
body vascular networks. The ventricles have opposite influ-
ences on the direction of flow: the left ventricle causes forward
flow through the isthmus (Fig. 7.8A), while blood ejected by
the right ventricle has a retrograde influence (Fig. 7.8B). In
normal conditions, the presence of the placenta with its low
vascular impedance explains the forward systolic flow
observed in the isthmus.®® With advancing gestation, however,
two physiological events alter flow patterns through the
isthmus: first, the fall in cerebral vascular impedance causes a
reduction in the diastolic component of the waveform; sec-
ondly, the progressive preponderance of right ventricular
output evokes a brief end-systolic reversal of isthmic flow; this
process starts at about 30 weeks and increases progressively
up to the end of gestation (Fig. 7.10). To facilitate the objec-
tive monitoring of flow patterns through the fetal aortic
isthmus, an isthmic flow index (IFI) has been developed. The
proposed index was obtained by dividing the sum of systolic
(S) and diastolic (D) Doppler flow velocity integrals by sys-
tolic flow integrals: IFI = S + D/S. Positive and negative signs
are assigned to antegrade and retrograde velocity values
respectively. The normal reference ranges of the IFI have been
published recently.®® In cases of severe fetal left ventricular
dysfunction, reverse flow is recorded even during systole
through the isthmus because of the isolated influence of the
right ventricle. In diastole, the two semilunar valves being
closed, the direction of blood in the isthmus will be essentially
influenced by downstream vascular resistance (Fig. 7.9); any
significant fall in upper body vascular resistance (cerebral arte-
riovenous fistula®’) or increase in lower body vascular resist-
ance (placental vascular impairment®®) should cause a reversal
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Figure 7.8 Influences of individual ventricular ejection on the direction of blood flow through the aortic isthmus during systole. (A) The left
ventricle (LV) causes a forward flow, while (B) blood ejected by the right ventricle (RV) has a retrograde influence.

of the diastolic component of flow velocity waveforms in the
isthmus.

Fetal cardiocirculatory adjustments
to stress

Abnormal loading conditions

Abnormal loading conditions of the fetal circulation can be
observed in a variety of disorders, such as arteriovenous mal-
formation, anemia or the twin-twin transfusion syndrome

(TTTS). Each of these conditions represents situations in
which cardiac preload is increased but afterload varies.
Furthermore, in each case, the etiology of the loading distur-
bance is different. The specific cardiocirculatory adjustments
will, therefore, be underlined for each condition, considering
separately the impact on the heart and on the peripheral
circulation.

Arteriovenous malformations
A large arteriovenous shunt in the fetal circulation may oc-
cur in tumors such as sacrococcygeal teratomas, placental
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Diastole

Figure 7.9 In diastole, the direction of flow in the isthmus is
simultaneously influenced by the downstream vascular resistances of
the two parallel systems.

chorioangiomas or in the presence of cerebral vascular
malformation associated with an aneurysm of the vein of
Galen.

Cardiac impact

All these conditions are characterized by both elevated
preload, because of increased venous return from the shunts,
and reduced afterload due to arteriovenous runoff. Dramatic
rises in combined cardiac output have been documented in
these cases, reaching twice the estimated normal range.” In
fetuses with cerebral arteriovenous malformations, close to
70% of the combined cardiac output comes from the right
ventricle because of the increment in blood flow through the
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superior vena cava going directly through the right ventricle.”
As cardiac output increases, the fetal heart compensates by a
linear augmentation in size.”' With progression of the disease,
cardiac failure may develop with worsening of the degree of
atrioventricular valve regurgitation and the appearance of
fetal hydrops.

The peripheral circulation

During fetal life, changes in the peripheral circulation caused
by localized declines in vascular impedance will be very much
influenced by the parallel disposition of the two ventricles and
their arterial outlets. In fetuses with arteriovenous malforma-
tions in the upper part of the body (cerebral arteriovenous
fistula), retrograde diastolic flow is observed in the aortic
isthmus while the flow pattern in the descending aorta remains
normal.” The right ventricle then perfuses both the lower and
the upper body. In contrast, when the arteriovenous malfor-
mation is in the lower body, both ventricles share the volume
load. Antegrade flow through the aortic isthmus is then
increased. Reversal of diastolic flow in the umbilical artery has
also been reported, suggesting a “steal” phenomenon from the
placental circulation.”

Anemia

Cardiac impact

In fetal anemia resulting from isoimmunization, left and right
ventricular outputs are significantly elevated, and right cardiac
output over the left ventricular output ratio is normal.”>”
Oxygen delivery can thus be preserved. This rise in cardiac
output is related to both higher preload (decreased blood vis-
cosity leading to increased venous return) and lower afterload
(diminished blood viscosity and peripheral vasodilatation due
to reduced O, content). Peak velocities are augmented through
both semilunar valves.

The peripheral circulation

Peripheral adjustments to the stress of anemia reflect the hyper-
dynamic state of these fetuses. Peak velocities tend to increase
in both parallel circulatory systems. An inverse correlation has
been found between the rise in peak velocity in the middle cere-
bral artery and the level of hematocrit.”* Venous flows are also
affected, and peak velocities are elevated in the ductus venosus,

which also shows less pulsatility than normal.”>"*

Twin—twin transfusion syndrome (TTTS)

This condition occurs in about 15% of monochorionic—
diamniotic twin gestations. Vascular connections deep within
the placenta cause a shift in blood volume from the donor to
the recipient twin.”® However, this classic pathophysiological
background does not explain some intriguing cardiocircula-
tory perturbations found in TTTS.
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Figure 7.10 Doppler flow velocity waveforms in the
aortic isthmus. At 20 weeks of gestation, forward
systolic and diastolic waves are observed. An end-
systolic incisura appears at about 25 weeks and increases
thereafter; late in gestation, a brief reversal of flow is
observed at the end of systole. Note on the tracing
recorded at 37 weeks (bottom), the superimposed
velocity Doppler signals from the ductus arteriosus,
demarcating the end of systole.

Cardiac impact

Although the donor twin becomes anemic, his/her hemodynamic
picture is mainly marked by the consequences of his/her volume
depletion. Reports of elevated blood levels of endothelin’” and
evidence of renin-angiotensin system stimulation’® are convinc-
ing elements in favor of chronic hypotension and peripheral
hypoperfusion in these fetuses. Ventricular function is usually
preserved. Increased arterial pulsed wave velocity has been found
in surviving postnatal donor twins, suggesting intrauterine vas-
cular remodeling with lifelong consequences.”

In contrast, hypertrophic cardiomyopathy is typically

described in the recipient twin.®” The progressive nature of the
process and the fact that marked ventricular hypertrophy can
be observed with little or no evidence of dilation strongly
favor the renin-angiotensin pathophysiologic hypothesis to
the detriment of a simple volume shift. Subclinical cardiomy-
opathy, essentially manifested by early signs of diastolic dys-
function, has also been documented and goes along well with
the renin—angiotensin hypothesis.®' According to this concept,
the hypervolemic recipient twin is exposed to mediators
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(renin, angiotensin) released by the hypovolemic donor twin,
mediators responsible for vasoconstriction and ventricular
hypertrophy. In severe cases, this process can lead to ventric-
ular dysfunction with hydrops and fetal demise. Right ven-
tricular hypertrophy rarely evolves to pulmonary infundibular
stenosis and even pulmonary atresia.*

The peripheral circulation

Serial Doppler recordings in the donor twin do not reveal any
significant change until the appearance of fetal distress;® at
this last stage, the donor presents signs consistent with anemia
(increased peak velocities), indicating a massive shift in blood
volume. In the recipient twin, diastolic myocardial dysfunc-
tion causes heightened pulsatility in the ductus venosus (deep

@,

a” waves) with umbilical vein pulsations.

Hypoxic stress

The stress encountered most frequently during fetal life is lack
of oxygen. For obvious reasons, most of our information on
this subject comes from experimental studies, assuming that
findings in laboratories reflect what is actually occurring in the
human fetus. Another problem arises from the fact that the
bulk of experimental protocols are designed to provide rela-
tively short exposure to hypoxemia; here again, assumptions
have to be made about the outcome in human fetuses in whom
hypoxemia is sustained for days or weeks. A third drawback
is the lack of homogeneity in protocols of the experimental
studies. As shown in Tables 7.2 and 7.3, the designs of studies

Table 7.2 Examples of studies of fetal hypoxic hypoxemia.

cited as references in this chapter vary not only in terms of the
duration of the hypoxemia, but also in the way hypoxemia
was created experimentally.

The advent of Doppler ultrasonography has undoubtedly
opened new horizons in investigations of the human fetal car-
diovascular system. This technology has been instrumental in
introducing into clinical practice a fundamental notion already
demonstrated in acute experiments, that is the importance of
placental vascular resistance. Indeed, as the placenta offers the
lowest resistances within the entire fetal vascular system, any
increase in those resistances should have repercussions on
both flows and pressures, which are not necessarily related to
the secondary hypoxemia. The assessment of circulatory
responses to fetal hypoxemia can no longer be made without
first establishing the state of the placental vascular system. The
two situations will, therefore, be discussed separately. Adap-
tive mechanisms in the presence of hypoxemia, such as
increased O, extraction from erythrocytes® or reduction of
fetal O, consumption,® which are not directly related to the
circulatory system, will not be discussed here, despite their
potential importance iz vivo.

Hypoxemia with normal placental vascular resistances

Blood gases

In humans, this condition is usually observed in mothers suf-
fering from chronic pulmonary or cardiac disorders or living
at high altitudes, or in fetuses with acute or chronic anemia.
Placental vascular resistance is usually normal in these cases.
Most of our knowledge concerning this type of fetal

Experimental technique First author

Duration

Assali et al. (1962)%
Cohn et al. (1974)%
Peeters et al. (1979)%
Sheldon et al. (1979)%
Alonso et al. (1989)°
Kitanaka et al. (1989)"
Morrow et al. (1990)”
Fouron et al. (1990)%
Piacquadio et al. (1990)*
Rurak et al. (1990)”
Itskovitz et al. (1991)%°
Paulick et al. (1991)%7
Kamitomo et al. (1992)%
Creasy et al. (1973)”
Moutquin (1981)'*
Abitbol (1982)!°!

Yaffe et al. (1987)!
Bocking et al. (1988)'%
van Huisseling et al. (1989)
Reid et al. (1991)1%
Fumia et al. (1984)'%

Low maternal Fio,

Uterine blood flow restriction

Reduction in fetal hematocrit

15 min
4-44 min
1h

7 days

2 weeks
28 days
1h

3h

30 min

8h

20 min

+ 30 min
105 days
21-28 days
30 min
1min

15 min
48h

90s

19 £ 3min
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Table 7.3 Examples of studies of hypoxemia due to placental circulatory insufficiency.

Experimental technique

First author Duration

Umbilical cord constriction

Placental embolization

Umbilical vein constriction

Lewis et al. (1984)!*
Itskowitz et al. (1987)'"’
Richardson et al. (1996)'%°
De Haan et al. (1997)'!
Ley et al. (2004)'**
Trudinger et al. (1987)'% 9 days
Morrow et al. (1989)'2* 2.5h
Lewinsky et al. (1993)'*

5-10min x 5 for 1h
4-5 min

1min every Smin for 1h
1-2min every 5 min

Every 15min x §

Gagnon et al. (1995)'% 10 days
Murotsuki et al. (1997)"% 21 days
Fouron et al. (1991)"%° 3h

hypoxemia is derived from instrumented fetal lambs under
hypoxemic stress created either by decreasing the O, concen-
tration of the gas mixture inspired by the ewe®* or by uterine
blood flow restriction® ' (Table 7.2). Less frequently,
hypoxia has been achieved by changing the hematocrit level
by isovolemic exchange transfusion.'® Except for this last con-
dition, where the fall in blood O, content is related to a lack
of O, carriers, the oxymetric feature that characterizes all the
other fetuses in this group is the low PO, of the umbilical
venous return, explaining the term “hypoxic hypoxemia”
frequently assigned to the group. In these circumstances,
fetal blood gases will be dependent on maternal blood gas
status. As placental exchange is preserved, relatively low levels
of PO, can be reached without significant buildup of acid
metabolites in the fetus. The level of fetal Pco, will also
depend on maternal PCO,, which may be perfectly normal. A
resultant gradual increase in fetal hematocrit serves as a com-
pensatory mechanism to cause an elevation in arterial O,
content.

Cardiocirculatory responses

During acute hypoxic hypoxemia, blood pressure rises
and heart rate decreases, with a redistribution of cardiac
output.®”® Hypoxia stimulates catecholamine secretion from

197 or, in more mature

the adrenal medulla either directly
fetuses, by a reflex effect through the splanchnic nerves. The
consequences of adrenal norepinephrine secretion during fetal
hypoxemia can be blocked by alpha-adrenergic blockers,
resulting in a return of vascular resistance and blood pressure
to normal values.””'®® An increase in vasopressin has also been
documented during fetal hypoxemia, and could be another
factor contributing to the rise in vascular resistance.’*'%
Bradycardia as well as peripheral vasoconstriction has been
related to neural reflexes via both baro- and chemoreceptors
in the aortic and carotid bodies.”®!'"® Animal studies have con-
sistently shown blood flow redistribution to the brain, heart,
and adrenals when hypoxic hypoxemia is induced experimen-

tally®7-8%102105 (RFig  7.11). This redistribution, mediated via

humoral and reflex mechanisms, is caused by local vasodi-
latation in these three organs concomitant with vasoconstric-
tion in the lungs, digestive tract, spleen, pancreas, kidneys,
carcass, skin, etc. In acute experiments, absolute flow and the
proportion of cardiac output going to the brain increase.®%%
Meanwhile, placental blood flow and combined cardiac
output do not change significantly. In severe hypoxia, how-
ever, the deleterious effect of acidosis on fetal heart rate and
myocardial contractility will be responsible for a fall in com-
bined ventricular output.®”*

A few experimental protocols have studied chronic hypoxic
hypoxemia. In these experiments, blood flow increased to the
brain, myocardium, and adrenals, and remained elevated after
at least 8% to 48 h'® of fetal hypoxic hypoxemia. Elevated
concentrations of plasma epinephrine have been found in
lambs and fetuses after 28 days of hypoxemia.’! In contrast,
a longer period of hypoxemia maintained by exposure of preg-
nant ewes to high altitude did not cause any increase in fetal

1 or changes in left ventricular function.’

cerebral blood flow
Likewise, in fetal lambs exposed to hypoxic hypoxemia for
2 weeks, right ventricular output and stroke volume fell to
30% on the third day of the experiments, but recovered to
normal values in the following days.”® One important finding
documented in all studies is that the umbilical circulation is
not significantly affected until severe acidemia causes a fall in
combined cardiac output.

Because of the parallel arrangement of the two ventricles
and the dynamic nature of vascular shunts, the fetus has the
capacity to selectively adjust its arterial O, content. This mech-
anism is unique to intrauterine life, and is not available after
birth. Indeed, in utero, arterial O, content is closely depend-
ent on the redistribution of placental venous return. In nor-
moxemic conditions, approximately 30% of the umbilical
venous return bypasses the hepatic microcirculation and
directly enters the inferior vena cava through the ductus
venosus.™ It has been demonstrated in both fetal sheep'® and

112

primates''* that this highly oxygenated stream of blood

preferentially enters the left atrium via the foramen ovale, and
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is thus distributed to the upper body. In normoxemic condi-
tions, this preferential streaming is responsible for the slightly
higher arterial PO, of blood in the ascending aorta
(~20mmHg) compared with postductal blood in the descend-
ing aorta (~17mmHg). During hypoxemia, an increase in the
proportion of blood that bypasses the liver and goes directly
to the inferior vena cava through the ductus venosus has
been demonstrated repeatedly.!'>''* This shunting pattern
should reduce transit time from the placenta to the heart,
favoring rapid filling of the right atrium by better oxygenated
blood. What happens to the transfer of this blood through the
foramen ovale is less clear. It is generally accepted that pref-
erential shunting of ductus venosus blood across the foramen
ovale does not increase during hypoxemia.''?

In most cases of hypoxic hypoxemia, the O, content of the
umbilical vein is low, but this should be compensated by the
preservation of umbilical blood flow and increased cerebral
perfusion. This last element, however, causes a rise in the
volume of poorly oxygenated blood that returns to the right
atrium through the superior vena cava. The effect of this rise
in superior vena cava blood flowing into the right atrium on
the shunting pattern through the foramen ovale has not been
clearly established.

Doppler findings

Doppler echocardiography, which allows the indirect assess-
ment of peripheral vascular impedance and the early recogni-
tion of circulatory adjustments, is widely integrated in
contemporary fetal monitoring. Many studies have confirmed
that hypoxic hypoxemia does not alter Doppler flow velocime-
SLIS6 o if it does, it is
only secondary to the changes in heart rate.'*® This is in all

try waveforms in the umbilical artery

likelihood related to the fact that placental resistance does not
change significantly in this condition. In one report, 1 min of
maternal abdominal aortic compression caused a 10%
increase in the Doppler-derived umbilical resistance index, and
a 10% fall in umbilical blood flow associated with a 20%
reduction in the cerebral resistance index''’; fetal heart rate
decelerations were, however, observed during the same period.
In another study in which abdominal aortic compression was
also created, parasympathetic blockade with atropine pre-
vented both fetal heart rate deceleration and Doppler veloci-
metric changes in the umbilical artery.'®

Hypoxemia with elevated placental vascular resistance

Blood gases

Uteroplacental insufficiency with secondary fetal growth
restriction affects 3-7% of all deliveries and is a major cause
of perinatal morbidity and mortality. Maternal blood gases
are usually normal in this condition. In contrast to fetal
hypoxic hypoxemia, hypoxemia due to placental insufficiency
is characterized by an increase in placental vascular impedance
and a secondary fall in umbilical blood flow. As a consequence
of the decrease in umbilical venous return, the proportion of
poorly oxygenated blood coming from the distal inferior vena
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cava that reaches the right atrium increases, lowering the O,
available to the fetus. Contrary to what was observed in the
previous setting, pCO, tends to rise very early because of the
primary disorder in placental exchange. Similarly, acid
metabolites have less chance of crossing the placental barrier
and, therefore, tend to accumulate in the fetus. Consequently,
for the same level of hypoxemia, respiratory and metabolic
acidemia should develop early, compared with the group with
normal placental vascular resistance and flow. This point is
important in view of the deleterious effect of acidemia on tissue
O, extraction and myocardial contractility.

Cardiocirculatory responses

In an attempt to reproduce, at least in part, the conditions
created by an increase in placental vascular resistance, various
techniques have been used in fetal lambs, such as umbilical

118122 or embolization of the placental vas-

cord compression
cular network'?*='*” (Table 7.3). The hemodynamic charac-
teristics created by compression of the whole cord differ
somewhat from the human situation as both arterial and
venous umbilical flows are impaired. Doppler investigations
have shown that the pattern of umbilical Doppler flow veloc-
ities in fetuses exhibiting growth restriction due to placental
insufficiency cannot be reproduced by compression of the
umbilical arteries.'”® Nevertheless, in all these experiments, a
drop in combined cardiac output is observed and, more impor-
tantly, cardiac output decreases linearly with umbilical blood
flow.'*'?* In experiments in which resistance to placental flow
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Figure 7.11 Variation in the proportion of the combined ventricular
output flowing to the heart and brain of fetal lambs according to
arterial O, content. This proportion increases by 25% with a
reduction from 6 to ImM (reprinted with permission from ref. 89).
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was increased by selective umbilical vein compression, not
only could the Doppler velocimetric pattern usually seen in
growth-restricted fetuses be reproduced, but a significant drop
in combined cardiac output could also be documented.'3%-13>

Available reports on fetal lambs demonstrate that most of
the other peripheral vascular reactions described in hypoxic
hypoxemia are also present with hypoxemia caused by an
increase in placental vascular resistance. Mesenteric vasocon-
striction is observed as well as a decrease in flow to the skele-
tal muscles. Blood flow to the myocardium, adrenal glands
and, particularly, the brain has been found to be augmented.
This last phenomenon, documented in human fetuses with
growth restriction and placental insufficiency, has been called
the “brain-sparing effect.”

In the presence of hypoxemia related to changes in placen-
tal vascular impedance, arterial blood pressure is influenced
by two elements acting in opposite directions. On the one
hand, the increase in placental vascular resistance and
hypoxemia-induced catecholamine release would tend to
heighten blood pressure; on the other hand, the concomitant
fall in cardiac output would tend to lower it. As a final result,

127 or to

blood pressure tends either to increase moderately
remain within normal limits in these cases. Heart rate is also
quite variable, depending on the influence of catecholamines,
baroreceptors, and direct local effects. Bradycardia is noted in
the presence of severe hypoxemia with acidemia.

Myocardial function during increases in placental vascular
resistance is influenced by factors that could also have oppo-
site effects. In theory, cardiac function should be depressed
both by the fall in preload (low venous return) and by the sig-
nificant rise in afterload (increase in placental resistance).
On the other hand, myocardial contractility should be
improved by catecholamine release. Evidence of right ventric-
ular dysfunction has been found in this group of fetuses.'*”!*
Loss of end-systolic elastance of the left ventricle has been
reported in fetal sheep after repeated placental emboliza-
tion.'” Others, using the same method to create chronic fetal
hypoxemia, have noted a reduction in the myocardial deoxyri-
bonucleic acid synthesis rate that could be a contributing
factor in the deterioration of fetal myocardial function asso-
ciated with increased placental vascular resistance.'* In
human fetuses with severe growth restriction associated with
hypoxia and acidosis, changes in ventricular diastolic filling
patterns have been documented, indicating impaired diastolic

function.'3*13¢

Doppler findings

Doppler investigations have detected various degrees of alter-
ation in blood flow velocity waveforms of the umbilical artery
in human fetuses with increased placental vascular impedance.
Normal forward diastolic flow decreases with the rise in pla-
cental vascular resistance, and may completely disappear. In
severe cases, reverse diastolic flow can be recorded.'”” The
relationship between changes in Doppler velocimetry and the
fall in umbilical blood flow has been shown, however, to be

nonlinear,"® as close to a 50% decline in umbilical blood flow
must be achieved in the fetal lamb before any significant
change in Doppler velocimetric indices can be seen.

Arterial redistribution and blood centralization to vital
organs have been confirmed by recent Doppler investigations

involving not only the cerebral arteries but also renal,'’

41 coronary,'* adrenal,'?

splenic,'* brachial, and peripheral
pulmonary arteries.'** With such arterial blood redistribution,
the fetus can still maintain adequate cerebral oxygenation.
This corresponds to the “compensation phase” which, in the
clinical setting, justifies an expectant approach and the pro-
longation of pregnancy. In severe cases, however, the defense
system is overwhelmed, resulting in metabolic acidemia with
cerebral hypoxia, and reflecting the “decompensation phase.”
As mentioned previously, because of the unique position of the
aortic isthmus, this vascular segment should be the best site in
the entire fetal circulatory system at which even subtle changes
could be detected in the balance between downstream resist-
ances of the upper body and the subdiaphragmatic circulation.
Experimental studies have shown that, when placental resist-
ance to flow in fetal lambs is increased progressively, isthmic
diastolic flow disappears quickly and becomes progressively
retrograde.'” In these experiments, a strong correlation has
been found between blood flow in the aortic isthmus and flow
through the umbilical circulation (Fig. 7.12). As O, delivery
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Figure 7.12 Relationship between aortic arch and placental flows in
fetal lambs whose resistance to placental perfusion is increased by
stepwise compression of the umbilical veins. A strong linear
correlation is observed. (In the ovine, the aortic arch is the
equivalent of the aortic isthmus in the human.) (Adapted from ref.
132.)
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to the fetus is closely related to umbilical blood flow, one can
extrapolate and consider that, in these circumstances, fetal O,
delivery is also intimately linked to aortic isthmus blood flow.
An inverse correlation between the isthmic blood flow veloc-
ity index and postnatal neurodevelopmental outcome has been
reported recently: as the isthmic flow index diminishes, the
probability of a nonoptimal neurodevelopmental outcome

increases.'*

Key points

1 The fetal heart is functionally immature because of
differences in myofibril arrangement and a greater
proportion of noncontractile proteins. Also, the fetal
sarcoplasmic reticulum is less efficient at releasing
calcium.

2 TIsolated fetal cardiac muscle strips generate reduced
active tension compared with the adult muscle,
although they exhibit higher resting tension.

3 The fetal heart does respond to the Frank—Starling
mechanism, although fetal muscle shortening is less
than that of adult muscle for the same tension.

4 Fetal left ventricular (LV) preload is influenced by: the
size of the foramen ovale; 30-40% of inferior vena
cava (IVC) flow; pulmonary venous return; and
diastolic filling characteristics of the right ventricle
(RV).

5 Fetal RV preload consists of: all venous return from the
superior vena cava and blood from the IVC, which
does not cross the foramen ovale and the gradient
between the right and left atria.

6 LV afterload is primarily determined by vascular
resistance in the upper body. RV output — through the
widely patent ductus arteriosus — is primarily directed
to the placenta. Thus, RV afterload is determined by
resistance at the placental level.

7 Combined ventricular output is fairly stable from
18 weeks of gestation at 450 mL/kg/min, with an
increasing preponderance of RV stroke volume.
Pressure development is similar to that of the adult
heart.

8 It is primarily the diastolic function of the fetal heart
that reflects maturational changes. Doppler flow
through the atrioventricular (AV) valves demonstrates
this, with a gradual increase in the E wave (resulting
from active ventricular relaxation) as gestation
progresses.

9 The fetal ventricles are arranged in parallel. However,
individual ventricular outputs are not equal. Flow in
the aortic isthmus represents a reflection of the relative
ventricular outputs and relative resistance in vascular
beds perfused by the two ventricles.
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10 The pulmonary circulation is a relatively high-
resistance, low-flow vascular bed. However, the
proportion of blood flowing through this bed increases
to as much as 25% of cardiac output at term.

11 The placental circulation is a very low-resistance, high-
flow vascular bed, receiving approximately 50% of
combined cardiac output.

12 Vascular shunts traditionally described in the fetal
circulation include: the ductus venosus, which allows
some of the umbilical venous flow to enter the IVC
directly; the foramen ovale, which permits flow from
the right atrium to the left atrium; and the ductus
arteriosus. The last vascular segment actually channels
RV outflow toward the systemic circulation.

13 The aortic isthmus, located between the origin of the
left subclavian artery and the aortic end of the ductus
arteriosus, is a shunt between the two parallel
circulations of the LV and the RV.

14 The direction of flow in the isthmus is determined by
the relative influences of the two ventricles and the
resistance of their respective downstream vascular

beds.

15 Arteriovenous malformations lead to increased preload
and decreased afterload. There is a marked elevation in
cardiac output, and then progressively in cardiac size.
Failure may occur from AV valve regurgitation.
Peripheral circulatory changes vary, depending on the
location of the malformation (upper versus lower

body).

16 Fetal anemia also results in increased preload and
decreased afterload. Cardiac output rises, and
peripheral blood velocities tend to climb.

17 The twin—twin transfusion syndrome is characterized
by chronic hypotension and hypoperfusion in the
donor twin, while the recipient develops hypertrophic
cardiomyopathy potentially leading to ventricular
dysfunction and hydrops.

18 Fetal hypoxic hypoxemia causes elevated blood
pressure and decreased heart rate, with redistribution
of cardiac output to the brain, heart, and adrenals.
Placental blood is maintained until the progression to




19

FETAL CARDIOVASCULAR PHYSIOLOGY AND RESPONSE TO STRESS CONDITIONS

severe acidemia with a fall in cardiac output. Highly
oxygenated umbilical venous blood is increasingly
shunted through the ductus venosus to the IVC.

Hypoxemia resulting from placental insufficiency
involves heightened placental vascular impedance and
decreased umbilical blood flow. pCO, increases more
quickly, and acidemia develops earlier than in the
setting of normal placental resistance. Blood flow is
markedly redistributed to the brain, heart, and adrenal

20

glands. Ventricular dysfunction may develop in the face
of hypoxia and acidosis.

With increased placental resistance, diastolic flow
velocity in the umbilical artery (UA) decreases and may
eventually become retrograde. Doppler flows in the
aortic isthmus predate the changes in the UA. There is
an inverse correlation between the isthmic blood flow
velocity index and postnatal neurodevelopmental
outcome.
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Immunology of the fetus

Josiah E. Wedgwood and James G. McNamara

This chapter provides an overview of the developing fetal
immune system from molecular, cellular, and functional per-
spectives. Many questions and issues remain unresolved, but
the framework reveals a tightly regulated process of develop-
ment and provides a basis for understanding future insights
into the ontogeny of the immune system.

The purpose of the developing immune system is to recog-
nize virtually all foreign pathogens (i.e., to have a very broad
repertoire of responses) and yet not respond to normal host
products (i.e., not react to self). This is accomplished through
the innate and adaptive immune systems and the interactions
between them. The generation of B- and T-cell receptor (BCR
and TCR) diversity, which is critical to the adaptive immune
system, has been the subject of intense investigation and has
provided a number of useful models of how the developing
fetus acquires functional competence. The role of changes (or
lack of changes) in the innate immune system during fetal
development is much less well understood. Before going
further, a summary of some general concepts will allow us to
consider developmental immunology issues from a common
framework.

Relevant concepts in immunology

The innate immune system consists of receptors and other
proteins that respond to foreign pathogens but do not
change over time.' Table 8.1 lists the components of the
innate immune system; this list will undoubtedly grow as our
understanding of the innate immune system increases. In
contrast with the innate immune system, the adaptive
immune system uses receptors that can become more refined
over time.> The two systems can cooperate in a number
of ways.

All of the cells of the immune system originate from
hematopoietic stem cells located in the bone marrow of
adults.® These pluripotent cells initially generate the myeloid
progenitors (the precursor of granulocytes, macrophages, den-
dritic cells, and mast cells) and the common lymphoid pro-
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genitors [the precursor of lymphocytes and natural killer (NK)
cells]. Cells of the myeloid lineage mature in the bone marrow
or after taking up residence in the tissues. The lymphocytes
mature in the bone marrow (B cells) or thymus (T cells). After
maturation, the lymphocytes circulate through the blood-
stream to the peripheral lymphoid organs, where they can
become exposed to antigens on dendritic cells. From the
peripheral lymphoid organs, the lymphocytes enter the lymph
ducts and are returned to the bloodstream. This allows the
formation of immunologic memory and refinement of the
receptors of the adaptive immune system.

Immunologic nomenclature

The nomenclature used in immunology can be very cumber-
some and confusing. The term “clusters of differentiation”
(CD) is used to describe antigens expressed by groups or
subsets of cells of the hematopoietic system. More than 300
CDs have been defined.* This designation is used for all species
in which homologous structures have been identified. Anti-
bodies to specific CDs are often used to enumerate important
types of leukocytes by flow cytometry. Table 8.2 lists the com-
monly encountered leukocyte groups.

Chemokines are small secreted proteins that act as chemoat-
tractants for leukocytes and some other cells during inflam-
mation.” Chemokines interact with specific chemokine
receptors. Table 8.3 lists the chemokines, chemokine recep-
tors, and target cells.

Cytokines are also secreted proteins that affect the behav-
ior of other cells.® Cytokines interact with specific cytokine
receptors. Cytokines made by lymphocytes are sometimes
referred to as lymphokines or interleukins. Table 8.4 lists the
cytokines, cytokine receptors, producer cells, and cytokine
actions.

Pathogen recognition in the innate immune system

The innate immune system recognizes pathogens through
invariant receptors that take advantage of molecular



structures that are unique to pathogens.” The system is static,
although changes in the number of receptors present can
occur. For example, the collectins, which include mannose-
binding protein (MBP), surfactant protein A (SpA) and sur-
factant protein D (SpD), bind to repeating carbohydrates in
particular spatial arrangements that are present only on
pathogens.® Binding of SpA to the respiratory syncytial virus
fusion protein neutralizes this virus, and thus can prevent
infection or spread of virus.’

Toll-like receptors (TLRs) were originally described in the
fruit fly, in which they were found to confer protection from
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some fungal infections.' In humans, TLRs respond to various
microbial products, including peptidoglycan, flagellin, and
unmethylated CpG DNA."" Lipopolysaccharide (LPS) bound
to CD14 is recognized by TLR-4. TLR-3 recognizes double-
stranded RNA, which is sometimes expressed during viral
infections and is not normally found in mammalian cells.
Unmethylated CpG DNA is typically found in bacteria and is
recognized by TLR-9. Single-stranded RNA, which is typical
of many viruses, is recognized by TLR-7 and TLR-9. The acti-
vation of TLRs triggers the production of proinflammatory
cytokines [IL (interleukin)-1, IL-6,IL-12, tumor necrosis factor

Table 8.2 CD antigens used to define important leukocyte groups.

Table 8.1 Components of the innate immune system.

Type of system

Examples

Physical barriers

Host cells

Antimicrobial agents

Opsonins
Reactive oxygen and
nitrogen species

Skin, gut, and respiratory epithelium, hairs,
cilia, mucin, normal flora

Macrophages/dendritic cells, neutrophils,
NK cells, mast cells, y/8 T cells, CD5+ B
lymphocytes

Defensins, lactoferrin, transferrin, lysozyme,
myeloperoxidase, serprocidins, bacterial
permeability-increasing protein

Complement, fibronectin

Superoxide, hydrogen peroxide, hydroxyl

radical, hypochlorite ion, nitric oxide

Leukocyte group Description
Lymphocyte subgroups

CD3+ T cells
CD4+/CD3+ Helper T cells
CD8+/CD3+ Cytotoxic T cells
CD25+/CD4+/CD3+ Regulatory T cells
CD45RA+/CD3+ Naive T cells
CD45RO+/CD3+ Memory T cells
CD19%+ B cells

CD20+ B cells

IgM+/IgD—/CD19+
IgM+/1gD+/CD19+
IgM—/IgD-/CD19+

Immature B cells

Memory B cells

Mature naive B cells

Receptors Collectins, conglutinin, selectins, CD14,
TLR Other cell types

Cytokines IL-1, TNF-a, IL-6, IL-8, MIP, MCP, IFN-y, CDS6+ NK cells
IL-12, IL-15, IL-18, GM-CSE, G-CSF, CD14+ Monocytes/neutrophils (myelomonocytic
M-CSF lineage)

Table 8.3 Chemokines.

Family* Chemokines Examples of Human Target cell Specific receptor

other names chromosome
CXCL (ELR+: CXCL1, CXCL2, GRO0, GROB, 4, occasionally 5 Predominantly neutrophils CXCR1, CXCR2,
chemotactic CXCL3, CXCLS, GROy, IL-8 some unknown

for neutrophils)

CXCL (ELR—:
chemotactic for
lymphocytes)

CCL

C and CX3C

CXCL6, CXCL7,
CXCLS8, CXCL14,
CXCL15

CXCL4, CXCL9,
CXCL10, CXCL11,
CXCL12, CXCL13,

PF4, Mig, IP-10,
I-TAC, SDF-1

CXCL16
CCL1-28 (some only MCP-1, MIP-1a,
in mouse) MIP-18,
RANTES
XCL1, XCL2, Lymphotactin,
CX3CL1 SCM-1B,
fractalkine

4, occasionally
10 or 17

17, occasionally

Predominantly activated T cells

Predominantly monocytes/

CXCR3, CXCR4,
CXCRS, CXCR6

CCR1-10, some

2,5,7,9,or macrophages, also dendritic unknown
16 cells, T cells, eosinophils,
basophils
1or16 Predominantly T cells and NK XCR1, XCR2,

cells

CXCR1

*Chemokine families are characterized by the amino acid sequence surrounding the critical cysteine(s).
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Table 8.4 Representative cytokines.

Cytokine Receptor Producer cells Action
Hematopoietins ~ Epo (erythropoietin) EpoR Kidney cells, hepatocytes Stimulation of erythroid
progenitors
IL-2 (T-cell growth IL-2R (CD25 o-chain, T cells T-cell proliferation
factor) CD122 B-chain, CD132
common Y-chain)
IL-4 (BCGF-1, BSF-1) IL-4R (CD124 o-chain, T cells, mast cells B-cell activation, IgE switch,
CD132 common y-chain) differentiation into Th2
G-CSF G-CSFR Fibroblasts and monocytes ~ Neutrophil development and
differentiation
GM-CSF GM-CSFR (CD116 o-chain, Macrophages, T cells Growth and differentiation of
CDw131 common B-chain) myelomonocytic lineage,
particularly dendritic cells
Interferons IFN-a CD118 (IFNAR2) Leukocytes, dendritic cells  Antiviral, increased
MHC class I expression
IFN-B CD118 (IFNAR2) Fibroblasts Antiviral, increased
MHC class I expression
IFN-y CD119 (IFNGR2) T cells, NK cells Macrophage activation, increased
MHC/antigen expression, Ig
class switch, suppression of
Th2
TNF family TNF-a (cachectin) CD120a, CD120b Macrophage, NK cells, Local inflammation, endothelial

IL-10 family

IL-12 family

Unassigned

TNEF- (lymphotoxin)

CD40 ligand (CD40L,
CD154)

Fas ligand

IL-10

IL-12

TGF-B

IL-Tar

IL-1B

CD120a, CD120b
CD40

CD95 (Fas)
IL-10R

IL-12R

TGF-BR

CD121a, CD121b

CD121a, CD121b

T cells
T cells, B cells
T cells, mast cells

T cells
T cells, macrophages

Macrophages, dendritic
cells

Chondrocytes, monocytes,
T cells

Macrophages, epithelial
cells

Macrophages, epithelial
cells

activation
Killing, endothelial activation
B-cell activation, Ig class switch

Apoptosis, Ca*- independent
cytotoxicity

Potent suppressant of macrophage
functions

Activation of NK cells, induction
of CD4+ T- cell differentiation
into Th1-like cells

Inhibition of cell growth, anti-
inflammatory, induction of
IgA switch

Fever, T-cell activation,
macrophage activation

Fever, T-cell activation,
macrophage activation

(TNF)-a] and chemokines (CXCL8 or IL-8) and the expres-
sion of co-stimulatory molecules.

TLRs are not the only pattern recognition receptors (PRRs)
of the innate immune system. The nucleotide-binding
oligomerization domain (NOD) proteins, which recognize
muroproteins from the bacterial cell wall, and RNA helicases,
which respond to double-stranded RNA from viral infections,
have recently been described,'? and the discovery of other
PRRs can be expected.”

Killer cell immunoglobulin-like receptors (KIRs) represent a
recently described and complex series of receptors that are
present on subsets of NK cells, ¥/6 TCR+ T cells, and some

116

memory/effector o/ TCR+ T cells.” In humans, the KIR gene
family contains up to 15 genes and two pseudogenes that are
closely linked on chromosome 19. The selection of varying
numbers of KIR genes for expression appears to be a random
event. The subset of expressed KIR genes becomes fixed by
methylation of the unexpressed KIR genes. The KIR ligands
are major histocompatibility complex (MHC) class I mole-
cules including human leukocyte antigen (HLA)-A, HLA-B,
and HLA-C proteins. Binding of KIR to these molecules is
usually inhibitory, leading to suppression of cytotoxicity and
cytokine secretion. The interaction of KIR with HLA-G and
HLA-E may help in the maintenance of pregnancy.'* Because



NK cells are involved in vascular remodeling of the placenta,
preeclampsia and spontaneous abortion may result from
abnormal KIR-ligand interactions."

The various components of the innate immune system are
able to: (1) prevent infection or slow the spread of infection;
(2) kill cells harboring or replicating the pathogen; and (3)
recruit other components of the innate and adaptive immune
systems to the site of infection.

Pathogen recognition in the adaptive
immune system

By definition, mature B cells or T cells express cell-surface
receptors that they use to recognize foreign antigens. The BCR
is made up of a membrane-anchored immunoglobulin (two
heavy chains and two light chains), together with associated
signaling molecules.'® The BCR is able to recognize both mem-
brane-associated and soluble antigens. The TCR is composed
of two glycoprotein chains (o/B or y/d heterodimers) that are
able to recognize antigens in association with MHC class I or
class II molecules.'”” TCRs are also associated with nonpoly-
morphic proteins that are involved in signal transduction.

The generation of functional BCRs and TCRs is the result
of ordered rearrangements and expression of families of genes.
The immunoglobulin family of genes that generate BCRs was
the first to be described and became the prototype for the
study of TCR genes."® Immunoglobulin genes have coding
sequences (exons) for constant regions (C), variable regions
(V), joining regions (J), and, in heavy chains, diversity regions
(D), which are encoded in a nonrearranged form (germline
configuration) on different chromosomes: chromosome 14 for
immunoglobulin heavy chains, chromosome 2 for x light
chains, and chromosome 22 for A light chains.

The cascade of events leading up to a productively
rearranged IgM heavy chain can be summarized as follows.
First, a D-gene exon is transposed next to a J-chain exon, with
the intervening genes being deleted as a result of the rearrange-
ment. Then a V-gene exon is similarly transposed to form a
V/D/] recombinant. This recombination alters nuclear regula-
tory genes and allows the transcription of the V/D/J complex
as well as the downstream C exon. Subsequently, the tran-
scribed RNA is spliced to remove the intervening sequences to
produce mature messenger RNA (mRNA); this is translated
to produce a functional IgM heavy chain with a hydrophobic
tail, which anchors the BCR in the cell membrane. Similar
events lead to the production of light chains except that no D
gene is involved.

Immunologic diversity is generated through four mecha-
nisms.'” First, a large combinatorial contribution comes from
the number of different V, D, and ] exons that are available
to produce the heavy chain, or the different V and J exons that
are available to produce the light chain. Second, junctional
diversity is introduced as a result of the addition or deletion
of base pairs at the time of recombination. Third, additional
combinatorial diversity results from the different possible
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combinations of heavy and light chains. Finally, in a process
that is unique to B cells, somatic mutations, or the mutational
events that occur within genes after rearrangement, occur with
activation. By the process known as allelic exclusion, only one
chromosomal allele at a time can be productively rearranged
for each heavy- or light-chain immunoglobulin gene. Signifi-
cantly, the entire process of gene rearrangements to form
immunoglobulins in immature B cells occurs as an antigen-
independent event. The signals that drive the initiation of this
cascade, which culminates with the production of a highly
sophisticated mechanism of protection, are not known.

TCRs are composed of heterodimers of o/p chains or the
numerically much less common /8 chains (< 5% of periph-
eral blood T cells).?” TCR diversity is generated in the same
way as BCR diversity: V/D/] recombinations generate the vari-
able region of the TCR &-chain or y-chain and V/] recombi-
nations generate the variable region of the TCR B-chain or
d-chain. Similarly, the diversity of TCR antigen specificities is
generated through combinatorial and junctional mechanisms;
however, somatic mutation is responsible for much less recep-
tor diversity than in immunoglobulins. As with BCR, the TCR
gene rearrangement is not driven by antigen-dependent mech-
anisms. Generation of the TCR results in formation of a TCR
excision circle (TREC) that persists until the cell undergoes
mitosis.*' Thymic output of T cells can be assessed by deter-
mining the fraction of TREC+ T cells.

The BCR is unique in its ability to switch isotypes by recom-
bination between the V/D/J cluster and sequences for switch
sites further downstream; this brings the complex to regions
encoding other heavy-chain exons, which again undergo RNA
splicing to generate the final mRNA product. This process is

termed “isotype switching.”*

Clonal selection hypothesis

The random generation of BCRs and TCRs described above
will lead to the generation of cells that can be expected to
respond to self (auto)-antigens. Burnet’s clonal selection
hypothesis includes a postulate that explains why these clones
are not observed;*® they are deleted at an early stage in lym-
phoid cell development. Experimental evidence has demon-
strated that this hypothesis is correct.

T-cell clonal deletion in the thymus and peripheral
lymphoid tissues
The development of the thymus is essential to the normal evo-
lution of a functional immune system. Patients with the com-
plete DiGeorge’s anomaly (triad of cardiac abnormalities,
hypoparathyroidism, and absent thymus) fail to develop T-cell
lymphocytes and have a severe combined immunodeficiency.**
The thymus consists of numerous lobules, each of which has
an outer cortical region and an inner medulla. The cortical
region consists of a network of epithelial cells that provide
signals to lymphoid progenitors to differentiate into T cells
through the Notch1 receptor, in addition to providing other
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critical cytokines which allow T-cell development.”* One of the
signals that is necessary for a T cell to survive is the ability of
the TCR to bind to MHC self-molecules in the absence of
antigen. At the time of this positive selection, the developing
T cell expresses both CD4 and CD8. The selection results in
CD4+ T cells, which recognize MHC class II molecules, and
CD8+ T cells, which recognize MHC class I molecules. Neg-
ative selection occurs when these cells bind tightly to cortical
epithelial cells expressing self-antigens that are bound to MHC
molecules. A second round of negative selection occurs when
developing T cells are exposed to self-antigens on dendritic
cells at the corticomedullary junction. A substantial fraction
of T-cell clones are removed through this selection process.*

In addition to selection in the thymus, T cells are actively
selected in peripheral lymphoid tissue. Repeated contact with
MHC-self-peptide complexes is necessary for the continued
survival of naive T cells. Negative selection of autoreactive
T-cell clones also occurs in the periphery.?”

B-cell clonal deletion in the bone marrow and peripheral
lymphoid tissues

In the bone marrow, developing B cells, which are cross-linked
to BCRs by multivalent self-molecules, are either deleted or
undergo additional receptor editing.”® B cells that encounter
soluble self-molecules in the bone marrow downregulate the
p-chain of the BCR and become anergic (unresponsive) to
further exposure to antigen. Naive B cells must enter the fol-
licular region of peripheral lymphoid tissue to receive signals
to prevent cell death. Naive B cells that encounter a strongly
cross-linking self-antigen also undergo clonal deletion. Again,
a substantial fraction of clones are deleted through this selec-
tion process.

Immunologic memory

B cells or T cells that have not been exposed to antigen are
called naive. Exposure of B cells to antigen (first signal)
together with signals from activated T cells or antigen-pre-
senting cells (APC) result in activation of the B cell, cellular
proliferation, and generation of scattered somatic mutations
throughout the antibody variable regions.*” Somatic mutations
that improve antigen binding are able to undergo additional
expansion whereas mutations with diminished binding
undergo apoptosis. In addition, some B cells may also undergo
an isotype switch, which is regulated by T-cell-derived
signals.®® The resulting B cells are termed memory B cells, and
are responsible for the robust secondary antibody response
seen on re-exposure to an antigen. Finally, some of the B cells
will mature into plasma cells and produce secreted antibody.*!

T cells respond to antigen which has been processed by
APC. Small peptides derived from the antigen are bound to
class I MHC or class I MHC molecules transferred to the cell
membrane.’>** A second signal, usually the result of activa-
tion of the APC, is required for T-cell proliferation and
maturation.’® Immediately after exposure to antigen, the
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number of reactive T cells increases as effector T cells are pro-
duced. Some of these cells persist and are called memory
T cells.

Ontogeny of the innate immune system

The ontogeny of some components of the innate immune
system has been investigated; however, further information is
still required in many areas.

Physical barriers

The incomplete keratinization of the skin of premature infants
is well known.** After premature delivery, accelerated matu-
ration occurs. Studies of skin treatments to reduce infections
have yielded inconsistent results.*® What is clear is that there
is a markedly increased absorption of topically applied com-
pounds through the skin of newborns, which can result in tox-
icity (e.g., hexachlorophene, povidone-iodine).*” Proponents
of probiotics argue that establishing an appropriate gut flora
reduces the risk of infection and necrotizing enterocolitis.***’
One recent report has suggested that erythema toxicum neona-
torum may be the result of the innate immune response to
commensal bacteria penetrating the skin of the newborn
around the hair follicle.*’

Host cells

The numbers of macrophages/dendritic cells, neutrophils, NK
cells, mast cells, ¥/8 T cells, and B1 lymphocytes appear
normal at birth. Neonatal dendritic cellular function is
impaired and may contribute to the impaired specific immune

#1'" Newborn neutrophil

response observed in this group.
chemotaxis in response to chemokines is decreased when com-
pared with adults.** NK cells from newborns function poorly
against herpes simplex virus (HSV)-infected target cells, which
may explain the unusual susceptibility of this group to Herpes

simplex infections.*

Antimicrobial agents

Antimicrobial proteins such as defensins, bacterial permeabil-
ity-increasing protein (BPI), and lysozyme are developmentally
regulated and expressed in lower levels in premature infants
than in term infants.*** These proteins contribute to the
antimicrobial properties of amniotic fluid and vernix.*’

Opsonins

Most complement components, including C3, are decreased in
newborns. Diminished C3 levels may result in an increased
risk of infection as well as a diminished response to vaccina-
tion. Serum fibronectin levels are related to gestational age at
birth. This may have clinical implications because fibronectin



serves as an opsonin for staphylococci and group B
streptococci.

Reactive oxygen and nitrogen species

Functional comparisons of adult and newborn neutrophils
give conflicting results.** Oxidative metabolism (H,O, and O*
production) is normal or increased in newborn neutrophils,
but chemiluminescence (-OH production) is diminished for
many stimuli; this may be the result of decreased lactoferrin
content. LPS dramatically increases oxidative metabolism and
chemiluminescence in adult neutrophils but has little effect in
newborns as expression of CD14, an LPS receptor, is
decreased.” In vivo, the relative inability of newborn neu-
trophils to generate reactive oxygen and nitrogen species and
hence kill bacteria is accentuated by defects in adherence to
activated endothelial cells and chemotaxis,*® defects in phago-
cytosis resulting from poor serum opsonization,”' and a
smaller neutrophil storage pool.*

Innate receptors

Many of the TLR responses of newborn cells are diminished
for reasons that are not completely understood. For example,
the response of cord blood monocytes to LPS exposure is
diminished.”® Some have argued that this is the result of
decreased expression of TLR-4 on fetal and newborn mono-
cytes, but others have noted decreased intracellular levels of
MyD88, a TLR-adaptor protein.’* Other relative defects in the
TLR signaling pathway have also been described.”* Whatever
the mechanism, activation of TLRs in the newborn results in
smaller amounts of proinflammatory cytokines and
chemokines as well as diminished expression of co-stimulatory
molecules. The predicted result of this decreased TLR func-
tion is an increased susceptibility to infection and a decreased
ability to develop a robust adaptive immune response. Nega-
tive regulators of TLRs have been described but have not been
studied in newborns.*

Inflammatory cytokines

Newborn mononuclear cells produce decreased amounts of
CCL3 (MIP-10) compared with adult cells.”” In contrast, pro-
duction of IL-8 by newborn neutrophils is increased.”® Few
studies have been conducted to evaluate other cytokines. The
implications of reported differences in cytokine production for
clinical practice are unclear.

Ontogeny of the adaptive
immune system

Serum immunoglobulin

Term newborns have total serum IgG levels that are slightly
higher than their mothers. This IgG is produced by the
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Table 8.5 Serum immunoglobulin levels (mgdL) in fetuses and
newborns.

Group IgG1 IgG2  IgG3  IgG4 IgA IgM

17-22 weeks 0.93  0.31 0.05 0.04 0.001 -
28-32 weeks 3.7 0.93 0.19 0.21 0.002 -
Term 1043  1.56 0.41 0.47 0.004 <0.2
Adult 10 4 1 0.5 2.5 2

mother’s immune system and is actively transported across the
placenta starting in the second half of the second trimester.
Transport is mediated by neonatal Fc receptors in the syncy-
tiotrophoblast, which are able to bind IgG at the acidic pH
present in the vacuoles containing pinocytosed maternal
serum.’” IgG1 is transported more efficiently than the other
IgG subclasses. IgM, IgA, and IgE do not bind to the neona-
tal Fc receptor involved in this transport process and are vir-
tually absent from newborn serum unless the fetal immune
system has been stimulated (e.g., by a congenital infection;
Table 8.5).

The presence of maternal antibodies protects the newborn
(passive immunity) from some infections for several months.
However, the presence of maternal antibodies also interferes
with the antibody response generated by immunization.®
Interestingly, T cells are usually primed in a normal fashion to
immunogens.®' These maternal antibodies can also prevent the
early replication of live viral vaccines, leading to vaccine
failure.

Preterm infants have immunoglobulin levels that are similar
to those seen in congenital immunodeficiency diseases
involving antibody formation, which are associated with an
increased risk of infections.®” Immunoglobulin replacement
therapy in preterm infants has not been associated with
decreased numbers of infections.®® This may reflect alterations
in complement levels, neutrophil function, and phagocytic
capability, which are also present in newborns, as well as the
fact that the most frequent cause of newborn sepsis is Staphy-
lococcus epidermidis.

T-cell development

Pre-T cells can be identified in the fetal liver as early as 7 weeks
of gestation; these cells seed the thymus at 8-9 weeks, and T
cells (TCR+) appear shortly thereafter. By 18 weeks, CD4+ T
cells and CD8+ T cells are present in the blood. At term, the
numbers of CD4+ T cells and CD8+ T cells in blood are
approximately the same as those seen in adults. However,
there are some significant differences. Almost all of the periph-
eral blood T cells in the fetus are naive compared with 40%
of the adult T cells. A much larger percentage of newborn T
cells are recent emigrants from the thymus and have the DNA
excision circles that are formed during the TCR recombina-
tion process. Finally, the newborn T cells have a random dis-
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tribution of TCRs, whereas adult T cells have evidence of
clonal expansion.”* CD25+/CD4+ regulatory T cells are
observed early in the second trimester.®’

B-cell development

In the human fetus, pre-B cells can be identified in fetal liver
samples as early as 7-8 weeks’ gestation.®® B cells bearing
surface IgM are first detected in fetal liver at 9-10 weeks’ ges-
tation. Shortly after this time, B cells that also express surface
IgG or surface IgA can be found in small numbers, and, by
weeks 12-13, surface IgD cells can also be found. Although
B cells are first observed in fetal liver, they are rapidly observed
subsequently in fetal bone marrow, spleen, and blood. The
number of circulating B cells found in fetal blood reaches the
level seen in adults by approximately 15 weeks’ gestation. By
the end of the first trimester, the generation of new B cells
switches from the fetal liver to the bone marrow. Primary
nodules develop around the follicular dendritic cells of the
lymph nodes at about 17 weeks of gestation, but do not
develop in the spleen until about 24 weeks.®” Germinal centers
are generally absent until after birth, probably from lack of
response to antigens.

CDS5+ B cells are largely T-independent and produce polyre-
active antibodies that may be important in the primary
immune response.®® The percentage of CD5+ B cells is signif-
icantly elevated in the fetus and declines during gestation. At
birth, most B cells are CD5+, whereas CD5+ cells represent a
small fraction of the B cells found in adults. CD5+ B cells may
be a distinct lineage of B cells, not a precursor of CD5- B cells.

Plasma cells secreting IgM can first be detected at 15 weeks’
gestation, followed by IgG- and IgA-secreting plasma cells at
approximately 20 and 30 weeks’ gestation respectively.®”” As
noted in the discussion above, the amount of immunoglobu-
lin produced by these cells is very small compared with that
transferred from the mother.

Functional adaptive immunity

Although the number of B cells and T cells in the fetus and
newborn are similar to those observed in adults, the function
of the cells is abnormal. Neonatal T cells spontaneously pro-
liferate in vitro, to a small extent, and respond well to IL-7,
the interleukin responsible for regulating the size of the lym-
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phocyte pool. However, neonatal T cells do not proliferate
well in response to activation through the TCR.

The fetus is able to develop memory CD4+ T cells to
transplacental antigen exposure such as tetanus toxoid, cat
dander, and dust mites;”® generally, the response is weak. New-
borns are also able to respond to immunization with bacille
Calmette-Guérin (BCG) and can develop a strong antiviral
response after infection.” Still, the amount of cytokines (IL-
2, IL-4, IFN-y) secreted is lower than that seen in adults and
the expression of the activation marker CD154 (CD40L),
which is a second signal for B cells, is diminished.”” This means
that fetal and newborn T cells are not as effective in helping
B cells as adult T cells. The CD25+/CD4+ regulatory T cells
observed in the newborn are able to suppress other T-cell func-
tions. The functional capabilities of newborn CD8+ cytotoxic
T cells have not been well studied.

Newborn B cells are able to respond to activation through
the BCR and CD154 (CD40L).” Newborn B cells require
higher levels of IL-4 to undergo class switch in culture.”* The
absence of germinal centers in the lymph nodes and spleen of
the newborn may also play a role in the poor antibody
response observed after infection or immunization.

Conclusion

The immune system develops in a highly orchestrated and
integrated fashion. B- and T-lymphocyte development begins
midway through the first trimester and, in many ways,
achieves significant maturity (equal to that seen in the term
neonate) during the second trimester of pregnancy. The early
stages of lymphocyte maturation occur as the result of mech-
anisms that do not depend on antigenic stimulation, provid-
ing humans with an immunologic repertoire that is capable of
responding to virtually any antigenic challenge. Further mat-
uration of the immune system, such as the development of spe-
cific immunologic memory and more potent humoral and
cellular effector mechanisms, occurs after exposure to the
myriad environmental challenges that occur in postnatal life.
Thus, the immune system is a highly responsive organ system
that has its origins early in gestation, reaches maturity during
the first decade of life, but continues to evolve and respond to
pathogenic insults throughout life until immunologic senes-
cence occurs.



Key points

1 Components of the innate immune system do not
change with exposure.

2 The innate immune system includes pattern
recognition receptors such as the toll-like receptors
(TLRs).

3 The innate immune response can recruit other
components of the innate and adaptive immune system
to the site of infection.

4 T-cell receptor (TCR) and B-cell receptor (BCR)
diversity results from recombination of multiple exons,
junctional diversity, and random combinations of the
two chains present in each receptor.

5 Self-reaction T cells are deleted primarily in the
thymus.

6 T cells recognize small peptides bound to class T or
class II major histocompatibility complex (MHC)
molecules.

7 Repeated exposure of B cells to antigen results in
somatic mutations of the antibody variable region and
selection of B cells with improved antigen binding.
Somatic mutation does not occur in T cells.

8 T-cell memory is a result of clonal expansion.

9 The following defects of the innate immune
system are observed in newborns: incomplete
keratinization of the skin; decreased neutrophil
chemotaxis; decreased natural killer (NK) cell function
against herpes simplex virus (HSV)-infected cells;
decreased antimicrobial proteins; decreased
complement C3 and fibronectin; decreased response of
neutrophil oxidative metabolism to lipopolysaccharide
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(LPS) exposure; and a decreased neutrophil storage
pool.

Many components of the innate immune system have
not been studied in the fetus or newborn.

Defects in the innate immune system contribute to the
susceptibility of the fetus and newborn to infection.

Maternal IgG is actively transported to the fetus during
the third trimester. IgG1 is more efficiently transported
than IgG2, IgG3, or IgG4. Maternal IgM, IgA, and IgE
are not transported and are typically present in very
small amounts.

Maternal IgG interferes with the newborn’s ability to
generate an antibody response to vaccination, but not a
T-cell response to vaccination.

Immunoglobulin replacement therapy in preterm
infants has not been associated with decreased numbers
of infections.

Fetal T cells appear in the first trimester.

At birth, neonatal T cells have not undergone clonal
expansion. Almost all neonatal T cells are naive.
The fetus is able to generate T-cell responses to
transplacental antigen exposure.

Fetal B cells appear in the first trimester.

The fetus is able to make IgM, IgG, and IgA by the
second trimester, but very little immunoglobulin is
produced.

Fetal and newborn T cells have diminished expression
of CD154 (CD40L), which is required to generate an
appropriate antibody response.
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Fetal endocrinology
Charles E. Wood and Maureen Keller-Wood

The endocrine systems of the fetus are modulators of the clas-
sical physiological organ systems. For example, the basic com-
ponents of the cardiovascular system work together to
transport nutrients and waste products and to perfuse the
tissues with blood. However, the blood volume and osmolal-
ity is controlled via the actions of endocrine feedback mecha-
nisms, and the distribution of combined ventricular output is
affected by several hormones that are released after fetal stress.
The fetal lung makes lung liquid prior to birth and serves as
an organ of gas exchange after birth. However, the reabsorp-
tion of lung liquid is likely to be coordinated by several hor-
mones that are secreted at birth. This chapter will focus on
the endocrinology of the developing fetus. Because of the
inherent difficulty in studying developing human fetuses, much
of what we know about the developing human has its origins
in the study of animal models, mostly fetal sheep; although
more pertinent to the human being, less information has been
obtained from primate models of fetal development. Rodents
are altricial species (relatively immature at birth); however,
useful information about endocrine development (especially
relating to first- and second-trimester fetuses) has been
obtained from developing rats and mice. There are notable
exceptions, however, for example the biosynthesis of estrogens
in humans and primates involves a “fetoplacental unit,” while
the biosynthesis of estrogens in sheep is more straightforward.
It is, perhaps, the differences among species that allow us to
identify the truly basic principles of endocrine control in
fetuses. This chapter is intended to be an overview of the
current knowledge of several aspects of this large field, not a
comprehensive review of the literature. The focus of this
chapter will be the major endocrine axes of the fetus includ-
ing estrogen biosynthesis, and hypothalamic and pituitary
control of adrenal, gonad, and thyroid function, with special
emphasis on the roles that these endocrine axes play in the
development of the fetus and its adaptation to extrauterine
life. We will address each of these major endocrine systems
separately.
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Hypothalamus-pituitary—gonadal axis

Gonadotropin-releasing hormone (GnRH) is secreted into the
hypophyseal-portal blood at the median eminence, and stim-
ulates the release of both luteinizing hormone (LH) and folli-
cle-stimulating hormone (FSH) from gonadotropes in the
anterior pituitary. At mid-gestation or before, in the sheep
fetus, LH and FSH are present in gonadotropes and GnRH is
present in the hypothalamus at both the mRNA and the
protein level. (Prior to the maturation of the fetal pituitary,
chorionic gonadotropin (CG) from the placenta stimulates
fetal gonadal growth, differentiation, and secretory activity.)
The levels of LH and FSH appear to be greater in female
fetuses than in male fetuses and pulsatile secretion of these
hormones becomes established during the fetal period. The
overall activity of the hypothalamus—pituitary—gonadal (HPG)
axis reaches a peak at approximately 30-40% gestation in the
sheep fetus, decreasing until birth (Fig. 9.1)." In the rat fetus,
a species that is relatively immature at birth, the protein and
mRNA tissue concentrations of GnRH, LH, and FSH increase
continuously until birth. GnRH neurons have been identified
in the region of the organum vasculosum of the lamina ter-
minalis (OVLT), in the medial preoptic nucleus, and in the
nucleus of the diagonal band of Broca.

In the sheep fetus, testosterone secretion from the fetal
gonads peaks at about the same time as the peak in plasma
concentrations of gonadotropins, at approximately 30-40%
gestation (Fig. 9.1). The mid-gestational peak in gonadal
steroid hormone secretion appears to stimulate gonadal
growth and differentiation. However, later in gestation, the
placenta synthesizes increasing quantities of both estrogens
and androgens, which is controlled by the fetal hypothala-
mus—pituitary-adrenal (HPA) axis.?



Fetal estrogen and androgen
biosynthesis

The major source of androgens and estrogens in the late-gesta-
tion fetus is the placenta.’ In primate species, including
humans, the biosynthesis of estrogens and androgens depends
upon an intact fetoplacental unit. The placenta lacks cyto-
chrome P450.7, (CYP17), and therefore, 170-hydroxylase
and 17,20-lyase activities (Fig. 9.2). Nevertheless, the placenta

| Placenta | | Pituitary |

GnRH l l LH

Fetal testis
l T

Plasma concentration
(arbitrary units)

0 50 100

Percent gestation

Figure 9.1 Schematic representation of the ontogeny of hCG, LH,
and testosterone (T) in the plasma of a male fetus. The relationship
of GnRH, FSH, LH, and T is represented in the upper right corner
of the figure.

Figure 9.2 Steroid biosynthesis in the
developing primate fetus. Steroidogenic
enzymes are represented by the following
abbreviations: P450,,, (170-hydroxylase
and 17,20-lyase activities); 3p-HSD
(3B-hydroxysteroid dehydrogenase activity);
P450.1,; (11o-hydroxylase activity);

3p-HSD l
Progesterone —>

P450,,, l
11-deoxycorticosterone

P450.11,, (aldosterone synthase P450 EStrOgenS
activity); P450,,,n (aromatase activity). elibl l l
The fetal zone of the fetal adrenal cortex is Corticosterone Cortisol
capable of performing the reactions in the

. . P450.11
shaded area. The overlapping box (right)
represents estrogen biosynthesis by the Aldosterone

Placenta

placenta. A’dione, androstenedione.

FETAL ENDOCRINOLOGY

is able to synthesize large amounts of estrogen as it receives
a supply of estrogen biosynthetic precursor from the fetal
adrenal cortex. The adult zone or definitive zone of the fetal
adrenal cortex lacks the enzyme 3B-hydroxysteroid dehydro-
genase (Fig. 9.2) and cannot, therefore, convert either preg-
nenolone to progesterone or 17a-hydroxypregnenolone to
170-hydroxyprogesterone. However, the fetal zone of the fetal
adrenal cortex secretes dehydroepiandrosterone (DHEA) and
dehydroepiandrosterone sulfate (DHAS) in response to
adrenocorticotropic hormone (ACTH), and these steroido-
genic intermediates are taken up by the placenta and used in
the biosynthesis of estrogens, bypassing the lack of CYP17
(Figs 9.2 and 9.3). Alterations in fetal HPA axis activity are
reflected in changes in circulating concentrations of estrogens
in maternal plasma. For example, fetal death dramatically
reduces maternal plasma concentrations of estriol. In rhesus
monkeys, infusion of ACTH into the fetal blood has been
shown to increase the circulating concentrations of estrogens
in maternal plasma, and negative feedback inhibition of fetal
ACTH secretion by infusion of glucocorticoids reduces mater-
nal plasma estrogen concentrations.* Estrogen biosynthesis
and release into the fetal bloodstream creates an endocrine
environment that allows fetal growth and development. For
example, uterine blood flow during pregnancy is critically
influenced by placental estrogen biosynthesis. The estrogen
environment iz utero is also important, however, at the final
stages of pregnancy; increases in estrogen biosynthesis at the
end of gestation are thought to be a central feature of the
events that increase myometrial contractility and initiate labor.

Hypothalamus-pituitary—-adrenal axis

The endocrine hierarchy within the fetal HPA axis® is similar
to that of the adult (Fig. 9.2). ACTH is synthesized and

! |

170-OH-progesterone | A’dione

| | 4500

11-deoxycortisol
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DHAS l l Cortisol

secreted by the corticotropes of the anterior pituitary in
response to two hypothalamic releasing factors: arginine vaso-
pressin (AVP) and corticotropin-releasing hormone (CRH).
The two releasing hormones work in concert: each increases
the sensitivity of the corticotrope to the other. The fetal HPA
axis appears to be controlled by the paraventricular nuclei
(PVN); in sheep fetuses, destruction of the PVN or implanta-
tion of dexamethasone crystals near the PVN disrupts the
function of the axis.®

ACTH stimulates the release of glucocorticoid hormones
(i.e., cortisol in the human, primate, and sheep, and corticos-
terone in rodents) from the definitive zone. This zone contains
the full complement of steroidogenic enzymes that are found
in the adult adrenal cortex (Fig. 9.2) and it responds to ACTH
with an increase in cortisol secretion, and to angiotensin Il and
K* with an increase in aldosterone secretion. In the fetal zone,
ACTH stimulates the release of the estrogen precursors,
DHEA and DHAS. The overall size of the fetal zone increases
in late gestation, reaching a peak at the time of birth and
regressing thereafter.

The fetal HPA axis is activated progressively throughout the
latter part of gestation as a normal consequence of onto-
genetic development. This has been well documented in fetal
sheep and there is good evidence that this is also true in
primate fetuses. The activation of the fetal HPA axis can be
seen as a semilogarithmic increase in circulating concentra-
tions of ACTH and cortisol in nonhuman fetal blood, and
DHEA, DHAS, and estrogens in human fetal blood (Fig. 9.4).
In sheep fetuses, the increase in fetal HPA axis activity includes
increased biosynthesis of CRH and AVP in the hypothalamus,
and proopiomelanocortin (POMC) in the fetal pituitary, as
well as increased abundance of steroidogenic enzymes in the
adrenal cortex. The molecular processing of POMC to ACTH
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Figure 9.3 Relationship between hypothalamus, pituitary, and fetal and
definitive zones of the fetal adrenal. Both zones of the fetal adrenal
cortex are stimulated by ACTH secreted by the fetal anterior pituitary.
The secretion of ACTH is stimulated acutely in response to stressors in
utero, and chronically in a pattern that produces increased activity of
the fetal hypothalamus—pituitary—adrenal axis independent of stressors
at the end of gestation.

is also increased in the latter stages of development (Fig. 9.5);
this increased processing is in part the result of stimulation by
estrogens from the placenta. Prior to term, as in the adult
animal, there is an effective negative feedback mechanism by
which cortisol inhibits fetal ACTH secretion. In the final few
days of fetal life, however, the negative feedback mechanism
is interrupted, allowing both ACTH and cortisol to increase
simultaneously (Fig. 9.6); this may allow for the large
increases in secretion of both hormones that occurs prior to
birth.

Throughout the third trimester, the adrenal cortex increases
in size and there is an increase in the sensitivity of the steroido-
genic tissue to ACTHj this is a function of adrenal mass, as
well as several endocrine and neural influences. For example,
POMC and 22-kDa “pro-ACTH” reduce adrenal sensitivity
to ACTH (Fig. 9.5), whereas splanchnic nerve stimulation
increases adrenal responsiveness to ACTH. In sheep, the
increases in adrenal cortisol secretion are accompanied by an
increase in the binding capacity for cortisol. This effectively
exaggerates the increase in fetal plasma cortisol concentration
and provides an increased supply of bound cortisol in plasma.

The ontogenetic increase in fetal HPA axis activity at the
end of gestation is a critical part of the process by which fetal
visceral and pulmonary maturation are accelerated in prepa-
ration for extrauterine life. In sheep, the fetal HPA axis plays
a critical role in the triggering of parturition.” It is likely that
the role is essentially similar in the human fetus because pla-
cental estrogen biosynthesis is controlled by fetal ACTH secre-
tion in both species. There is a clear functional relationship
between the fetal HPA axis and placental estrogen biosynthe-
sis. In sheep, and likely in human fetuses, placental estrogen
potently stimulates fetal HPA axis activity. At the end of
gestation, the interplay between the placenta and the fetal



HPA axis functions as a positive feedback cycle, progressively
increasing fetal HPA activity, thus preparing the fetus for
birth.

The placenta expresses 11B-hydroxysteroid dehydrogenase
(HSD), the enzyme that interconverts cortisol and cortisone

FETAL ENDOCRINOLOGY

(biologically inactive at the corticosteroid receptor). Placental
11B-HSD-2, which predominantly converts cortisol to corti-
sone, partially isolates the fetus from the cortisol in the mater-
nal circulation. As the fetus matures, the activity of 113-HSD
is increased, perhaps itself the result of increased estrogen
biosynthesis by the placenta.®

Primate placenta contains significant amounts of immunore-

active ACTH and CRH.” It has been proposed that the release
of ACTH and/or CRH into the fetal blood might be a physi-
ologically important mechanism by which the placenta affects
l ACTH the timing of parturition in these species. The concentration
< Fetal zone of.CRH is substantial in t?oth feFal and rn?flternal plal.sma in
= Adrenal cortex primates. However, CRH is partially protein bound in fetal
%'g plasma by a CRH-binding protein that is synthesized and
g 2 l DHAS secreted by the placental tissue. The function of the binding
S .5 p%‘OtEII.I is no.t known; its presence in plas.rna suggests.that the
ES high circulating concentrations of CRH in plasma might rep-
s l E. B ACTH resent spillover from sites of production and (paracrine or
autocrine) action in the placenta and other sites within the
DHAS peripheral circulation. In the human placenta, CRH causes
the release of ACTH locally, followed by an alteration in
E, placental steroidogenesis. It has also been proposed that the
release of CRH from the human placenta into the fetal um-
0 50 100 bilical venous blood stimulates the activity of the fetal HPA
Percent gestation axis at the end of gestation, which ultimately might initiate
parturition.
Figure 9.4 Ontogeny of fetal ACTH, DHAS, and estrone (E,),
estradiol (E,), and estriol (E;) in the primate fetus. The relationship
of these hormones is represented in the upper right corner of the
figure.
POMC

22-kDa “pro-ACTH”

B-lipotropin

b

I

pro-y-MSH

j-pep ACTH

v-lipotropin || B-endorphin

ll

Y-MSH

o-MSH

Clip

Figure 9.5 Post-translational processing of POMC. POMC is cleaved to B-lipotropin and 22-kDa “pro-ACTH” by the prohormone convertase

1/3 (PC1/3, solid arrows). B-Lipotropin is further processed to lipotropin and endorphin by prohormone convertase 2 (PC2, hollow arrow).
Pro-ACTH is cleaved to ACTH, pro-y-MSH, and joining peptide (j-pep) by PC1/3. ACTH is cleaved to o-MSH and corticotropin-like
immunoreactive peptide (CLIP) by PC2. The specific peptide products of POMC are cell specific. For example, corticotropes synthesize ACTH,
whereas the neurointermediate lobe synthesizes 0-MSH predominantly.
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Figure 9.6 Graphical representation of the efficacy of negative
feedback inhibition of stimulated ACTH secretion by cortisol in
fetal plasma. Negative feedback inhibition of ACTH secretion is
apparent at 80% gestation, but not in the last several days of fetal
life (100% gestation). The relationship between cortisol and ACTH
in the fetus is represented by the inset (upper right).

Neurointermediate lobe of the pituitary

The cells of the neurointermediate lobe synthesize POMC. The
major processing products of the POMC-synthesizing cells are
o-melanocyte-stimulating hormone (o-MSH) and y-MSH.
One report'® suggested that neurointermediate lobe cells from
fetal sheep respond to CRH and/or AVP with increased secre-
tion of immunoreactive ACTH, whereas neurointermediate
lobe cells from neonatal sheep did not respond to CRH and/or
AVP. The responsiveness of the cells to CRH and/or AVP was
altered by prior adrenalectomy. The authors suggested that
neurointermediate lobe cells mature in late gestation, perhaps
in response to cortisol in fetal plasma.

Adrenal medulla

The adrenal medulla becomes innervated by sympathetic pre-
ganglionic nerves at approximately 80% gestation (in sheep),
and secretes the catecholamines, epinephrine and norepineph-
rine,'! whereas prior to innervation, the fetal adrenal is
directly responsive to hypoxia. The adrenal medullary bio-
synthesis of epinephrine is dependent upon the expression of
phenylethanolamine-N-methyltransferase (PNMT), which is, in
turn, induced by cortisol. For this reason, the secretory capacity
of the adrenal medulla for epinephrine increases late in gestation.

The adrenal medulla responds to various stresses such as
hypoxia and hypotension with increased secretion of cate-
cholamines. The increase in response to hypoxia is important
for redistributing fetal combined ventricular output away
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Figure 9.7 The ontogeny of thyrotropin, T,, T3 and rT; in fetal
plasma. The relationship of thyrotropin, Ty, T, and rT; is
represented in the upper left corner of the figure.

from somatic tissues and towards the umbilical-placental cir-
culation. The adrenal medulla also plays an important role in
fetal glucose homeostasis; an increase in fetal epinephrine
secretion elevates the fetal plasma glucose level, which is seen,
for example, following periods of fetal distress.

Hypothalamus-pituitary-thyroid axis>*

In humans, the fetal thyroid is sufficiently developed to sup-
port thyroglobulin biosynthesis by approximately 25% gesta-
tion (Fig. 9.7). Thyrotropin is present in the fetal pituitary and
in fetal plasma at the beginning of the second trimester, at
approximately the time of hypothalamo-hypophyseal
portal system development. Thyrotropin and thyroxine (T,)
circulate in fetal plasma in increasing concentrations, starting
early in the second trimester. Type 3 deiodinase (D3), which
converts T, to reverse 3,5,5” triitodothyronine (rT3), is expres-
sed leading to an abundance of rTj circulating in fetal plasma
throughout the second and third trimesters (Fig. 9.8). Circulat-
ing concentrations of 3,5,3” triiodothyronine (T3), however,
increase only in the final stages of fetal development, suggest-
ing late development of types 1 and 2 deiodinases (D1 and D2
respectively) in liver and other tissues (Fig. 9.7). In the first
trimester of human pregnancy, the abundance of TRH in
extrahypothalamic tissue is greater than in the fetal hypothal-
amus, suggesting a role for extrahypothalamic TRH in the
stimulation of thyrotropin secretion from the developing ante-
rior pituitary. In the sheep fetus, the development of the thy-
rotrope starts at approximately 30% gestation, followed by
the development of the thyroid gland at approximately 40%
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Figure 9.8 The metabolism of thyroid
hormones by types 1 and 2 (D1 and D2)
deiodinases, and type 3 (D3) deiodinase.
Thyroxine, trilodothyronine, and reverse
trilodothyronine are represented as
previously defined (Ty, T3, and rT;
respectively).

gestation, and the development of hypothalamic TRH at
around 50% gestation. Plasma concentrations of thyrotropin in
the sheep fetus increase from approximately 30% gestation,
leading investigators to speculate that extrahypothalamic
TRH synthesis and release might be relevant for control of
pituitary thyrotropes. True neuroendocrine control of the
hypothalamus—-pituitary—thyroid (HPT) axis develops near the
end of human and ovine pregnancies.

The maternal and fetal HPT axes operate somewhat inde-
pendently. The placenta is relatively impermeable to T4 and T;
because of the presence of the deiodinase that converts T, to
r'T5. The placenta is also impermeable to the relatively large
thyrotropin and thyroid-binding globulins. On the other hand,
the human placenta is relatively impermeable to TRH, a fairly
small molecule (the ovine placenta is also impermeable to
TRH). For this reason, there is usually a gradient of both T,
and Tj; from maternal to fetal plasma.

Development of the HPT axis of the fetus is critically impor-
tant for differentiation of the nervous system. Congenital
hypothyroidism causes mental retardation in human infants.
Although the infant can be treated with some success after
birth, it will tend to be less responsive if the mother also suf-
fered from hypothyroidism during pregnancy. The HPT axis
also plays a role in the adaptation to extrauterine life. This
has been illustrated in sheep; thyroidectomy, days before birth,
causes severe neonatal hypothermia, in part because of a
failure of thermogenesis in the brown adipose tissue. The
effect of thyroid hormones in this process is to accelerate
development of the brown adipose tissue in the last few days
of gestation.
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Posterior pituitary

Both AVP and oxytocin are synthesized by magnocellular
neurons in the supraoptic and paraventricular nuclei. Axons
from these neurons terminate in the posterior pituitary. AVP
is a hormone with at least three biological activities (Fig. 9.9).
The vasopressor action of this hormone is mediated by Vi,
vasopressin receptors on vascular smooth muscle cells in the
peripheral vasculature. Corticotropin-releasing activity is
mediated by the V;, vasopressin receptor (AVP acting as a cor-
ticotropin-releasing factor is derived from parvocellular
neurons and released into the hypothalamo—hypophyseal
portal blood at the median eminence). The antidiuretic activ-
ity is mediated by the V, vasopressin receptor. The potency of
vasopressin action in the fetal kidney appears to be somewhat
less than in the adult. The fetal sheep excretes a relatively large
volume of dilute urine. The renal concentrating mechanisms
are immature, therefore the increase in urine osmolality after
exposure to vasopressin is not as dramatic as in the adult.

AVP is an important cardiovascular hormone in the fetus."
Hemorrhage greatly increases its concentration in plasma, and
pharmacologic blockade of Vi, receptors impairs blood
pressure regulation during hypovolemia. Increases in plasma
vasopressin concentration redistribute fetal combined ventri-
cular output toward the umbilical-placental circulation, max-
imizing transfer of gases between the maternal and fetal
circulations.

Oxytocin circulates in fetal plasma in relatively high
concentrations, which increase during active labor. Immuno-
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Figure 9.9 The synthesis, release, and action of AVP in the fetus.
Magnocellular neurons in the paraventricular nucleus synthesize
vasopressin, releasing the peptide into the bloodstream at the
posterior pituitary. Parvocellular neurons in the hypothalamic
nucleus synthesize vasopressin, which is released into the
hypothalamo-hypophyseal portal blood at the median eminence.
Portal blood vasopressin acts as a corticotropin-releasing factor at
the corticotrope of the anterior pituitary.

reactive oxytocin in fetal plasma is present as a mixture of
processed and unprocessed forms. As the fetus matures, the
proportion of processed oxytocin in fetal plasma increases.
The function of oxytocin in the fetus is not clear, although the
placental barrier prevents fetal oxytocin from reaching the
myometrium. It is possible that oxytocin stimulates the release
of ACTH via an interaction with the Vy, receptor.

POMC,
ACTH
@@/ 5

Figure 9.10 The fetal lung synthesizes and secretes POMC into the
fetal bloodstream. This peptide is known to alter adrenal sensitivity
to ACTH. It has been proposed that there is an interplay among
the lung, pituitary, and adrenal that modulates fetal adrenal
responsiveness to stress and the timing of parturition as the lung
matures.

Ectopic hormones

In addition to the placenta, “pituitary” hormones are synthe-
sized and released from other tissue in the fetal body (Fig.
9.10). One example of this phenomenon is the synthesis
and release of POMC and POMC-related peptides by the neu-
roendocrine cells of the fetal lung. It has been proposed
that POMC secreted by the lung might play a role in stress
responsiveness, or in the timing of parturition, by altering

Key points

1 The fetal hypothalamus—pituitary—adrenal axis
controls estrogen biosynthesis by the placenta in late
gestation.

2 The fetal hypothalamus—pituitary—gonadal axis is a
more effective controller of circulating sex steroids at
mid-gestation than in late gestation.

3 Various hormones in fetal blood, including
glucocorticoids and thyroid hormones, are either
activated or inactivated at the target tissue.

4 The placenta synthesizes and secretes various hormones

that have been proposed to modulate the activity of
fetal endocrine axes.

5 The adrenal medulla actively secretes catecholamines
and plays an important role in the fetal response to
stress; however, innervation by sympathetic
preganglionic nerves does not occur until late in
gestation.

6 The posterior pituitary of the fetus actively secretes
both vasopressin and oxytocin. Vasopressin plays an
important role in fluid balance and blood pressure
control prenatally.

7 Ectopic hormones, secreted by the lung and other
visceral tissues, may play important roles in parturition
and in other integrated physiologic processes.
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adrenal sensitivity to circulating ACTH (Fig. 9.10). It is inter-

esting that these cells, after transformation, form the basis of

small cell carcinoma of the lung, a disease in which significant

secretions of POMC and ACTH can produce symptoms of

hyperadrenocorticism in the adult. The neuroendocrine

cells of the lung synthesize many hormones in addition to

POMC, such as vasoactive intestinal polypeptide (VIP) and

serotonin.
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Fetal hematology

Véronique Cayol and Fernand Daffos

Fetal hematopoiesis

Details of hematopoiesis in the newborn are well known but,
because of the difficulties encountered in sampling, such is not
the case with the fetus.

Blood cells are of mesenchymal origin. The mesenchyme,
which stems from the cytotrophoblast surrounding the egg,
forms the inner layers of the chorion and surrounds the unit
created by the amniotic cavity, the embryonic button, and the
yolk sac. The reunion of these two mesenchymal blades forms
an embryonic film. When the first vascular elements appear,
the conceptus is wholly embedded in the inner mucosa
(Fig. 10.1).

First stage: mesoblastic hematopoiesis of
the yolk sac

On day 19 of pregnancy, the first blood cells outside the
embryo become apparent in the many vascular islets that
appear in the mesenchymal wall of the yolk sac. These islets
appear as dark lumps of cells. Two systems — the vascular and
the hematopoietic — originate from the islets: the peripheral
cells of these lumps constitute the original endothelium of the
developing vascular system. Some central cells of these islets
leave the vascular walls, become free in the lumen, and form
the primitive blood cells, or hematocytoblasts. These cells
remain nucleated throughout their functional lives. The prim-
itive erythroblasts, or pronormoblasts, stem directly from the
hematocytoblasts. The separate islets gradually connect to
each other to form an irregular network enveloping the yolk
sac, which will give rise to the vitelline vessels.

Toward day 22 of pregnancy, similar vascular islets begin
to appear in the mesenchyme of the chorion and all along the
allantoic pedicle. These vascular islets create an extraembry-
onic network, the chorioallantoic network, which constitutes
the future umbilical vessels. In both cases, hematopoiesis is
intravascular; the two vascular networks connect to the vessels
formed in the embryo at a later stage. Between 6 and 8 weeks’
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gestation, the vascular islets begin to regress, as does the
intravascular hematopoiesis, with its large, nucleated meg-
aloblasts. The first-generation erythropoietic cells disappear
completely from the embryoplacental circulation at between
12 and 15 weeks’ gestation.

The role of the yolk sac seems to be primary. Although the
chorion’s mesenchyme proves to be quantitatively greater than
that of the yolk sac (which means, in theory, a greater parti-
cipation in hematopoiesis), the cells of the vascular islets in
the wall of the yolk sac remain undifferentiated until the
fourth week. In contrast, everywhere else, the primitive vessels
already contain erythroblasts.

Second stage: visceral hematopoiesis

Visceral hematopoiesis begins in the liver around 5-6 weeks’
gestation and appears to reach an adequate development
around 9 weeks. Nests of hematopoiesis appear in the liver
sinusoids and increase rapidly. Hematopoiesis becomes
extravascular. Clear morphologic differences exist between the
cells formed in the liver and the earlier lineages of the yolk
sac. The cells originating in the liver are smaller, and their
nuclear structure is nearer the normoblast lineage of erythro-
cytic precursors. These are few in number when they appear
in the blood around 5 weeks, becoming predominant between
8 and 9 weeks’ gestation (Fig. 10.2).

Although granulocytes and platelets are found in the circu-
lation, the fetal liver seems to be the seat of an almost pure
hematopoiesis. From the third to the fifth months of preg-
nancy, the erythrocytic precursors represent approximately
50% of the liver’s nucleated cells.

From 9 to 12 weeks, some hematopoietic activity also can
be observed in the thymus, the lymph nodes, and the kidneys.
Nucleated red corpuscles are also observed in the spleen.

Their presence has been interpreted in different ways. Some
people think that it corresponds to local production as well as
sequestration and destruction; others think it is nothing but
sequestration at different stages of degeneration. In any case,
the role of splenic nucleated red corpuscles is only accessory



in the human fetus. As for the yolk sac, it appears to be entirely
fibrous at 11 weeks of pregnancy.

We have not been able to detect any erythrocytic activity
elsewhere. Visceral, mainly hepatic, hematopoiesis reaches its
highest level of production around the fifth and sixth months,
gradually regressing until delivery. Visceral hematopoiesis can
still be observed during the first week of postnatal life in the
liver and occasionally even in the spleen.

Although it disappears almost entirely under normal condi-
tions, extramedullary hematopoiesis is apt to increase notice-

FETAL HEMATOLOGY

ably in a large variety of diseases and infections in the fetus
as well as in the newborn.

Third stage: medullary hematopoiesis

Medullary hematopoiesis begins at about the fourth month.
Medullary spaces develop in cartilaginous portions of the
long bones by a resorptive process. Toward the fifth month,
medullary cellularity is still poor and predominantly leukopoi-
etic. The erythropoietic tissues multiply rapidly, and the

marrow reaches its maximal cellularity toward 30 weeks’
gestation, with each lineage being adequately represented.
However, the volume of marrow occupied by the hematopoi-
etic tissue continues to rise until full term. During the last
3 months of pregnancy, the marrow is the privileged seat of
blood cell formation, the whole expanding medullary space
being occupied by active hematopoietic tissues. The marrow’s
relative volume in the fetus and the newborn, however, is
smaller than that in the grown child or the adult because a
large part of the fetal skeleton is cartilaginous and the bones
are comparatively small.

Nonerythroid lineage

Leukocytes first develop in the wall of the yolk sac, then in
the embryo. Very few circulating granulocytes are found
during the first weeks of fetal life. At 8 weeks of pregnancy,
some myelocytes are observed, but mature polymorphonu-

clear leukocytes do not appear until around 12 weeks. The

. . circulating rate remains at less than 1000 elements/uL during
Figure 10.1 Schematic picture of the structures of the egg. (1)

Undivided mass of the syncytiotrophoblast; (2) cytotrophoblast; (3)
mesenchyme; (4) chorion; (5) extraembryonic coelom; (6)

the whole of the earlier part of pregnancy and does not
increase significantly until the myeloid stage of hematopoiesis;

mesenchyme of the wall of the yolk sac; (7) mesenchyme of the it then increases rapidly until 28 weeks.

embryonic pedicle; (8) amniotic cavity; (9) tridermal embryonic Lymphopoiesis begins in the lymphoid plexuses toward the

eighth week and spreads first to the thymus, in the ninth week,
and then to the lymph nodes from the third month on. After

button: ectoblast, mesoblast, endoblast; (10) allantoic pedicle
generated by the endoblast; (11) yolk sac.
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they have begun to appear, the circulating lymphocytes
increase rapidly, reaching a peak of 10000 elements/uL at
20 weeks. The level then decreases gradually to 3000 ele-
ments/UL at birth. The megakaryocytes can be found in the
wall of the yolk sac between 5 and 6 weeks and then in the
liver after the visceral stage of hematopoiesis has begun. They
persist there until the end of pregnancy and can be found in
significant quantities in the marrow after the third month.
Platelets are found in the blood from 11 weeks’ gestation and,
after 18 weeks, they exist in numbers equal to those in adult

blood.

Origin and differentiation of the hematopoietic cells

For years, a controversy raged between the supporters of a
unitary thesis and those of a pluricellular origin of the differ-
ent hematopoietic lineages. The current opinion — based on
experiments in animals, on clinical data in human pathology
and, more recently, on the culture of hematopoietic cells from
healthy subjects — is that there exists a pluripotent stem cell,
the colony-forming unit, from which the various lineages stem.
This pluripotent stem cell, which cannot be morphologically
identified by maturation criteria, is capable of differentiation
and self-renewal. It is the precursor of the erythroid, myeloid,
and lymphoid lineages, and its existence was confirmed
through the technique of splenic lineages described by Iscove
et al.! We now distinguish a second generation of stem cells
with a restricted differentiation potential in either the lym-
phoid lineage or the myeloid lineage, but their capacity for
self-renewal persists. The stem cells are present in the marrow
and the blood.

Kelemen et al., in their Atlas of human haemopoietic devel-
opment,* suggest the following pattern. Everything stems from
a pool of stem cells appearing on the mesenchymal wall of the
yolk sac. It is the function of these first-generation intravas-
cular stem cells, after the vascular intra- and extraembryonic
networks are linked, to migrate into the embryo and multiply
there. Moore and Metcalf’ demonstrated the necessity of
this first migration. No hematopoiesis occurs in an embryo
that has been prematurely separated from its yolk sac. The
seeding of the liver gives birth to a stem cell, called a second-
generation stem cell, which is smaller than the first and nearer
to the normoblastic lineage. These pluripotent cells prolifer-
ate in the liver, becoming half as numerous as the liver’s nucle-
ated cells. Then, they migrate toward and seed other areas of
the embryo (marrow, spleen, lymph nodes, and thymus) as
well as the extraembryonic areas. Some vascular islets of the
yolk sac especially are colonized by second-generation stem
cells (the first-generation cells are short-lived, with a half-life
of approximately 8-12 weeks). A third generation of pluripo-
tent cells gives rise to all the blood cells made during pre- and
postnatal life. Given what we know at present, it is difficult
to speak of well-defined stages, and modification in the pop-
ulation of stem cells is not proved, particularly as concerns the
passage from primitive to fetal erythropoiesis. The current
theory is that the passage from fetal to adult erythropoiesis
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represents a gradual modification of the stem cells rather than
a change of population.

Purity of fetal blood samples

Fetal blood sampling under ultrasound guidance is a safe pro-
cedure that has enabled us to study fetal biology and to obtain
prenatal diagnoses of an increasing variety of disorders.* The
first step in establishing reference values and ensuring the
accuracy or diagnosis is to be sure that the fetal blood sample
is not contaminated.’

In our samples of fetal blood, contamination can be
caused by maternal blood, amniotic fluid, or sodium citrate
solution. The overall incidence of contamination in our
study was small (1.8%), but it must be viewed in relation to
both the disorder under investigation and the type of
contamination.

Each type of contamination has differing consequences,
depending on the disorder under investigation. During diag-
nosis of fetal infection in the presence of maternal infection,
contamination with maternal blood causes a false-positive
result. The presence of amniotic fluid, which is often collected
for culture at the same time, does not affect the results, but
the hematologic parameters and specific immunoglobulin M
must be evaluated with caution. Similarly, the presence of
maternal blood cells in a specimen for investigation of fetal
karyotype makes the specimen useless, but amniotic fluid or
sodium citrate has negligible effects.

Investigation of disorders of hemostasis (platelets or coag-
ulation factors) is severely affected by amniotic fluid con-
tamination because amniotic fluid activates some coagulation
factors and can cause platelet aggregation.

We evaluated the sensitivity of each method and measured
dilutions of maternal blood, amniotic fluid, and sodium
citrate. We believe that each test must be done in all cases
because results differ under various conditions.

Depending on the gestational age and the indication for fetal
blood sampling, we collect 2-3 mL of blood. This is divided
into 500pl anticoagulated in lyophilized ethylene-diamine
tetraacetic acid [EDTAJ K, (Sarstedt reference 32332)],
400 pL collected in 0.129 mol/L sodium citrate solution (ratio
9:n) and, if karyotype is required, 500pL drawn into a
lithium heparin dry mixture. The remaining blood is not
anticoagulated.

Hematologic indexes are determined with a Coulter
Counter MD II. Leukocytes, erythrocytes, platelets, hemoglo-
bin, hematocrit, and mean corpuscular volume are measured
immediately after sampling. The distributions of the volumes
of leukocytes, erythrocytes, and platelets are shown in Figs
10.3 and 10.4.

Smears are obtained after leukoconcentration and stained
with the May-Griinwald-Giemsa stain for the differential
count. The Kleihauer—Betke test to differentiate fetal from
adult red cells is performed with the Boehring kit.
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Figure 10.3 Histograms of fetal white blood cell (WBC), red blood
cell (RBC), and platelet (PLT) distribution curves.
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Figure 10.4 Histograms of maternal white blood cell (WBC), red
blood cell (RBC), and platelet (PLT) distribution curves.

Anti-I and anti-i cold agglutinins (against erythrocyte anti-
gens), which are active at room temperature, are used in
appropriate dilution.

The levels of B-subunit of human chorionic gonadotropic
hormone (BhCG) in maternal and fetal serum are determined
with the enzyme-linked immunosorbent assay method using
an anti-J3-hCG monoclonal antibody (Tandem Biotrol,
France).

Coagulation factors IX and VIIIC arc measured by a single-
stage method, as described by Mibashan and colleagues®
adapted for automated coagulation testing (KC 10 from
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Table 10.1 Fetal hemostasis expressed as a percentage (mean + SD)
of normal adult value.

Coagulation factor % Inhibitor %
VIIIC 40 £ 12  Fibronectin 40 £ 10
VIIIRAg 60+ 13  Protein C 11£3
VII 28+ 5 oy-Macroglobulin 18 £ 4
IX 9+3 op-Antitrypsin 40 £ 4
\% 47+10 AT 303
I 12+3 o,-Antiplasmin 61+6
X1I 22+3

Prekallikrein 19+2

Fibrin-stabilizing factor ~ 30+ 5

Fibrinogen 40 £ 15

Plasminogen 24 £ 15

Data from fetuses of 19-27 weeks’ gestation.

DADE AHS, Miami, FL, USA). Factor VIII activity is tested
against the World Health Organization reference plasma
80/511. Factors Il and V are measured by one-stage assay by
means of thromboplastin, calcium, and substrate-deficient
plasma for both factors II and V. Reference levels are shown
in Table 10.1.

The percentage of contamination detectable by each
method is determined with fetal blood specimens by means of
measured amounts of maternal blood, amniotic fluid, and
sodium citrate until minimum detectable contamination is
determined.

Each test is performed on all samples. Hematologic indexes
are undertaken immediately as an initial screening test before
the patient leaves the hospital. It is possible, depending on the
clinical circumstances, to repeat the fetal blood sampling, if
necessary. No individual test is infallible under all circum-
stances, and the reliability of each test depends on the clinical
situation and the type of contamination. The percentages of
contamination detectable by each method are summarized in
Table 10.2.

Typical cell size distribution curves for maternal and fetal
hematologic indexes are shown in Figs 10.3 and 10.4. Three
major differences distinguish maternal from fetal blood. There
is only one peak of leukocytes in the fetus (corresponding to
lymphocytes and nucleated erythrocytes), the average ery-
throcyte volume is much higher in the fetus, and red cell dis-
tribution width is broader in the fetus.

In leukocytes, there are mainly lymphocytes; granulocytes
appear later in pregnancy. Platelet volume is similar in mother
and fetus.

In cases of maternal blood contamination, a second peak of
leukocytes is usually seen with a larger volume; this peak is
the granulocyte peak. The gestational age at the time of sam-
pling must be taken into account because of the change in
granulocytes toward term. Contamination of 10% or more by
either amniotic fluid or sodium citrate causes a decrease in the
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Table 10.2 Percentage of contamination detectable by each method.

Method Amniotic fluid (%) Maternal blood (%) Sodium citrate (%)
Hematologic indexes 20 >5 20

Smear (Giemsa) 10 10 NC

Erythrocyte antigens NC 15 NC

BhCG >0.1 0.2 NC

Coagulation factors V or VII, IX, or II NC 30 10-50
Kleihauer—Betke test 5* NC

BhCG, B-subunit of human chorionic gonadotropin; NC, noncontributory.
*Depending on the gestational age.

same ratio compared with the normal range of erythrocytes,
leukocytes, and platelets.

The Kleihauer-Betke test relies on detecting differences in
hemoglobins present in adult and fetal red cells. In theory, this
test should be able to detect a maternal blood contamination
of as little as 0.5%. In practice, although the test is rapid and
simple to perform, absolutely accurate results are not possible
because of the gradual appearance of hemoglobin A in fetal
erythrocytes. After staining, erythrocytes containing only
hemoglobin A appear as empty “cell ghosts.” Those contain-
ing mainly or exclusively hemoglobin F stain darkly, and those
with both hemoglobin A and F have an intermediate level
of staining. This causes difficulties and technical errors in the
differentiation of immature fetal cells from maternal ery-
throcytes. We have never demonstrated maternal blood
contamination by this method after 30 weeks.

Blood smears stained for differential count clearly show
amniotic fluid squames if contamination with amniotic fluid
has occurred. The presence of the squames depends on both
the gestational age at the time of sampling and the percentage
of contamination.

Erythrocyte antigen expression differs from fetus to adult.
I antigen is present only on adult erythrocytes; i antigen is
present only on fetal erythrocytes. Monoclonal antibody
agglutination (anti-I and anti-i) is simple to perform and can
detect a maternal blood contamination of 5%.

The BhCG is of maternal origin, has a steep gradient across
the placenta, and is found in only minute quantities in fetal
blood, although higher levels are found in amniotic fluid. The
ratio is approximately 1:100:400 (fetal blood to amniotic
fluid to maternal blood). It is probably the most sensitive
method for determining whether the sample is contaminated,
allowing detection of as little as 0.2% maternal blood or 1%
amniotic fluid contamination. In practice, if we detect BhCG
in fetal serum, the specimen is regarded as contaminated. A
markedly elevated level suggests contamination by maternal
blood rather than amniotic fluid, but BhCG levels do not allow
differentiation between the types of contamination, so other
tests must be used for clarification.

Coagulation factors V and VIII detect both amniotic fluid
and sodium citrate contamination, but must be interpreted
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with caution. Less than 1% contamination with amniotic fluid
activates coagulation and falsely increases the activities of
factors V and VIII when tested against adult reference plasma.
These values need to be compared with vitamin K-dependent
factors, such as IX or II, which are not activated by amniotic
fluid. In contrast, a large amniotic fluid contamination (greater
than 10% and detectable on blood smears) causes lower levels
by dilution.

Fetal hematology

Starting from ultrasonically guided fetal blood samplings
carried out between 18 and 29 weeks’ gestation for various
prenatal diagnoses (usually toxoplasmosis), we have been able
to determine the reference values of some hematologic param-
eters in 2860 fetuses.” The subjects’ prenatal diagnosis tests
were normal, and they were confirmed to be healthy at birth.

Fetal blood was sampled into EDTA tubes, and we worked
with a Coulter Counter S Plus II on prediluted samples.

Table 10.3 shows the main hematologic results obtained
from 2860 normal fetuses between 18 and 36 weeks of preg-
nancy. There is no significant increase in the number of
platelets (which stays at approximately 250 x 10*/ul). On the
contrary, the red blood cell count gradually increases from
2.85 to 3.82 x 10°/ul, and the white blood cell count increases
from 4.7 to 7.7 x 10*ul. The concentration of hemoglobin
also increases significantly during the second trimester of preg-
nancy. Conversely, the mean corpuscular volume decreases sig-
nificantly from 131.5 to 114 fL.

Fetal cytology

The evolution of the fetal leukocyte differential according to
the stage of pregnancy is shown in Table 10.4. Also shown are
the distribution of polymorphonuclear leukocytes (neu-
trophils, eosinophils), monocytes, lymphocytes, and erythrob-
lasts. Two reasons led us to include the erythroblasts in the
leukocyte differential, even though they belong to the red cell
lineage and not to the white cells: (1) erythroblasts are a
normal component of fetal blood; and (2) the nuclei of these



Table 10.3 Evolution of hematologic values of 2860 normal fetuses during pregnancy (mean * SD).*

FETAL HEMATOLOGY

Weeks of WBC Platelets RBC Hb Ht MCV (fL)
gestation (x 10%/uL) (x 10%/uL) (x 10%/uL) (/100 mL) (%)

10-17 1.87 + 3.42 159 £ 68 1.81 £0.78 9.92 +£2.24 274 +7.4 154.9 + 26.8
18-21 (n = 760) 4.68 +2.96 234+ 57 2.85+0.36 11.69 £ 1.27 37.3£4.32 131.11 £ 10.97
22-25 (n=1200) 4.72 +£2.82 247 + 59 3.09 £0.34 122+ 1.6 38.59 £3.94 125.1 + 7.84
26-29 (n = 460) 5.16 £2.53 242 + 69 3.46 £ 0.41 12.91 £ 1.38 40.88 + 4.4 118.5 £ 7.96
>30 (n = 440) 7.71 £4.99 232 + 87 3.82 £ 0.64 13.64 £2.21 43.55+7.2 114.38 £ 9.34

SD, standard deviation; Hb, hemoglobin concentration; Ht, hematocrit; MCV, mean corpuscular volume; RBC, red blood cell count; WBC,

white blood cell count.

Table 10.4 Fetal differential count of 732 normal fetuses according to the stage of gestation.

Weeks of Lymphocytes Neutrophils Eosinophils Basophils Monocytes Erythroblasts
gestation (%) (%) (%) (%) (%) (% white blood cells)
18-21 (n = 186) 88+ 7 6x4 2+3 0.5+1 3.5+£2 45 £ 86

22-25 (n=230) 87 +6 6.5 35 3+3 051 3+25 21 +23

26-29 (n = 144) 84 +6 8.5+4 4+£3 051 3+25 21+67

>30 (n=172) 685 £ 15 2315 5+3 051 32 17 £ 40

erythroblasts are counted as white blood cells by the Coulter
Counter.

First, we found few or no basophils in the fetus. Second, a
very high lymphocytosis was present from 18 weeks’ gesta-
tion, along with erythroblastosis. The percentage of lympho-
cytes decreases from 88% at 18 weeks to 68.5% by 30 weeks,
and the erythroblast percentage gradually decreases from 45%
at 18 weeks to 17% at 30 weeks. This reduction in the number
of erythroblasts is made up for by a gradual increase in neu-
trophils as fetal life advances, from 6% at 18 weeks to 23%
at 30 weeks.

The importance of this evolution of the fetal differential is
threefold. First, we have been able retrospectively to establish
reference values related to different stages of pregnancy.
Second, the blood differential is an extremely useful tool to
check the purity of fetal blood. For instance, blood that con-
tains no erythroblasts at 18 weeks, or 40% neutrophils at
20 weeks, could have been contaminated by maternal blood
or by blood of placental origin. Third, we have noticed that
the fetal differential varies greatly in cases of parasitic (toxo-
plasmosis) or viral (rubella) infections.

Fetal red blood cell antigens

We compared 72 samples of fetal blood ranging from 20 to
25 weeks of pregnancy with samples of full-term neonates
(cord blood) and adults. We tested 38 red blood cell antigens,
using specific antibodies:

¢ Polymorphic antigens: A, A, B, D, C, CY, ¢, E, e, K, k, Kp?,
Fy?, Fy®, JK* JK®, M, N, S, s, Lu®, Lu®, Le?, Le®, Py, Xg.

¢ Monomorphic antigens: H, Rh17, Kp®, Js®, Fy?, Jk3, P, 1, i,
Ve?, Ge*, Emma.

Among these 38 antigens, identical reactions were observed
in fetus, newborn, and adult, except for A, A, B, H, Le?, Le®,
Lu®, Lu®, P!, P, I, and i.

Table 10.5 shows that some antigens are not expressed or
have hardly developed in fetuses. Test results on newborns
show an intermediate expression between the fetal and adult
periods.

Fetal platelet antigens

From 18 to 29 weeks, the number of platelets remains stable
at around 250 x 10%pL. On stained blood smears (with
May-Griinwald-Giemsa), fetal platelets present no particular
cytologic differences from adult platelets. Fetal platelets aggre-
gate with adenosine triphosphate (ADP), thrombin, ristoce-
tine, collagen, arachidonic acid, but not with epinephrine.

The study of the glycoproteins of platelet membranes has
made it possible to identify glycoproteins Ib, Ila/b, Illa/b, with
molecular weights of 160, 134, and 90 Da. The PLA; antigen
is present, which explains the risk of fetal anti-PLA alloim-
munization as early as the first trimester of pregnancy.

Working in cooperation with Y. Gruel, we have been able
to quantify HPA-1a (PLA1a) and HPA-3a (LeKa or Bak a)
antigens, as well as the membrane glycoproteins, from
16 weeks (Table 10.6).

Quantification of glycoproteins GPIIb/IIIa is similar in fetus
and adult; antibody anti-GPIb (AN51) and anti-GPIb (6D1)
fixed more easily in fetal platelets than in adult platelets.
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Table 10.5 Percentage of reactivity of some red blood cell antigens in adult, neonate (cord), and fetus.

Antigens (%) A A, B H Le? Le® Lu® Lu® P, P 1 1

Adult 45 35 9 100 20 70 7 100 75 100 100 0
Birth 45 37 12 90 0 4 3 100 38 100 12 100
Fetus 36 0 11 64 0 2 1 99 17 88 0 100

Table 10.6 Platelet antigens in fetus (>16 weeks) and adult
expressed as mean fluorescence values (£ SEM).

Platelets Immunofluorescence intensity
Fetus (mean + SD) Adults (mean + SD)
Antigens
HPA-1a 433.0 £ 30.0 427 £ 13.5
HPA-3a 441.5 +£25.0 459 £15.0
Glycoproteins
GPIIb Ila, IgG 427.0 £ 23.0 420.0 £ 30.0
GPIIb IIla, AP-2 459.5 +£23.0 498.0 £ 11.0
GPIIIa, AP-3 536.0 £ 14.0 515.0£13.0
GPIb, AN-51 491.5 + 14.0 426.5 £ 9.0
GPIb, 6D1 479.0 + 15.0 443.0 + 8.7

SD, standard deviation; SEM, standard error of the mean.

Prenatal diagnostic of Glanzmann thrombasthenia
(GPIIb/IIa) or Bernard-Soulier syndrome (GPIb) is now avail-
able early in pregnancy.

Lymphocyte subpopulation

Lymphocyte count

Leukocytes are numbered while the Coulter S Plus II monitors
the purity of fetal blood. The absolute number of lymphocytes
is observed from the leukocyte differential performed on a
blood smear stained by May-Griinwald—Giemsa stain.

Separation of the mononucleated cells
Separation of the mononucleated cells is carried out by dif-
ferential centrifugation in a density gradient.

Lymphocyte phenotype

The development of hybridization techniques now permits
the production of commercialized monoclonal antibodies
and provides the means of investigating lymphocyte
subpopulations.

The main markers of lymphocyte differentiation, as cur-
rently defined, have been characterized using Coulter mono-
clonal antibodies labeled with fluorescein isothiocyanate.
Detection was carried out by direct or indirect immunofluo-
rescence. It proved necessary to implement a micromethod,
considering the reduced volume of fetal blood.
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The following monoclonal antibodies were used:
e Coulter Clone T11 - specific for the receptor of T lympho-
cytes for the sheep erythrocytes and associated with an antigen
that is 50000 Da in molecular mass.
e Coulter Clone Tj; — specific for an antigen T3 (30000 Da
in molecular mass). This antigen is present in the mature
T lymphocytes of peripheral blood and on 20-30% of
thymocytes.
¢ Coulter Clone T4 - specific for an antigen of 64000 Da
molecular mass, present on 80% of thymocytes and 60% of
circulating T lymphocytes. It is associated with T lymphocytes
whose target is an antigen belonging to the major system of
class IT histocompatibility. This antigen is stable and is not lost
during T-cell activation.
e Coulter Clone T8 - specific for an antigen present in the
suppressive and cytotoxic T subpopulations; it is 33000 Da
in molecular mass in its reduced state, 76 000 Da in its nonre-
duced state. This antigen can be found on 80% of human thy-
mocytes and on approximately 35% of the T lymphocytes of
peripheral blood.
e Coulter Clone B1 - specific for an antigen of human B lym-
phocytes, 35000 Da in molecular mass. This antigen is found
in the B cells of peripheral blood, of the lymphoid organs, and
of bone marrow.
e Coulter Clone B, — specific for an antigen that is bimolecu-
lar in structure, 40000 and 80000 Da in molecular mass. It
is expressed by the normal B lymphocytes and is present in all
isolated B cells. Antigen B4 seems to be the first antigen asso-
ciated with B cells that can be detected in fetal tissues.
¢ E 135 — monomorphic anti-DR, kindly provided by Profes-
sor Charron (Pitié-Salpétriere).
e Leu;,, Leull (Becton) — antibodies that recognize the
natural. killer (NK) cytotoxic cells of peripheral blood and
some granulocytes. Antibody NKH!A recognizes all the cells
with NK activity; anti-NKH, determines a population of large-
grained lymphocytes with poor cytotoxic activity.
e Coulter Clone My 4 - recognizes macrophages and some
granulocytes.

Results
The following is an outline of the results:
1 Lymphocyte count:
e Fetal blood (20-26 weeks of amenorrhea): 3.8 + 0.9 x
10°/uL.
¢ Cord blood at birth: 7.1 + 2.3 x 10%/uL.
e Adult blood: 2.5 £ 0.95 x 10%/uL.



2 Phenotyping of lymphocyte subpopulations: T-lymphocyte
phenotyping is presented in Table 10.7; B-lymphocyte pheno-
typing is presented in Table 10.8.

The percentages of circulating mononucleated cells recog-
nized by the Leu;;, NKH;A, NKH, antibodies are, respec-
tively, 21% £ 7%, 5.8% % 2.3%, 2.5% * 1.5% in the
fetus between 20 and 26 weeks of gestation and 13% + 5%,

FETAL HEMATOLOGY

12% + 3%, 5% £ 1.5% in the adult. Of fetal circulating nucle-
ated cells, 10% + 3% react with Coulter Clone MY4.

The study of lymphocytes subpopulations is interesting in
cases of maternofetal infection. T4/T8 is decreased in infected
fetuses (toxoplasmosis or cytomegalovirus), and CD3 lym-
phocytes count is increased in mothers and fetus when infec-
tion is certain.

Table 10.7 Evolution of T-lymphocyte subpopulations in fetal blood, cord blood at birth, and
adult, expressed as a percentage of the absolute number of lymphocytes (mean + SD).

T11 T3 T4 T8 T4/T8
Fetus
19-23 weeks 44 + 14 54.7+9.6 39.9+6.7 12.7 £ 3.7 3.5+£0.5
24-28 weeks 61.9 £10.5 43.1+9.3 144 +4.5 33+1.4
29-32 weeks 67.7 %7 45.5+8.3 16.8 + 6.1 3.1+1.5
Neonate 71.4 £ 3.9 52.2+£10
Adult 78.3 £12.1 74.2 £ 6.9 46.2 £+ 13.3 15.6 £ 4.1 3.1£1.1

SD, standard deviation.

Table 10.8 B-lymphocyte markers in fetus and adult as a percentage of absolute numbers of

lymphocytes.

B, B, Eiss
Fetus (20-26 weeks) 44+1.7 5+3.38 28.6 £8.5
Adult 2.7+2 32+13 123+1.5

Key points

1 Mesoblastic hematopoiesis of the yolk sac is the first
stage of embryonic hematopoiesis and appears on day
19 of pregnancy.

2 Visceral hematopoiesis is the second stage of embryonic
hematopoiesis, begins in the liver sinusoids around
5-6 weeks’ gestation, and increases rapidly.

3 Although granulocytes and platelets are found in the
circulation, the fetal liver seems to be the seat of an
almost pure hematopoiesis. From the third to the fifth
months of pregnancy, the erythrocytic precursors
represent approximately 50% of the liver’s nucleated
cells.

4 From 9 to 12 weeks, some hematopoietic activity can
also be observed in the thymus, the lymph nodes, the
kidneys, and even in the spleen.

5 Visceral, mainly hepatic, hematopoiesis reaches its
highest level of production around the fifth and sixth
months, gradually regressing until delivery. Visceral
hematopoiesis can still be observed during the first
week of postnatal life in the liver and occasionally even
in the spleen.

6 Medullary hematopoiesis begins about the fourth
month and is initially predominantly leukopoietic. The
erythropoietic tissues multiply rapidly, and the marrow
reaches its maximal cellularity toward 30 weeks’
gestation, with each lineage being adequately
represented.

7 Leukocytes first develop in the wall of the yolk sac,
then in the embryo. Very few circulating granulocytes
are found during the first weeks of fetal life.

8 Platelets are found in the blood from 11 weeks’
gestation, and, after 18 weeks, they exist in numbers
equal to those in adult blood.

9 The current opinion is that there exists a pluripotent
stem cell, the colony-forming unit, from which the
various lineages stem. This pluripotent stem cell,
which cannot be morphologically identified by
maturation criteria, is capable of differentiation and
self-renewal.

10 Investigation of disorders of hemostasis in fetal blood
samplings (platelets or coagulation factors) is severely
affected by amniotic fluid contamination because
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amniotic fluid activates some coagulation factors and
can cause platelet aggregation.

11 Three major differences distinguish maternal from fetal
blood. There is only one peak of leukocytes in the fetus
(corresponding to lymphocytes and nucleated
erythrocytes), the average erythrocyte volume is much
higher in the fetus, and red cell distribution width is
broader in the fetus.

12 In leukocytes, there are mainly lymphocytes;
granulocytes appear later in pregnancy. In cases of
maternal blood contamination. a second peak of
leukocytes is usually seen with a larger volume; this
peak is the granulocyte peak.

13 Fetal blood sampling under ultrasound guidance
is a safe procedure to study fetal biology and to
obtain prenatal diagnoses of an increasing variety of
disorders. The first step in establishing reference
values and ensuring the accuracy of diagnosis is to be
sure that the fetal blood sample is not contaminated,
by detection of BhCG in fetal serum or erythrocyte
antigen expression that differs from fetus to

14 Fetal blood sampling contamination can be caused by
maternal blood, amniotic fluid, or sodium citrate
solution.

15 The red blood cell count gradually increases from 2.85
to 3.82 x 10.6/uL. The concentration of hemoglobin
also increases significantly during the second trimester
of pregnancy. Conversely, the mean corpuscular volume
decreases significantly from 131.5 to 114 fL.

16 The evolution of the fetal leukocyte differential
according to the stage of pregnancy shows that there
are few or no basophils in the fetus. A very
high lymphocytosis is present from 18 weeks’
gestation along with erythroblastosis, decreasing to
30 weeks.

17 Quantification of platelet glycoproteins GPIIb/IIIa is
similar in fetus and adult; antibody anti-GPIa ANS51)
and anti GP-Ib (6D1) fix more easily in fetal platelets
than in adult platelets.

18 The study of lymphocyte subpopulations is interesting
in cases of maternofetal infection. T4/T8 is decreased
in infected fetuses (toxoplasmosis or cytomegalovirus),
and CD3 lymphocyte count is increased in mothers and

adult. fetus when infection is certain.
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Sporadic and recurrent pregnancy loss

Robert M. Silver and D. Ware Branch

Pregnancy loss is one of the most common medical problems
in reproductive-aged couples, with as many as 25% of all
women attempting pregnancy experiencing at least one spon-
taneous abortion. A miscarriage is an emotional event for
most individuals, and physicians are often called on to provide
insight and counseling. An estimated 0.5-1.0% of couples
attempting pregnancy suffer three or more consecutive losses,
and an even higher proportion have two or more consecutive
losses. These couples with recurrent pregnancy loss (RPL) are
often distraught and sometimes desperate, especially when
childbearing has been put off until later in life. Despite the
anguish associated with RPL, modern medical science has
made surprisingly little progress in identifying causes or devis-
ing rational treatments. Some physicians believe there are few
cost-effective evaluations and few effective treatments. At the
other extreme, “pregnancy loss centers” now exist in many
larger metropolitan areas, with personnel claiming special
insight into the causes of RPL and offering therapies not uni-
versally accepted by mainstream medicine. The truth about
RPL may lie somewhere between these two contrasting views.
The purpose of this chapter is to review the known and
suspected causes and management of sporadic pregnancy loss
and RPL.

Terminology and frequency of
pregnancy loss in humans

Traditionally, physicians have termed all pregnancy losses
before 20 weeks’ gestation, abortions, and death in wutero
thereafter, as a stillbirth or fetal death. Advances in repro-
ductive biology indicate that this classification is arbitrary,
inconsistent with embryonic and fetal development, and not
clinically useful. A more worthwhile approach is to classify
pregnancy loss in terms of developmental stages of gestation.
The pre-embryonic period lasts from conception to approxi-
mately 5 weeks after the first day of the last menstrual period.
The embryonic period begins at 6 weeks and continues
through 9 weeks’ gestation. The fetal period begins at 10

weeks’ gestation, or 70 days from the last menstrual period,
and extends through pregnancy until delivery. Thus, from the
perspective of a developmental biologist, pregnancy loss may
be categorized as pre-embryonic (anembryonic), embryonic,
or fetal.

Fifty percent or more of human pregnancies are lost before
term.' The majority are unrecognized pregnancy losses occur-
ring before or with the expected next menses.> Approximately
10-12% of all clinically recognized pregnancies are lost as
first-trimester or early second-trimester spontaneous abor-
tions. The rate of fetal death after 14 weeks’ gestation is much
lower than the rate of pre-embryonic and embryonic loss. If
neonatal deaths due to prematurity or malformations are
excluded, less than 5% of all pregnancies are lost between
early second trimester and term.> The rate of pregnancy loss
is greatly influenced by a patient’s past obstetric history.” Both
spontaneous abortion and fetal death are more likely to occur
among women with previous pregnancy losses, and less likely
to occur in those with prior live births.

The vast majority of pregnancy losses are sporadic in nature
(i.e., they occur as an isolated event in a woman whose other
pregnancies are successful). Recurrent miscarriage, tradition-
ally defined as the loss of three or more consecutive pregnan-
cies, occurs in an estimated 0.5-1.0% of women. Women with
two successive early spontaneous abortions have a recurrence
risk similar to that of women with three previous losses.””
Thus, depending on the patient’s age and attitude, investiga-
tions into the cause of the recurrent losses may be indicated
after two or three successive miscarriages. Some investigators
have found that the risk of spontaneous abortion in the sub-
sequent pregnancy increases after four or more successive
abortions.'” The risk of RPL is also increased in couples with
prior fetal death as opposed to early pregnancy loss."

Sporadic pregnancy loss

Sporadic pregnancy loss is perhaps the most common adverse
outcome in human reproduction. In the vast majority of
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sporadic spontaneous abortions, an etiology is neither readily
apparent nor sought. Nonetheless, most couples who suffer
a spontaneous abortion feel a sense of loss and seek an
explanation.

Causes of sporadic pregnancy loss

Morphological abnormalities

Abnormalities of growth and development are the immediate
cause of most pre-embryonic pregnancy losses (Table 11.1).
One-half of pre-implantation conceptuses and one-third of
implanted conceptuses are morphologically abnormal.'> Many
of these conceptuses are cytogenetically abnormal and are pre-
sumably destined to be miscarried around the time of the
expected next menses.

Abnormalities of growth and development are also the
immediate cause of most recognized pregnancy losses. Nearly
one-fifth of specimens from losses occurring in the first half of
pregnancy, and one-third of those occurring at 8 weeks’ ges-
tation or earlier, are anembryonic (i.e., the abortus specimen
consists of an intact or ruptured gestational sac with no appar-
ent embryo, yolk sac, or umbilical cord)."* Approximately
35% of women presenting with symptoms of spontaneous
abortion have an empty gestational sac or a gestational sac
with only a yolk sac present.” It is likely that such cases of
“blighted ovum” or “anembryonic pregnancy” failed during
the pre-embryonic or early embryonic period.

Identifiable embryos or fetuses are found in 50-60% of
first-trimester or early second-trimester abortus specimens,
but only one-half of these are morphologically normal.'?
The remainder exhibit disorganized growth (25%), are growth
impaired (15%), or are too macerated for examination.
Ultrasonographic data are consistent with these morphologi-

Table 11.1 Potential causes of sporadic pregnancy loss.

Morphologic abnormalities/birth defects
Genetic abnormalities

Medical and hormonal disorders
Diabetes mellitus
Thyroid disease
Luteal phase defect

Infections
Treponema pallidum
Borrelia burgdorferi
Listeria monocytogenes
Ureaplasma urealyticum
Viral infections (e.g., parvovirus; herpes simplex)
Bacterial infections (e.g., group B streptococcus)

Other causes
Tobacco
Drugs and chemicals
Ethanol
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cal observations. Fifty percent of women presenting with
symptoms of spontaneous abortion who undergo ultrasono-
graphic examination have a dead embryo."”® Because failure
of growth and death of the conceptus commonly precedes
physically evident spontaneous abortion by one or more
weeks, the gestational age at which the abortion is re-
cognized does not necessarily indicate when pregnancy failure
occurred.

Interestingly, spontaneous pregnancy loss appears to be
biphasic in distribution. Using transvaginal ultrasound, Gold-
stein® found that 13.4% of 232 women with apparently
normal early pregnancies had a pregnancy loss. A total of 87%
of the losses (12% of all pregnancies) occurred before 10
weeks’ gestation, and all embryos that were alive at 8.5 weeks’
gestation survived beyond 14 weeks. Thirteen percent of the
losses (1-2% of all pregnancies) occurred from 14 to 20
weeks’ gestation. Similarly, Simpson and colleagues'* reported
in 1987 that only 3.2% of normal women with a live embryo
seen at 8 weeks’ gestation eventually suffered a pregnancy loss,
and all losses occurred in the period between 10.5 and 16
weeks’ gestation. Thus, embryos surviving to 8 weeks’ gesta-
tion have a very low mortality rate during the next few weeks.
The overall rate of pregnancy loss rises again in the early fetal
period. The subsequent pregnancy loss rate is only 1% if a live
fetus is seen at 14-16 weeks’ gestation.'*

Cytogenetic abnormalities

Overall, approximately 50% of sporadic spontaneous abor-
tions are cytogenetically abnormal.'>'® Chromosome abnor-
malities are present in more than 90% of anembryonic abortus

12 two-thirds of malformed or growth-disorganized

tissues,
embryos, and one-third of malformed fetuses.'” Approxi-
mately 60% of karyotypic abnormalities in early pregnancy
losses are autosomal trisomies, 20% are polyploid, and 20%
are monosomy X (Table 11.2).

The autosomal trisomies found in spontaneous abortions
arise de novo as a result of meiotic nondisjunction during
gametogenesis in parents with normal karyotypes. Except for
trisomy 1, all chromosomal trisomies have been reported in
abortus material. The single most common trisomy seen in
spontaneous abortion is trisomy 16, accounting for 20-30%
of all abortus trisomies. Some autosomal trisomies are seen
only in spontaneous abortions (e.g., trisomies 2, 15, 16, and
22) or very early induced abortions, whereas trisomies 13, 18,
and 21 are found in spontaneous abortions and also occur in
live births. The rate of chromosomally abnormal abortions
increases with increasing maternal age because of an increase
in the rate of trisomy abortuses.'® However, the rate of abor-
tions with polyploidy or monosomy X decreases with increas-
ing maternal age.

The proportion of karyotypically abnormal abortuses drops
from a high of approximately 50% at 8-11 weeks’ gestation
to approximately 30% at 16-19 weeks’ gestation according
to some reports.'® However, one group of investigators noted
that very early first-trimester losses (less than 8 weeks’ gesta-



Table 11.2 Chromosomal complements in spontaneous abortions
that are recognized clinically in the first trimester.

Complement Percentage
Normal 541
46,XX or 46,XY

Triploidy 7.7
69,XXX (2.7)
69,XYX (0.2)
69,XXY (4.0)
Other (0.8)
Tetraploidy 2.6
92, XXX (1.5)
92,XXYY (0.55)
Not stated (0.55)
Monosomy X 8.6
Structural abnormalities 1.5
Sex chromosomal polysomy 0.2
47,XXX (0.05)

47,XXY (0.15)

Autosomal monosomy (G) 0.1
Autosomal trisomy 22.3
Chromosome

No. 1 (0)
No. 2 (1.11)
No. 3 (0.25)
No. 4 (0.64)
No. 5 (0.04)
No. 6 (0.14)
No. 7 (0.89)
No. 8 (0.79)
No. 9 (0.72)
No. 10 (0.36)
No. 11 (0.04)
No. 12 (0.18)
No. 13 (1.07)
No. 14 (0.82)
No. 15 (1.68)
No. 16 (7.27)
No. 17 (0.18)
No. 18 (1.15)
No. 19 (0.01)
No. 20 (0.61)
No. 21 (2.11)
No. 22 (2.26)
Double trisomy 0.7
Mosaic trisomy 1.3
Other abnormalities or not specified 0.9

From Simpson JL, Bombard, AT. Chromosomal abnormalities in
spontaneous abortion: frequency, pathology, and genetic counseling.
In: Edmonds K, Bennett MJ, eds. Spontaneous abortion. London:
Blackwell; 1987:51, with permission.
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tion) were less likely to be karyotypically abnormal than abor-
tuses from more advanced gestations."” The discrepancy in
these findings may be due to selection bias.

Traditional cytogenetic analysis involves metaphase analy-
sis of successfully cultured cells. However, culture failure is
common with cells obtained from products of conception,
occurring in up to 40% of cases.'” This problem can be cir-
cumvented with the use of comparative genomic hybridization
(CGH), a molecular genetic technique that allows for the iden-
tification of differences in copy number among chromosome
regions. Indeed, CGH has been successfully used to determine
karyotype in several cases of culture failure after pregnancy
loss.?*?! The technique can even be used in cells obtained from
macerated tissues or stored tissue blocks.

Medical and hormonal disorders

Diabetes and thyroid abnormalities have been associated with
sporadic pregnancy loss. However, only poorly controlled dia-
betes, as indicated by an elevated glycosylated hemoglobin, is
associated with first-trimester or early second-trimester preg-
nancy loss.?* Several groups of investigators have shown that
women with antithyroid antibodies detected early in preg-
nancy have increased rates of first- or early second-trimester
loss.**?** Most of the affected women do not have biochemi-
cal evidence of thyroid disease, and virtually none has clini-
cally apparent disease. It is uncertain whether or not the
presence of antithyroid antibodies is specific for pregnancy
loss or is simply a marker for an underlying autoimmune dis-
order also linked to pregnancy loss. Regardless, assessment of
thyroid function or antithyroid antibodies is 7ot recom-
mended for sporadic pregnancy loss.

Infections

Case reports indicate that infections are a rare cause of some
first- or early second-trimester pregnancy losses. Infectious
agents such as Treponema pallidum,” Borrelia burgdorferi,*®
and Listeria monocytogenes®” have been identified in first- or
early second-trimester miscarriage specimens. Chlamydia tra-
chomatis does not appear to be a cause of sporadic abor-
tion.”*?* Although some data suggest that mycoplasmas and
ureaplasmas may be associated with spontaneous abor-

3031 these organisms are present in up to 70% of healthy

tion,
women. Thus, screening for these organisms in women with
sporadic abortion is not advised. Other organisms such as
group B streptococcus, bacterial vaginosis, parvovirus, herpes
simplex virus, Toxoplasma gondii, etc. have been linked to
second- and third-trimester pregnancy loss.*> However, they
are rarely associated with early losses and routine assessment

is not recommended.

Other causes of sporadic early pregnancy loss

Certain drugs and chemical agents, ethanol, coffee, and ciga-
rette smoking have been proposed as causes of sporadic early
pregnancy loss. Drugs and chemicals that may cause early
pregnancy loss include anesthetic gases, chloroquine, oral
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hypoglycemic agents, arsenic, heavy metals, and some indus-
trial organic chemicals. It is questionable, however, as to
whether any of these is an abortifacient at typical levels of
exposure. Antineoplastic agents, such as aminopterin and
methotrexate, may cause miscarriage at therapeutic doses. The
contention that exposure to video display terminals for more
than 20h per week is related to miscarriage has been

refuted.?® 3

Effect of maternal age, parity, and prior
pregnancy outcomes

Sporadic spontaneous abortion is influenced by maternal age
and parity. In a cross-sectional study of women in a large
healthcare plan,” investigators found that the ratio of
observed versus expected cases of first-trimester abortion was
higher in women younger than 18, lower in women aged
20-35, and rose sharply after age 35. Stein and coauthors®
found that the overall spontaneous abortion rate was constant
until women were in their mid-30s, when it started to rise.
The rate of rise increased dramatically at about age 35. Sig-
nificantly, most of the increase in the rate of spontaneous abor-
tion in older women is not due to an increase in the rate of
chromosomally abnormal conceptions.*® The rate of second-
trimester (fetal) loss follows a pattern similar to that of early
pregnancy loss, but the increased rate seen in older gravidas
begins at age 30.% Fretts and Usher®” showed that approxi-
mately 1 in 440 births among women age 35 or older end in
unexplained fetal death, a rate more than double that of
younger women.

Several investigators have found a direct relationship
between gravidity and crude abortion rates, with a noticeable
increase after the second pregnancy.”®**% These findings are
widely considered to be influenced by two factors. First, in
modern Western society the third pregnancy and beyond are
likely to occur in older women, allowing maternal age to influ-
ence the abortion rate. Second, because the average number
of desired children in most Western countries is two, many
women undertaking a third pregnancy will have experienced
pregnancy loss in their prior pregnancies. These women are
more likely to have another pregnancy loss than women who
have never lost a pregnancy.

Women with one or two previously unsuccessful
pregnancies are more likely to suffer a spontaneous loss in
their next pregnancy than women undertaking a first preg-
nancy, or women with one or two previous live births and
no abortions. The best data are from Regan’s Cambridge
Early Pregnancy Loss study.” Women with one previous
abortion had a recognized abortion rate of 11.5% in their
second pregnancy, and women with two previous abortions
had an abortion rate of 29.4% in their third pregnancy. By
comparison, primigravidas volunteering for the study had a
pregnancy loss rate of 5.6%, and women with only live births
in the past had an abortion rate of 2.2% in their next
pregnancy.
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Table 11.3 Recommended evaluation of fetal death.

Generally accepted evaluation
Review of the medical history
Ultrasonography

Indirect Coombs’ test
Karyotype

Kleihauer—Betke test
Serological test for syphilis
Toxicology screen

Autopsy

Additional evaluation
Antiphospholipid antibodies
TORCH titers (questionable utility)
Parvovirus serology

Thyroid function tests

Glucose tolerance testing

Testing for heritable thrombophilias

TORCH: toxoplasmosis, and other agents, rubella, cytomegalovirus,
herpes simplex.

Fetal death

Clinicians should recognize that the etiologies of late preg-
nancy loss differ from first-trimester abortions. Potential
causes of fetal death include chromosomal abnormalities, fetal
malformations, fetal anemia secondary to alloimmunization
or fetal-maternal hemorrhage, cord accidents, fetal infections
(e.g., syphilis), antiphospholipid syndrome (APS), and herita-
ble thrombophilias. Obstetric disorders such as preeclampsia,
abruption, and fetal growth retardation can also lead to fetal
death. At present, there is no generally accepted standard eval-
uation for fetal death. Studies conducted by the Multicenter
Stillbirth Collaborative Research Network sponsored by the
National Institute of Child Health and Human Development
(NICHD) should help to clarify the issue. Meanwhile, Table
11.3 lists our suggested evaluation of patients with fetal death.
Amniocentesis should be considered soon after the diagnosis
of fetal demise because viable fetal cells can be difficult to
obtain from macerated tissues. As CGH becomes more widely
available, it will be another option for genetic analysis in cases
when culture of live cells is not possible.

Evaluation and management of sporadic
pregnancy loss

No specific evaluation of the mother or abortus tissue is indi-
cated in the case of a single pre-embryonic or embryonic loss
occurring in an otherwise healthy woman. It may be reassur-
ing to tactfully inform the patient that most sporadic early
pregnancy losses are the inevitable consequence of morpho-
logical or cytogenetic abnormalities of the conceptus. The cli-
nician should also inform the patient of the high pregnancy
success rate after a single spontaneous abortion, taking the



maternal age and past obstetric history into account. Recall
that several studies have demonstrated that approximately
80-90% of women experiencing a single early spontaneous

abortion deliver a viable live infant in the next pregnancy.”***!

Ultrasound in the management of spontaneous abortion
Endovaginal ultrasonography can play an important role in
the management of threatened abortion (Table 11.4). Tradi-
tional medical thinking holds that a patient with bleeding in
the first 10 weeks of pregnancy has an approximately 50%
chance of miscarriage. Ultrasonographic studies have shown,
however, that the embryo is usually absent or dead at the time
of presentation in patients who are destined to miscarry. In
contrast, fewer than one-third of live embryos found in
women with uterine bleeding before 10 weeks’ gestation will
abort.

Precise knowledge of gestational age can facilitate the inter-
pretation of ultrasonographic findings in women with threat-

Table 11.4 Sonographic criteria for pregnancy loss.

Criteria diagnostic of pregnancy loss
MSD > 8 mm without yolk sac*
MSD > 16 mm without an embryo*
Embryo without cardiac activity

Findings associated with poor prognosis

MSD minus CRL < 5mm before 9 weeks’ gestation
Yolk sac diameter > 6 mm

Embryonic heart rate < 80 b.p.m.

Subchorionic hemorrhage 240% sac volume

B.p.m., beats per min; CRL, crown-rump length; MSD, mean
gestational sac diameter.

*High-resolution endovaginal ultrasound (6.25 MHz or greater
probe).

Figure 11.1 Anembryonic pregnancy loss with
mean sac diameter of >16 mm without a
demonstrable embryo.
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ened abortion. Ultrasound findings are unreliable at 3-4
weeks’ gestation as the uterus usually appears to be empty. At
5-6 weeks, the diagnosis of pregnancy loss is based on yolk
sac and gestational sac findings. At 7-8 weeks, gestational sac
and embryo findings are germane.

The most reliable gestational sac indicator of impending
abortion is abnormal sac size relative to other gestational
tissue features. For example, one group of investigators have
found that when the mean gestational sac diameter (MSD)
minus the embryo crown-rump length (CRL) equals 5 mm or
less before 9 weeks’ gestation (MSD — CRL < §), the likeli-
hood of miscarriage is greater than 80%.* Virtually definitive
proof of impending pregnancy loss can be reached with high-
resolution (6.25 MHz or greater probe) endovaginal scanning
when one sees (1) an MSD of 8 mm or more without a demon-
strable yolk sac or (2) an MSD of 16 mm or more without a
demonstrable embryo (Fig. 11.1).** The use of lower reso-
lution equipment requires modification of these criteria.

Abnormally large yolk sac diameter is also associated with
pregnancy loss, although it would be unwise to use this feature
alone to diagnose pregnancy loss. As a general rule, large yolk
sac diameters (6 mm or greater) are associated with abnormal
pregnancies destined to miscarry (Fig. 11.2).%

A dead embryo (i.e., without cardiac activity) is definitive for
pregnancy failure. As a general rule, the presence of a normal
cardiac rate in an embryo is encouraging, but there are three
important caveats regarding embryonic cardiac activity. First,
normal embryos with a CRL of less than 5 mm may have no
ultrasonographically apparent cardiac activity. A diagnosis of
embryonic death should not be made in this setting. Second, the
earlier in pregnancy that embryonic cardiac activity is detected,
the less likely it is to predict a successful pregnancy. Among
women presenting with uterine bleeding and found to have a
live embryo with a CRL of less than 5 mm, the rate of abortion
is approximately 30%. After 7 weeks’ gestation (CRL approx-
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imately 9.5 mm), the finding of a live embryo in the setting of
vaginal bleeding is associated with a 10% miscarriage rate. At
9-11 weeks’ gestation (CRL approximately 23 mm), the finding
of a live embryo or fetus is associated with a 3-4% miscarriage
rate. Finally, the cardiac rate provides some predictive value as
to the likelihood of miscarriage.”’” At any gestational age, an
embryonic heart rate of less than 80 beats per min carries a very
poor prognosis. With CRLs of less than 5 mm, cardiac rates of
80-90 beats per min are associated with pregnancy loss in two-
thirds of cases, and rates of 90-100 beats per min are associated
with losses in one-third of cases. In embryos with a CRL of
5-9mm, heart rates of less than 100 beats per min are ominous.

Recurrent pregnancy loss

Up to 1% of couples experience three consecutive pregnancy
losses, a figure at least two or three times higher than expected
based on the observed pregnancy loss rate per pregnancy in
the general population. RPL is a particularly difficult clinical
problem because no definite etiology is discovered in a sub-
stantial proportion of cases. In the face of this emotional and
frustrating situation, both physicians and patients may feel the
need to perform evaluations for uncertain or unproven
“causes” and to try experimental treatments. Table 11.5 pres-
ents causes of RPL.

Causes of recurrent pregnancy loss

Genetic abnormalities

Parental structural chromosome abnormalities

In approximately 3—5% of couples with two or more sponta-
neous losses, one of the partners has a genetically balanced
structural chromosome rearrangement.***’ Balanced translo-
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Figure 11.2 Embryonic demise with a large
(=6 mm) yolk sac.

Table 11.5 Proposed causes of recurrent pregnancy loss.

Genetic abnormalities

Parental structural chromosome abnormalities

Numerical chromosome abnormalities of the conceptus
Molecular genetic abnormalities of the conceptus or placenta

Hormonal and metabolic disorders
Luteal phase defects

Diabetes

Thyroid disease

Uterine anatomical abnormalities
Congenital uterine malformations
Uterine synechiae

Uterine fibroids

Autoimmune causes
Antiphospholipid syndrome

Infections

Thrombophilia

Factor V resistance to activated protein C (factor V Leiden)
Prothrombin gene G20210A mutation

Deficiencies of antithrombin III, protein C, or protein S

cations account for the largest proportion of these karyotypic
abnormalities and occur as either reciprocal or robertsonian
translocations. In reciprocal translocations, segments are
exchanged between two nonhomologous chromosomes. In
robertsonian translocations, two acrocentric chromosomes
(chromosomes 13 to 15 and 21 to 22) fuse at the centromeric
region and lose their short arms. Although the carrier of a
balanced translocation is usually phenotypically normal,
balanced translocations may cause pregnancy loss because



segregation during meiosis results in gametes with duplication
or deficiency of chromosome segments. A chromosome inver-
sion occurs when a segment of the chromosome is reinserted
in the reverse order after the chromosome breaks. Inversions
may result in pregnancy loss because crossovers between
abnormally paired chromatids during meiosis I result in dupli-
cations or deficiencies of genetic material.

Phenotypically normal offspring do not exclude the possi-
bility of a balanced chromosome abnormality in a couple with
RPL. The recurrence risk for spontaneous abortion in a couple
with a parental structural chromosome abnormality is related
to many variables, the most important of which is the specific
type of abnormality. Some couples may wish to consider a pre-
implantation genetic diagnosis and all should be offered
genetic counseling. Couples with one partner who has a bal-
anced translocation or inversion should be offered prenatal
genetic diagnosis because of the increased risk of a karyotypic
abnormality.

Numerical chromosome abnormalities of the conceptus
Karyotypes in consecutive abortions suggest that recurrent
aneuploidy in the conceptus may be a cause of RPL. In one
set of data, the karyotype of the second successive sponta-
neous abortion was abnormal in nearly 70% of cases in which
aneuploidy was found in the first abortus, but in only 20% of
cases in which the first abortus was chromosomally normal.*
However, this observation may have been due to the age of
the mothers rather than to a nonrandom event in predisposed
couples.’!

Molecular genetic abnormalities of the conceptus

Since the 1980s, the importance of single gene mutations as a
cause of numerous human diseases has been brought to light
by the development of techniques for DNA analysis. The ques-
tion of whether mutations may cause RPL is now pertinent,
and the potential mechanisms for such a defect to result in
pregnancy loss are innumerable. For example, a mutation in
genes critical for trophoblast growth and development, or
blood vessel formation, could preclude successful implanta-
tion or development. There are many examples of embryonic-
lethal mutations in mice but, as yet, none has been found in
the human.

Hormonal and metabolic disorders

Luteal phase defect

Removal of progesterone production in early pregnancy (via
resection of the corpus luteum) results in spontaneous abor-
tion, and progesterone replacement after removal of the
corpus luteum allows the pregnancy to continue. Antiprog-
estins, such as RU486, reliably cause pregnancy loss when
administered before 7 weeks after the last menstrual period,
confirming the necessity of progesterone (and adequate prog-
esterone response) for the maintenance of early pregnancy.
Thus, it is no surprise that investigators hypothesized a role
for inadequate progesterone production or effect as a cause of
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pregnancy loss. Some investigators consider this condition,
often referred to as luteal phase defect (LPD), to be a rather
common cause of RPL, accounting for approximately
25-40% of cases.'”*? Nonetheless, properly controlled trials
to prove that LPD is a cause of RPL are lacking.

Many authorities believe that a timed, late-luteal phase,
endometrial biopsy taken from the fundal portion of the
uterus is the gold standard for diagnosing LPD. The timing of
the endometrial biopsy is important; it should be obtained
within 3 days of the expected menstrual period. Histological
interpretation is compared with the luteal phase day as estab-
lished by the onset of the next menses (assuming 14 days in a
normal luteal phase). The endometrium is considered to be out
of phase when the histological dating lags behind the men-
strual dating by two or more days. Out-of-phase endometrial
histology in a single biopsy is relatively common in normal
women.” For this reason, it is prudent to require that two
consecutive endometrial biopsies be out of phase before a
diagnosis of LPD is made. Detractors of the endometrial
biopsy as a method of diagnosis point out that as many as
50% of normal women have a single endometrial histology
suggestive of LPD, and 25% have abnormal biopsy findings
in sequential luteal phases.*® Interobserver variation in dating
endometrial biopsies further limits the usefulness of the assay.
In one series, more than 20% of women would have received
different therapy depending on the individual interpreting the
results of their endometrial biopsies.™ Morphometric analysis
of the endometrial biopsy may offer an improvement over his-
tological analysis in the diagnosis of LPD. Using a standard-
ized examination with morphometry, Serle and coauthors®
identified a delay in endometrial maturation of more than 2
days in 60% of women with RPL, compared with no delay in
any of the control subjects.

It would seem that measuring circulating levels of proges-
terone or its metabolites would be a reasonable alternative to
the endometrial biopsy in the diagnosis of LPD. However, the
pulsatile nature of progesterone secretion in the second half
of the menstrual cycle results in wide fluctuations in circulat-
ing levels and leaves the interpretation of a single progesterone
level uncertain. Many investigators use serial (daily) proges-
terone determinations to diagnose or exclude LPD, and the
method has gained wide acceptance among infertility special-
ists.’® In one well-carried out study, progesterone levels on
days 1-4 of the luteal phase were compared in women with
unexplained infertility and in normal fertile control subjects,
and a significantly different pattern of progesterone levels was
found in the infertile group.’” Similar studies have not been
carried out in women with RPL. Given the relative inaccura-
cies of each method, it is difficult to say whether one is supe-
rior to the other.

Notwithstanding the uncertainty as to the relationship
between LPD and RPL, various treatments have been used in
patients with RPL and LPD. Because most patients with RPL
ovulate, it is assumed that inadequate progesterone synthesis
in the luteal phase is the cause. A few patients may actually
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have a progesterone-resistant endometrium. Although uncon-
trolled studies suggest that progesterone therapy is beneficial
in achieving a successful pregnancy,® several controlled,
randomized trials of limited numbers of patients have not
confirmed this.*” The usual treatment regimen is 25mg of
progesterone, twice a day, beginning on the third day after
ovulation and administered by vaginal suppository. A reason-
able alternative is 200-400mg per day of oral micronized
progesterone, taken in divided doses. Treatment is often
empirical although efficacy is unproven.

Other endocrinological and metabolic disorders

Poorly controlled diabetes mellitus is a recognized cause of
sporadic pregnancy loss as well as severe hypothyroidism or
severe hyperthyroidism. Case reports suggest that homo-
cystinuria and Wilson’s disease are associated with pregnancy
loss. However, none of these conditions is likely to present pri-
marily because of RPL and, if they did, they would easily be
detected by clinical evaluation. There is no convincing evi-
dence that asymptomatic systemic endocrinological or meta-
bolic disorders are a cause of RPL.*%¢%¢!

Uterine anatomic abnormalities

In total, 10-15% of women with recurrent first-trimester
abortions have congenital uterine abnormalities.’®**¢! The
rate of uterine abnormalities is higher in women with fetal
deaths and deliveries of premature infants.”” The most
common malformations associated with pregnancy loss are
variations of the double uterus (bicornuate, septate, didel-
phys). Severe uterine synechiae (Asherman syndrome) and
uterine abnormalities associated with in utero exposure to
diethylstilbestrol (DES) may also be associated with miscar-
riage. An association between submucosal leiomyomata and
RPL is controversial. Although not proven, pregnancy loss in
patients with uterine abnormalities may be due to space con-
straints or poorly vascularized uterine tissues, which results in
inadequate placentation.

Accurate information concerning the risks of uterine abnor-
malities and pregnancy loss is lacking because reported series
do not include a realistic denominator. Only patients present-
ing for pregnancy loss or infertility are reported. Many women
with uterine abnormalities have acceptable reproductive out-
comes and would not be included in case series. For example,
the overall reproductive performance of women with bicor-
nuate uterus is reasonably good.®® Even in highly selected
series, less than one-half of prior pregnancies in women with
bicornuate uterus end in abortion or premature delivery.**
Indeed, one prospective study of three-dimensional pelvic
ultrasound in relatively unselected patients demonstrated
much better outcomes in women with uterine abnormalities
than had been reported in retrospective cohorts.*® Thus, a cau-
tious, circumspect approach is warranted in ascribing preg-
nancy loss to uterine abnormalities and other causes must be
excluded.
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Uterine anatomical abnormalities are diagnosed by a variety
of imaging techniques. Excellent screening techniques include
hysterosalpingogram or sonohysterogram. For the hystero-
salpingogram, the uterus should be deflexed using cervical
traction so that an en face radiograph of the uterus can be
obtained. Initially, only a small amount of radiopaque dye
should be injected so that subtle defects are not overlooked.
Pelvic magnetic resonance imaging (MRI) or hysteroscopy
may provide more definitive diagnoses.

The most common congenital abnormalities among women
complaining of pregnancy loss or immature delivery are
septate uterus and bicornuate uterus (Fig. 11.3), which
together account for at least 50% of uterine abnormalities in
women with RPL. Women with septate uterus are reported to
have previous pregnancy loss rates that vary widely, from
approximately 25% to more than 90%.*%¢” Previous preg-
nancy outcomes in women with septate uterus are generally
worse than for women with bicornuate uterus.*® The cause of
pregnancy loss in women with septate uterus is uncertain, but
diminished blood supply to the septum is often cited as a
primary problem.

Surgical repair of uterine abnormalities has never been
proven to improve outcome in women with RPL in properly
designed studies. Nonetheless, dramatically improved out-
comes have been reported in case series in women with RPL
and septate uteruses undergoing hysteroscopic resection of the
septum.®®’® Given its low morbidity and cost, we believe hys-
teroscopic resection of uterine septa should be considered in
women with a history of RPL, a single fetal death, or marked
preterm delivery. In contrast, the metroplasty required to
correct abnormalities such as bicornuate uterus and uterus
didelphys is considerably more morbid and expensive. Also,
the link between these conditions and RPL is less convincing
than for uterine septum. Today, metroplasty is rarely per-
formed as a treatment for RPL and should be reserved for
unusual and refractory cases. Treatment of Asherman syn-
drome or submucosal fibroids is of theoretical benefit in some
women with RPL but proof of efficacy is lacking.

Cervical insufficiency (cervical incompetence) is a generally
accepted cause of second-trimester loss. Diagnosis is made on
clinical grounds (painless dilation of the cervix with passage
of the fetus) or via sonogram. The reader is referred to chapter
62 of this book for further discussion.

Infectious causes

It remains controversial as to whether an infectious agent may
cause RPL. For an infectious agent to cause multiple preg-
nancy losses, it would have to establish a chronic infection or
colonization that could infect, or at least affect, the gestational
tissues in successive pregnancies. No infectious agent has been
proven to cause recurrent early pregnancy loss, although case
reports and circumstantial evidence raise the possibility. In the
absence of additional data, evaluation for infectious causes of
RPL is ill advised.
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Figure 11.3 Septate uterus (A) and bicornuate uterus (B) in women with recurrent pregnancy loss.
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Table 11.6 International consensus statement on preliminary
criteria for the classification of antiphospholipid syndrome.*

Clinical criteria:

Pregnancy complications
Three or more unexplained early spontaneous abortions
Premature birth before 34 weeks’ gestation (placental
insufficiency)
Unexplained fetal death

Vascular thrombosis
Venous thrombosis
Arterial thrombosis
Small vessel thrombosis

Laboratory criteria
Lupus anticoagulant
Anticardiolipin antibodies (IgG or IgM)
Medium-high levels (antibodies must be present on two or more
occasions at least 6 weeks apart)

From Wilson WA, Gharavi AE, Koike T, et al. International
consensus statement on preliminary classification criteria for definite
antiphospholipid syndrome: report of an international workshop.
Arthritis Rheum 1999;42:1309.

*A diagnosis of definite antiphospholipid syndrome requires the
presence of at least one of the clinical criteria and one of the
laboratory criteria. No limits are placed on the interval between the
clinical event and the positive laboratory findings.

Autoimmune causes

Antiphospholipid syndrome (APS) is an autoimmune dis-
order characterized by the presence of significant levels of
antiphospholipid antibodies and one or more clinical features,
including pregnancy loss, thrombosis, or autoimmune throm-
bocytopenia (Table 11.6). This disorder may occur as a sec-
ondary condition in patients with underlying autoimmune
disease (e.g., systemic lupus erythematosus) or as a primary
condition in women with no other recognizable autoimmune
disease. Second-trimester fetal death is the most specific type
of pregnancy loss associated with APS, but some patients
present with recurrent late first-trimester or early second-
trimester fetal loss.”"”* Overall, 5-20% of women with RPL
have detectable antiphospholipid antibodies,”~"* but these low
levels of antibodies can be found in 5-10% of otherwise
normal women. Thus, APS is identified as the cause of preg-
nancy loss in 5-10% of women with recurrent miscarriage.
Women with a previous fetal death”~” and high levels of anti-
cardiolipin IgG antibodies”” are at greatest risk of fetal loss in
subsequent pregnancies.

The two most well-characterized antiphospholipid antibod-
ies are lupus anticoagulant and anticardiolipin. Lupus antico-
agulant (a double misnomer and an unconventional name for
an antibody) is reported as present or absent. Anticardiolipin
antibody results are reported in semiquantitative terms (neg-
ative or low/medium/high positive). Low-positive results are
of questionable significance:”® patients with APS virtually
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Table 11.7 Indications for antiphospholipid antibody testing.

Recurrent spontaneous abortion™®

Unexplained second- or third-trimester fetal death

Severe preeclampsia before 34 weeks’ gestation
Unexplained venous thrombosis

Unexplained arterial thrombosis

Unexplained stroke

Unexplained transient ischemic attack or amaurosis fugax
Systemic lupus erythematosus or other connective tissue disease
Autoimmune thrombocytopenia

Autoimmune hemolytic anemia

Livedo reticularis

Chorea gravidarum

False-positive serological test for syphilis

Unexplained prolongation in clotting assay

Unexplained severe intrauterine growth retardation

*Three or more spontaneous abortions with no more than one live

birth.

always have medium- or high-positive results. Several other
antiphospholipid antibodies (e.g., antiphosphatidylserine) and
antibodies against B-2-glycoprotein-I (an anticoagulant
protein that may be the epitope for antiphospholipid anti-
bodies) have been reported to be associated with APS.”*#
However, their association with pregnancy loss remains con-

1.8 Thus, we recommend testing for lupus anticoag-

troversia
ulant and anticardiolipin antibodies when confirming the
diagnosis of APS. Indications for antiphospholipid antibody
testing are shown in Table 11.7.

Glucocorticoids, heparin, low-dose aspirin, and intravenous
immunoglobulin (IVIG), or combinations of these medica-
tions, have been used to treat pregnant women in an attempt
to improve pregnancy outcomes among women with APS and
pregnancy loss. Direct comparison of these studies is virtually
impossible due to differences in patient selection and treat-
ments.” The two most widely used treatment regimens have
been (1) a combination of prednisone and low-dose aspirin
and (2) heparin, with or without low-dose aspirin. Successful
pregnancy outcomes have been reported in approximately
55-85% of treated cases. Although none of these studies
included appropriate control subjects and efficacy is uncertain,
results of case series have been impressive. Heparin and low-
dose aspirin is recommended as first-line therapy because it
causes fewer side-effects than prednisone® and may reduce the
risk of thrombosis in women with APS. Thromboprophylac-
tic doses appear to be as effective as anticoagulant doses and
have fewer side-effects; thus, they are recommended (e.g.,
7500 units twice daily). Low-molecular-weight heparins may
safely be used instead of unfractionated heparin. Treatment
with IVIG has generated considerable enthusiasm because
obstetric outcome has been excellent in a handful of treated
pregnancies in women with APS who had previously “failed”
treatment with heparin or prednisone.®*** However, in a small



Table 11.8 Thrombophilic disorders and risk of pregnancy loss.
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Thrombophilic disorder

Prevalence in women with

Prevalence in control Risk of pregnancy loss (OR)

pregnancy loss (%)* subjects (%)
Factor V Leiden 8-32 1-10 2-5
Acquired APC resistance (without factor V Leiden) 9-38 0-3 3-4
Prothrombin gene mutation 4-13 1-3 2-9
Antithrombin deficiency 0-2 0-1.4 2-5
Protein C deficiency 6 0-2.5 2-3
Protein S deficiency 5-8 0-0.2 3-40
Hyperhomocysteinemia 17-27 5-16 3-7
Homozygous MTHFR C677T+t 5-21 4-20 0.4-3%
Combined thrombophilia 8-25 1-5 5-14

From ref. 100, with permission.
*Variably defined as first or recurrent early and/or late pregnancy loss.
15,10-methylenetetrahydrofolate reductase (MTHFR).

1No significant difference in prevalence or risk in the majority of studies.

randomized trial,* the use of IVIG and heparin was not better
than heparin alone, and cannot be recommended as primary
therapy in the absence of further study because of its extremely
high cost.

Some women with antiphospholipid antibodies have had
successful pregnancies without specific medical treatment, but
there is no way to identify these patients prospectively. At
present, women with APS and a history of second-trimester
fetal death or thrombosis should be considered for heparin or
heparin and low-dose aspirin treatment,” but the empirical
nature of the treatment should be discussed with the patient.
The treatment of women with recurrent first-trimester mis-
carriage and antiphospholipid antibodies, but no history of
fetal death or thrombosis, is controversial. Results of well-
designed clinical trials are mixed.¢58

Regardless of treatment, one-half of women with APS in one
series developed preeclampsia, with more than one-fourth
having severe preeclampsia.” Fetal distress requiring delivery
developed in more than one-half of cases, and nearly one-third
of liveborn infants were small for gestational age. More than
one-third of surviving infants were born at, or after, 32 weeks’
gestation. Finally, 5% of pregnancies were complicated by
maternal thrombosis, including one case of stroke. These high-
risk pregnancies demand close maternal and fetal surveillance.

Some investigators have proposed that a subclinical autoim-
mune condition or conditions might be associated with RPL,
and several have found that some women with RPL have
detectable antinuclear antibodies (ANAs). However, the pro-
portion of recurrent unexplained miscarriage patients with
positive ANAs is not statistically different from that of appro-
priate control subjects.’*® One group found that ANAs
having a titer greater than or equal to 1:80 were more fre-
quent in women with RPL than in normal nonpregnant or
pregnant women.”' Subsequent, untreated pregnancy out-
comes were no different in this subset than in other women

with recurrent miscarriage. Other autoantibodies have also
been associated with miscarriage (including anti-SS-A, thyroid
autoantibodies) and positive results in autoantibody “pro-
files.” However, these studies were not convincing, or they
require confirmation of their significance in women with
recurrent miscarriage. Taken together, the data available at
present do not support testing women with RPL for ANAs or
autoantibodies other than antiphospholipid antibodies.

Thrombophilia
The histological findings of placental infarction, necrosis, and
vascular thrombosis (Fig. 11.4) in some cases of pregnancy
loss associated with antiphospholipid antibodies have led to
the hypothesis that thrombosis in the uteroplacental circula-
tion may lead to placental infarction and fetal death. In turn,
these observations have raised the question as to whether
other thrombophilic defects (Table 11.8) predispose to fetal
loss. Several case series and retrospective studies reported an
association between miscarriage,’ second-trimester pregnancy
loss,” and stillbirth and deficiencies of the anticoagulant pro-
teins antithrombin III, protein C, and protein S (Fig. 11.5).”*
Placental infarction was noted in many of these cases. Recur-
rent pregnancy loss has also been linked to the hypercoagula-
ble state, hyperhomocysteinemia,” and deficiencies in levels of
activated factor XII (Hageman factor).”®

Abnormal factor V resistance to the anticoagulant effects of
activated protein C (APC resistance) has been recognized as
the predominant cause of venous thrombosis and familial
thrombophilia.”” It is usually associated with the factor V
Leiden mutation in the factor V gene, which is present in
approximately 2-8% of the general population in the USA.”
The second most common thrombophilia is the G20210A
mutation in the prothrombin gene, occurring in 2-3% of the
general population.” Numerous case series and retrospective
cohort—control studies have linked both the factor V Leiden
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Figure 11.4 Placenta demonstrating extensive infarction and vascular thrombosis taken from a pregnancy resulting in second-trimester fetal
death in a patient with antiphospholipid syndrome.

Inhibits platelet activation Lysis of fibrin
Destroys Va + Vllla Plasmin
Trauma
Epinephrine  NO  PGl, ADPase Protein S Inhibits Xa + thrombin T
Thrombin A Bl L
ADP _THROMBIN 5, ATII asminogen
Protein C Protein Ca + activators (tPA)
Thrombomodulln Heparin (uPA)
/
[ ] [ ] [ ] L] L]
Figure 11.5 Overview of hemostasis. Antithrombin III (ATIII) diphosphatase; NO, nitric oxide; PGI, prostacyclin. (From Colman
inhibits thrombin and factor Xa, whereas protein C (with protein S RW, Marder V], Salzman EW, Hirsh J. Plasma coagulation factors.
as a cofactor) inactivates factor Va and VIIIa. These proteins all Chapter 1. In: Colman RW et al., eds. Hemostasis and thrombosis:
inhibit thrombus formation and contribute to the maintenance of basic principles and clinical practice, 3rd edn. Philadelphia:
vascular patency. ADP, adenosine diphosphate; ADPase, adenosine Lippincott, 1994, with permission.)
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and G120210A prothrombin gene mutations to pregnancy
loss.'®!°" In most studies, thrombophilias were more strongly
associated with losses after 10 weeks’ gestation as opposed to
anembryonic or embryonic losses. A recent meta-analysis indi-
cated an odds ratio of 2 for “early” and 7.8 for “late” RPL
for women with the factor V Leiden mutation, and an odds
ratio of 2.6 for “early” recurrent fetal loss in those with the
prothrombin gene mutation.'”" Protein S deficiency, but not
the methylenetetrahydrofolate mutation associated with
hyperhomocysteinemia, protein C deficiency, or antithrombin
III deficiency were associated with pregnancy loss in the
meta-analysis.'"!

It is noteworthy that many heritable thrombophilias are
common in normal individuals without a history of thrombo-
sis or pregnancy loss.'” Thus, although retrospective studies
(and one prospective cohort)!®* link thrombophilias to preg-
nancy loss, most individuals with thrombophilias have uncom-
plicated pregnancies. Indeed, two large prospective cohort
studies indicated no association between the factor V Leiden
mutation and heritable thrombophilias, and either pregnancy
loss or obstetric complications characterized by placental
insufficiency.'"*'% It is clear that thrombophilia alone is insuf-
ficient to cause pregnancy loss and such individuals without
prior obstetric complications should be reassured.

The association between thrombophilias and pregnancy loss
raises the question as to whether thromboprophylaxis may
improve outcome in subsequent pregnancies. Several uncon-
trolled studies report improved outcome in subsequent
pregnancies in women with thrombophilias taking thrombo-
prophylactic doses of low-molecular-weight heparin.!®® A
recent prospective randomized controlled trial also supports
the efficacy of low-molecular-weight heparin in women with
thrombophilia and prior pregnancy loss.'” Out of 80 women
taking 40 mg per day of enoxaparin, 69 (86%) had live births
compared with 23 out of 80 (29%) taking low-dose aspirin.'®’
These data are compelling, but caution is advised regarding
the evaluation and treatment of thrombophilias in the setting
of RPL. The frequency of thrombophilias in healthy
people, the excellent outcome in most women with throm-
bophilias, and the side-effects and cost of testing and
thromboprophylaxis weigh against mass screening and treat-
ment in the absence of additional data from properly designed
studies.

Alloimmune causes

The term alloimmune refers to immunological differences
between individuals of the same species. Allogeneic factors
have been proposed as the cause of otherwise unexplained
RPL, similar to allograft rejection in organ transplantation.
However, there is no direct scientific evidence that alloimmune
factors play a role in human pregnancy loss. This concept led
to the use of immunological treatments for unexplained RPL,
including leukocyte immunization (typically with paternal
leukocytes) and IVIG. Although both treatments are still in
use, randomized controlled trials failed to demonstrate effi-
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cacy.'”1% These treatments are expensive, have significant
adverse effects, and are not recommended at present.

Psychotherapy

Several authorities have proposed that psychotherapy or a
program of emotional support and reassurance can improve
pregnancy outcome in women with RPL."”''% Two studies
reported successful pregnancies in approximately 85% of
women undergoing “tender loving care” compared with only
one-third of control subjects.'””!'"® Unfortunately, none of
these studies was randomized controlled trials. Nonetheless,
couples are likely to benefit emotionally from additional
psychological support, as well as medical and ultrasound
examinations.

Unexplained recurrent early pregnancy loss

In as many as 55% of couples with RPL, an evaluation that
includes parental karyotypes, hysterosalpingography or hys-
teroscopy, endometrial biopsy, and antiphospholipid antibody
testing is negative (Fig. 11.6). Given that an alleged alloim-
mune cause for RPL is controversial, a substantial majority
(approximately 50-75%) of couples with RPL have no diag-
nosis. Informative and sympathetic counseling appears to
serve an important role in this frustrating situation. Livebirth
rates ranging from 35% to 85% are commonly reported in
couples with unexplained RPL who undertake an untreated
subsequent pregnancy,'®!?!L112 figyres that many couples
view as optimistic. Good pregnancy outcomes may be
achieved using a sympathetic, “tender loving care” approach
in early pregnancy.'® % Other couples may want to consider
the experimental therapies outlined above.

LPD i
Uterine

abnormalities

APS

Genetic

Unexplained

Figure 11.6 Causes of recurrent pregnancy loss in 310 women
evaluated at the University of Utah. Luteal phase defect (LPD)
caused 16% of losses, uterine abnormalities caused 15%, genetic
abnormalities caused 5.5%, antiphospholipid syndrome (APS)
caused 13%, and 57.5% were unexplained. Seven percent of
women with “explained” recurrent pregnancy loss had more than
one diagnosis.
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Conclusions and recommendations

Recurrent pregnancy loss is often a frustrating clinical
problem for patients and physicians. Of the known or sus-
pected causes, only parental karyotype abnormalities, APS,
uterine malformations, and cervical incompetence are widely
accepted. Except for the use of heparin and low-dose aspirin
for the treatment of APS, none of the treatments for RPL has
been established as efficacious by properly designed studies. A
suggested routine for the evaluation of recurrent early preg-
nancy loss is shown in Table 11.9.

Table 11.9 Suggested routine evaluation for recurrent early
pregnancy loss.

History

Pattern and trimester of pregnancy losses and whether a live
embryo or fetus was present

Exposure to environmental toxins or drugs

Known gynecologic or obstetric infections

Clinical features associated with antiphospholipid syndrome

Genetic relationship between reproductive partners (consanguinity)

Family history of recurrent miscarriage or syndrome associated with
embryonic or fetal loss

Previous diagnostic tests and treatments

Physical
General physical examination
Examination of vagina, cervix, and uterus

Tests

Hysterosalpingogram or sonohysterogram

Luteal phase endometrial biopsy; repeat in the next cycle if
abnormal

Parental karyotypes

Lupus anticoagulant and anticardiolipin antibodies

Factor V Leiden mutation

Prothrombin G20210A mutation

Other laboratory tests suggested by history and physical
examination

Key points

1 Pregnancy loss is the most common obstetric
complication, affecting up to 25% of women
attempting pregnancy.

2 In total, 10-14% of clinically recognized pregnancies
result in losses.

3 Losses before 20 weeks’ gestation are referred to as
abortions.

4 In utero death after 20 weeks’ gestation is referred to
as stillbirth.

5 Pre-embryonic losses occur before 6 weeks’ gestation.
There is an “empty sac” without a discernible embryo.
This has previously been referred to as a “blighted
ovum.”

6 Embryonic losses occur between 6 and 10 weeks’
gestation. An embryo without cardiac activity is noted
on a sonogram.

7 Spontaneous pregnancy loss is biphasic in distribution.
Most occur before 10 weeks’ gestation. The second
most common time for pregnancy loss is between 14
and 20 weeks’ gestation.

8 Approximately 50% of sporadic spontaneous abortions
have abnormal karyotypes.
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9 The most common abnormal karyotypes in abortus
specimens are autosomal trisomies.

10 The most common trisomy in abortus specimens is
trisomy 16.

11 Abnormal karyotypes are more common in pregnancy
losses occurring early in gestation.

12 Diabetes and thyroid disease may cause pregnancy loss
but it is almost always in women with clinically
apparent disease. Routine evaluation for diabetes and
thyroid disease is not advised.

13 A variety of infections are rare causes of
pregnancy loss. Routine evaluation for infection is not
advised.

14 The risk of pregnancy loss is increased in women over
35 years of age and in those with two or more
previous losses.

15 The causes of fetal death differ from those of
spontaneous abortion.

16 Most cases of spontaneous abortion do not require
evaluation.

17 Evaluation for possible etiologies should be offered to
all women with fetal death.
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Obstetric sonogram is the best way to diagnose
pregnancy loss.

A total of 0.5-1.0% of couples suffer three or more
losses, termed recurrent pregnancy loss (RPL).

Recommended evaluation for couples with RPL
includes parental karyotype, assessment of uterine
anatomy, exclusion of luteal phase defect, and testing
for antiphospholipid syndrome.

Of couples with recurrent pregnancy loss, 3-5% will
have one partner with a genetically balanced structural
chromosome rearrangement.

Luteal phase defect (LPD) is diagnosed with
endometrial biopsy or serum progesterone
determination.

LPD is present in 25-40% of women with RPL.
However, it is present in many women with normal
obstetric outcomes, and it may vary from month to
month in the same woman.

Typical treatment of LPD consists of progesterone
supplementation in the luteal phase, for example 25 mg
of progesterone administered by vaginal suppository
twice daily, beginning on the third day after ovulation
through either the onset of menses or 10 weeks’
gestation. Treatment is of unproven efficacy.

In total, 10-15% of women with RPL have uterine
abnormalities.

Most women with uterine abnormalities have normal
obstetric outcomes.

Uterine septum is the abnormality most strongly
associated with pregnancy loss. Hysteroscopic resection
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of uterine septa may improve outcome in women with
RPL.

Antiphospholipid syndrome (APS) is an autoimmune
disorder characterized by the presence of specified
levels of antiphospholipid antibodies and one or more
clinical features, including pregnancy loss, thrombosis,
or autoimmune thrombocytopenia.

The two best-characterized antiphospholipid antibodies
are lupus anticoagulant and anticardiolipin antibodies.

APS is identified as the cause of pregnancy loss in
5-10% of women with recurrent miscarriage.

Treatment with thromboprophylactic doses of heparin
(7500 units twice daily) and low-dose aspirin improves
obstetric outcome in women with APS.

Heritable thrombophilias have also been associated
with recurrent pregnancy loss. The association is
stronger for fetal death as opposed to early
miscarriage.

It is noteworthy that many heritable thrombophilias
are common in normal individuals without a history of
thrombosis or pregnancy loss, and most women with
thrombophilias have normal obstetric outcomes.

Although of unproven efficacy, improved outcome has
been reported in subsequent pregnancies in women
with thrombophilias taking thromboprophylactic doses
of low-molecular-weight heparin.

Treatments such as leukocyte immunization and IVIG
are not proven to be efficacious in the treatment of
unexplained pregnancy loss.
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Ectopic and heterotopic pregnancies

Arnon Wiznitzer and Eyal Sheiner

Incidence

Ectopic pregnancy, i.e., implantation of a fertilized ovum
outside the uterus (Fig. 12.1), is a major health problem for
women of reproductive age and is the leading cause of preg-
nancy-related death during the first 20 weeks of pregnancy.’
Accurate diagnosis and treatment of ectopic pregnancy
decreases the risk of death and optimizes subsequent fertility.
A significant increase in the number of cases of ectopic preg-
nancy has occurred in the USA during the past two decades.’
In 1970, the rate was 4.5 per 1000 reported pregnancies,
whereas in 1992, it was approximately 20 per 1000 pregnan-
cies.” Importantly, ectopic pregnancy accounted for around
9% of all pregnancy-related deaths. The incidence of ectopic
pregnancy is higher for nonwhite women and this discrepancy
increases with age. Available data do not include pregnancies
managed in outpatient settings and therefore its true incidence
is most likely underestimated.

Etiology

The most common denominator is tubal obstruction and
injury. Previous pelvic inflammatory disease, especially when
caused by Chlamydia trachomatis, is a major risk factor for
ectopic pregnancy.’ The adjusted odds ratio (OR) for previous
pelvic infectious disease was recently found to be 3.4 (95%
confidence interval, CI: 2.4-5.0).* Other factors associated
with an increased risk of ectopic pregnancy include prior
ectopic pregnancy (which increases the risk for subsequent
ectopic pregnancy 10-fold), a history of infertility (and specif-
ically in vitro fertilization), cigarette smoking (causing alter-
ations in tubal motility and ciliary activity), prior tubal
surgery, diethylstilbestrol exposure (which alters fallopian
tube morphology), and advanced maternal age.

Controversy exists regarding the association between
ectopic pregnancy and medical abortions. Whereas Bouyer
and coauthors* found previous, medically induced abortions

to be associated with an increased risk of ectopic pregnancy
(adjusted OR = 2.8, 95% CI: 1.1-7.2), no such association
was observed by Shannon and coauthors® who searched
MEDLINE for articles on medical abortion regimens.

Intrauterine contraceptive devices (IUDs), progesterone-
only contraceptives, and sterilization protect women against
developing an ectopic pregnancy.®® Nevertheless, if a woman
who has been sterilized or who is a current user of an IUD or
progesterone-only contraceptive becomes pregnant, her risk
for an ectopic pregnancy is increased six- to 10-fold, as these
methods of contraception provide greater protection against
intrauterine pregnancy than against ectopic pregnancy.®® The
first 2 years after sterilization carry the greatest risk of
pregnancy in general and ectopic pregnancy in particular.’
Sterilization reversal also increases the risk of ectopic
pregnancy owing to possible obstruction and abnormal tube
anatomy.

The risk of ectopic pregnancy is increased among women
who are undergoing assisted reproductive technology and,
specifically, in vitro fertilization (IVF). The risk is particularly
high for women with underlying tubal disease. Hormonal
alterations during ovulation induction can cause alterations in
tubal function and peristalsis.'® Other possible explanations
include placement of the embryo in embryo transfer high in
the uterine cavity (deep fundal transfer), and fluid reflux into
the tubes.'!

Other less common causes of ectopic pregnancy include
salpingitis isthmica nodosa (anatomic thickening of the fal-
lopian tube with epithelium leading to multiple lumen diver-
ticula), and possibly vaginal douching and multiple sexual

partners (both leading to a higher risk of pelvic infections).'>'3

Signs and symptoms

Clinical manifestations of ectopic pregnancy are varied and
depend on whether rupture has occurred. The classic symptom
triad of ectopic pregnancy includes amenorrhea, irregular
bleeding, and lower abdominal pain. However, it is present in
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only one-half of patients and most commonly when rupture
has occurred."* The most common complaint is sudden severe
abdominal pain, which is present in more than 90% of
patients.

Any physical examination should include measurements of
vital signs. Abdominal and pelvic tenderness, especially cervi-
cal motion tenderness, is common when rupture has occurred
(and present in approximately 75% of patients). However,
pelvic examination before rupture is usually nonspecific, and
a palpable pelvic mass on bimanual examination is established
in less than one-half of cases." The accuracy of the initial clin-
ical evaluation before rupture is less than 50%, and additional
tests are required in order to differentiate ectopic pregnancy
from early intrauterine pregnancy (Fig. 12.2).

Laboratory assessment

-Human chorionic gonadotropin measurements

The first stage in the evaluation of women with a suspected
ectopic pregnancy is to determine if the patient is pregnant.
The PB-human chorionic gonadotropin (B-hCG) enzyme
immunoassay, with a sensitivity of 25 mIU/mL, is an accurate
screening test and is positive in virtually all cases of ectopic
pregnancy.’

The levels of B-hCG increase during gestation and reach
a peak of approximately 100000mIU/mL at 6-10 weeks;
they then decrease and remain stable at approximately
20000 mIU/mL."* Many studies have evaluated the increase of
B-hCG in normal and abnormal pregnancies. The level of B-
hCG in normal pregnancies doubles every 2 days (48h), and
thus, at present, clinicians rely on a normal “doubling time”
to characterize a viable gestation. A 66% rise in the B-hCG
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Figure 12.1 Ultrasound image of a well-defined
ectopic pregnancy (cornual pregnancy of 15
weeks’ gestation).

level over 48 h represents the lower limit of normal values for
a viable intrauterine pregnancy.”® Indeed, there is a consensus
that the predictable rise in serial B-hCG values in a viable preg-
nancy is different from the slow rise or plateau of an ectopic
pregnancy.?° However, Barnhart and coauthors'® recently
showed a slower rise in serial B-hCG values for women with
viable intrauterine pregnancies. The slowest rise for a normal
viable intrauterine pregnancy was 24% at 1 day and 53%
at 2 days. Approximately 15% of normal pregnancies are
associated with a less than 66% increase in B-hCG, and 17%
of ectopic pregnancies have normal doubling times."* Thus,
limitations of serial B-hCG testing include its inability to dis-
tinguish a failing intrauterine pregnancy from an ectopic preg-
nancy and the inherent 48-h delay. As there is no definitive
laboratory level of B-hCG permitting distinction between an
ectopic pregnancy and an intrauterine pregnancy, a more con-
servative approach toward interventions in abnormal preg-
nancies is mandatory.'®

Serial B-hCG levels are usually required when the initial
ultrasound performed fails to demonstrate either intra- or
extrauterine pregnancy. At B-hCG levels of approximately
2000 mIU/mL, a viable intrauterine pregnancy should be seen
by vaginal ultrasound.?! If the B-hCG values fail to decline by
15% after uterine curettage for suspected nonviable intrauter-
ine pregnancy, the possibility of ectopic pregnancy should be
kept in mind and treatment may be indicated.*

Serum progesterone

Measurement of serum progesterone levels has been shown to
be useful in evaluating the chances of early pregnancy
failure.”*** Serum progesterone levels increase during preg-
nancy.”* A baseline serum progesterone level of <20nmol/L



Figure 12.2 Diagnostic management of ectopic pregnancy.
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can be used to identify abnormal pregnancy (either intra- or
extrauterine) with a positive predictive value (PPV) of >95%.%*
Of pregnant patients with serum progesterone values of
< Snmol/L, 85% have spontaneous abortions, 0.16% have
viable intrauterine pregnancies, and 14% have ectopic preg-
nancies.”” Most ectopic pregnancies are associated with serum
progesterone levels that are lower than 20nmol/L.** On the
contrary, the chances of an ectopic pregnancy in patients with
serum progesterone levels of 20nmol/L and above are less
than 5%.

However, serum progesterone levels cannot distinguish
ectopic pregnancy from spontaneous abortion.” Thus, prog-
esterone levels at defined times can be used to predict the
immediate viability of a pregnancy, but cannot be used reli-
ably to predict its location.*

Ultrasonography

The best diagnosis of ectopic pregnancy is based on the posi-
tive visualization of an extrauterine pregnancy (Fig. 12.1) but
it is not seen in all cases. Approximately 90% of ectopic preg-
nancy may be visualized using transvaginal sonography within
5 weeks of the last menstrual period.>'

A viable intrauterine pregnancy should be seen by trans-
vaginal ultrasound?*? at B-hCG levels of between 1000 and
2000 mIU/mL or at 5.5 weeks’ gestation, as the sensitivity of
ultrasound to detect a normally developing intrauterine preg-
nancy approaches almost 100%.'** When the B-hCG
level exceeds the transvaginal discriminatory zone (1000-
2000mIU/mL of B-hCG), the absence of an intrauterine
gestational sac is suggestive of ectopic pregnancy, but the dif-
ferential diagnosis includes failed intrauterine pregnancy. The
reported sensitivity of transvaginal ultrasonography for iden-
tifying ectopic pregnancy ranges from 20.1% to 84% with a
specificity of 98.9-100%.* The combination of positive B-
hCG and transvaginal ultrasound has a PPV of 95% for an
ectopic pregnancy.*®

If an intrauterine pregnancy is detected, this is taken to
exclude a diagnosis of ectopic pregnancy because coexistent
intra- and extrauterine pregnancies (heterotopic) following
spontaneous cycles are rare, with an estimated incidence of 1
in 30000 normal pregnancies.! However, the incidence of
heterotopic pregnancy is increased by the use of assisted
reproductive technology, with an incidence of up to 1 in 100
normal pregnancies.’’

The early sonographic appearance of a normal gestational
sac is characterized by the double decidual sac sign, i.e., two
concentric echogenic rings separated by a hypoechogenic
space. The double sac is believed to be the decidua capsularis
and decidua parietalis. The double decidual sign is useful to
the physician for early diagnosis of intrauterine pregnancy and
for the exclusion of ectopic pregnancy. Chiang and coau-
thors*® found recently that the sensitivity of the diagnosis of
intrauterine pregnancy based on the decidual sign increased
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when B-hCG levels were equal to or greater than
2000mIU/mL or the mean sac diameter was equal to or
greater than 3 mm. However, the appearance of an intrauter-
ine sac can be seen in some cases of ectopic pregnancy owing
to intrauterine fluid or blood collection, i.e., a pseudosac. A
pseudosac is a uterine sac without a double decidual ring or
a yolk sac. Indeed, the report of a pseudosac is significantly
associated with a false-positive diagnosis of ectopic preg-
nancy.*” Ahmed and coauthors* concluded that a diagnosis of
pseudosac should not be interpreted as indicative of an ectopic
pregnancy as radiological differentiation between an early
intrauterine pregnancy failure and an ectopic pregnancy is not
possible. Color flow Doppler may aid in the differentiation
between a pseudosac and a normal intrauterine sac; however,

it requires advanced technical skills.***

Dilation and curettage

When serial B-hCG levels do not rise or fall appropriately, an
abnormal gestation exists. When the pregnancy has been con-
firmed to be nonviable and when ultrasound is not sufficient,
a uterine dilation and curettage can be performed to distin-
guish between an ectopic pregnancy and a miscarriage.’>***
Once tissue is obtained by curettage, it can be added to saline
in order to investigate if it floats. Because floating of the mate-
rial is not 100% accurate, histological verification (frozen
section is possible) or serial B-hCG measurements are needed.
Visualization of villi in the tissue obtained indicates the occur-
rence of spontaneous intrauterine abortion. The absence of
chorionic villi in the curettage specimen indicates the possi-
bility of an ectopic pregnancy. However, a decrease in p-hCG
levels of 15% or more, 12h after the curettage, indicates a
complete abortion. A plateau or a rise in the B-hCG levels is
diagnostic for ectopic pregnancy. Once the possibility of an
abortion is excluded, medical or surgical treatment for ectopic

pregnancy is pursued.?>*>-*

Culdocentesis

Culdocentesis was used as a diagnostic technique for ectopic
pregnancy before the widespread availability of the vaginal
ultrasound and B-hCG assay. Culdocentesis is positive in
around 80% of women with ectopic pregnancy who have
hemoperitoneum. In the remaining 20% of cases, the results
are nondiagnostic. A nondiagnostic finding cannot be used to
exclude ectopic pregnancy, and the test alters management
only when it is positive. Thus, it is rarely indicated and is per-
formed only in places where facilities for pregnancy testing
and ultrasound are limited.*’
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Treatment of ectopic pregnancy

The minority of patients with ectopic pregnancy (less than
10%) present with a surgical abdomen and signs of hypo-
volemia and shock.*® They present no diagnostic problem and
require no specific intervention besides fluid and blood resus-
citation, and immediate operation. Delayed hospital admis-
sion and treatment leads to maternal mortality. Indeed, in
developing countries, maternal mortality was almost 1%
during the year 2000,* approximately 100 times higher than
that reported in industrialized countries.’®! Cases of ectopic
pregnancy can be treated by medical (methotrexate), surgical
(laparoscopy or laparotomy), or even expectant management
alone (Fig 12.3). The choice depends on the medical condi-
tion, available resources, and the site of ectopic pregnancy
involved.

Surgical treatment

Laparoscopy versus laparotomy
The standard operative procedure for the treatment of
ectopic pregnancy in the developed world is laparoscopy
(Fig. 12.4). Almost all tubal pregnancies in hemodynamically
stable women can be removed laparoscopically, without the
need for laparotomy. The excellent benefits of laparoscopic
treatment include less blood loss, less analgesia, less postop-
erative pain, shorter recovery period, and decreased hospital
costs.’ ™5
The laparoscopic treatment of ectopic pregnancy and
mainly tubal pregnancies has proven to be safe, but not
entirely complication free.’**° In a recent meta-analysis, the
average laparoscopy resolution rate was above 90%, with an
average rate of 2% for intraoperative complications and 9%
for postoperative complications.®!

Conservative Surgical
Methotrexate Laparotomy Laparoscopy
Preferred: Shock or
hemodynamic Hemodynamic
Mass <3.5 cm instability stability
No embryonic

cardiac activity

Figure 12.4 Laparoscopy picture of tubal ectopic pregnancy.

Because of lower peri- and postoperative morbidity, lower
cost, and equivalent efficacy, laparoscopy is preferred to
laparotomy for the treatment of ectopic pregnancy. The only
absolute contraindication for laparoscopy is shock or hemo-

dynamic instability.*$%5

Salpingectomy, salpingotomy, salpingostomy, and milking

The most commonly performed procedures (by either
laparoscopy or laparotomy) are radical salpingectomy
(removal of the affected tube — Fig. 12.5), or salpingotomy
(tubotomy that is closed) and salpingostomy (tubotomy that
is left open) that preserve the tube. Salpingectomy is preferred
in cases of ruptured ectopic pregnancy with uncontrolled
bleeding, extensive tubal damage, recurrent ectopic pregnancy
in the same tube, and sterilization.®* Higher rates of intrauter-
ine pregnancy have been reported following conservative
surgery than with radical surgery.®® Thus, salpingectomy for
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an unruptured ectopic pregnancy is rarely performed and
linear salpingostomy is the procedure of choice. Moreover,
linear salpingostomy was found to be as effective as segmen-
tal resection with reanastomosis, and is technically easier with
a shorter operative time. The ectopic pregnancy is removed
through a linear incision of 10-15 mm made into the tube on
its antimesenteric border. The products will extrude from the
incision and can be flushed out and evacuated. Both livebirth
rates and recurrent ectopic pregnancy rates after a tubotomy
were similar, regardless of whether the incision was closed
(salpingotomy) or left open to heal by secondary intension
(salpingostomy).**** Because no differences in prognosis with
or without suturing were found, laparoscopic salpingostomy
is the preferred surgical procedure for an unruptured ectopic
pregnancy.®

Manual expression or milking of the tube in order to effect
a tubal abortion is possible only in cases of fimbrial pregnancy.
The present consensus among tubal surgeons is that milking
should be abandoned as it is associated with an inordinately
high recurrent rate of ectopic pregnancies, regardless of
whether the procedure is performed by laparoscopy or laparo-
tomy.*

Medical treatment with methotrexate

Methotrexate is a folinic acid antagonist that inactivates dihy-
drofolate reductase resulting in the depletion of tetrahydrofo-
late, a cofactor essential for deoxyribonucleic acid and
ribonucleic acid synthesis. It thus interferes with DNA syn-
thesis, repair, and cellular replication.®® Actively proliferating
tissue, such as trophoblast cells of an ectopic pregnancy, is
generally more sensitive to these effects of methotrexate.®® In
a meta-analysis study,®' methotrexate was proven to be a cost-
saving treatment for ectopic pregnancy, which is nonsurgical
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Figure 12.5 Radical salpingectomy (removal of the affected tube)
for ruptured ectopic pregnancy.

Table 12.1 Relative and absolute contraindications for
methotrexate treatment.

Absolute contraindications Relative contraindications

Shock, hemodynamic instability Embryonic cardiac activity

Known sensitivity to methotrexate Gestational sac of 3.5 cm or
Breastfeeding more
Immunodeficiency
Alcoholism
Hepatic, pulmonary, renal, or
hematological dysfunction
Blood dyscrasias
Peptic ulcer disease

and spares the fallopian tube. Moreover, receiving methotrex-
ate treatment does not subject patients to surgical intervention
and the possible associated complications. Thus, at present,
methotrexate is considered to be the treatment of choice for
ectopic pregnancy.’

Candidates for medical therapy
Hemodynamically stable patients without active bleeding
or signs of hemoperitoneum are candidates for medical

167 and they should comply with follow-up care.

therapy
Contraindications for methotrexate treatments are summa-
rized in Table 12.1. Absolute contraindications to medical
therapy include breastfeeding, immunodeficiency, alcoholism,
hepatic/pulmonary/renal/hematological dysfunction, known
sensitivity to methotrexate, blood dyscrasias, or peptic ulcer
disease.! Relative contraindications for methotrexate treat-
ments include embryonic cardiac activity and a gestational sac
of 3.5 cm or more.!



Because of its potential toxicity, patients receiving
methotrexate should be followed up carefully. Patients using
this drug should be aware of the potential side-effects and
signs of toxicity. During treatment, patients should be coun-
seled to promptly report any signs and symptoms associated
with tubal rupture such as abdominal pain, dizziness, weak-
ness, and syncope. Sexual intercourse, alcohol use, and
nonsteroidal anti-inflammatory drugs, as well as folic acid
supplements and prenatal vitamins, are prohibited until serum
B-hCG is undetectable.'

It is clear that the main factor in successful medical treat-
ment is rigorous patient selection. Several parameters aimed
at the suitable choice of patients have already been assessed,
such as the presence of fetal cardiac activity, size of the ectopic
pregnancy, initial levels of B-hCG, and endometrial thick-
ness.®®”° Interestingly, a history of previous ectopic pregnancy
was found to be another independent risk factor for

methotrexate failure.”"”

Treatment protocols
Presently, there are two commonly used protocols for the
administration of methotrexate in the treatment of an ectopic
pregnancy. Most commonly, methotrexate can be adminis-
tered using a single-dose method, based on 50 mg/m* of body
surface area, without the need for leucovorin rescue. Other-
wise, methotrexate can be given using a multidose regimen of
1mg/kg intramuscularly, alternating with 0.1 mg/kg of leu-
covorin intramuscularly, for up to four daily doses of each
drug.®””? Both protocols have been demonstrated to have good
success rates in the treatment of ectopic pregnancy.”*™" The
single-dose protocol is easier to administer and monitor, and
results in fewer side-effects.®’ However, a recent systematic
meta-analysis of the published literature comparing the two
regimens found that the single protocol was associated with
a higher failure rate. The crude OR was 1.7 (95% CL
1.04-2.82), and the OR adjusted for B-hCG values and for
the presence of embryonic cardiac activity was 4.7 (95% CI:
1.77-12.62).%

Direct injection of methotrexate has lower efficacy than sys-
temic administration, and is not considered as a therapeutic
alternative for ectopic pregnancy.®

Monitoring efficacy of therapy

The overall success rate of methotrexate treatments is almost
90%.517>81 Before treatment with methotrexate, blood analy-
sis is required to establish baseline laboratory values for -
hCG and for renal, liver, and bone marrow function. Blood
type should be determined because all patients with ectopic
pregnancy who are Rh negative require 50ug of Rh(D)
immunoglobulin.

During treatment, outpatient observation is preferred for
its cost-effectiveness and for patients’ convenience. However,
if there is any question of safety, hospitalization is mandatory.
Patient monitoring continues until B-hCG levels are nonde-
tectable. It usually takes a month or longer until B-hCG

ECTOPIC AND HETEROTOPIC PREGNANCIES

levels disappear from plasma.”>®% With the single-dose
treatment, levels of B-hCG generally increase during the first
week after treatment and peak 4 days following injection.’
Levels should decline 1 week after injection.” If a response is
observed and the fall in B-hCG levels is greater than 15%,
weekly serum B-hCG determinations should be measured until
undetectable B-hCG levels are documented. Failure of the B-
hCG level to decline requires a second dose of methotrex-
ate.”*¥8 An additional dose of methotrexate may also be
given if B-hCG levels plateau or increase in 1 week.”*8%8
Ultrasound examination may be repeated to evaluate signifi-
cant changes in clinical status, such as increased pelvic
pain, bleeding, or inadequate decline of B-hCG levels.”>%-%
Persistent ectopic mass or hemoperitoneum may lead to

surgery.

Side-effects

Methotrexate has the potential for serious toxicity and,
indeed, high doses can cause bone marrow suppression, hepa-
totoxicity, stomatitis, pulmonary fibrosis, alopecia, and pho-
tosensitivity.®*° Toxic effects are usually related to the amount
and duration of therapy. Nevertheless, most side-effects during
regular treatment for ectopic pregnancy are minor and self-
limited, and generally limited to an increase in hepatic
transaminases, mild stomatitis, and gastrointestinal distur-
bances.®*%7 This is probably due to the lower dosage and
shortened duration of treatment compared with dosages used
in treating malignancies. Undoubtedly, the use of the single-
dose protocol is associated with fewer side-effects than the
multidose regimen.®!

One of the known problematic side-effects of methotrexate
treatment is acute abdominal pain which can be difficult to
distinguish from the intra-abdominal hemorrhage of a tubal
rupture.®*#*% Thus, patients should be counseled regarding
this possible side-effect and the continuing risk of tubal
rupture during treatment. In such cases, hospitalization is fre-
quently needed for careful surveillance. Interestingly, the pres-
ence of side-effects was recently found to be associated with
higher rates of resolution of the ectopic pregnancy without
surgical intervention.®!

Reproductive outcome after methotrexate treatment

Recently, Gervaise and coauthors’ found that within 1 year
of seeking to become pregnant, 57.5% of women previously
treated with methotrexate for ectopic pregnancy conceived
and had ongoing pregnancies. The cumulative intrauterine
pregnancy rate was 66.9% after 2 years. The cumulative
ectopic pregnancy rate was 15.4% after 1 year and 23.7%
after 2 years.”! Higher conception rates of 79.6 %, with a mean
time to conception of 3.2 months, were also documented, '
with 12.8% of the conceptions being recurrent ectopic preg-
nancies. Similarly, when investigating reproductive outcome
following laparoscopic treatment, the intrauterine pregnancy
rate was 54% with a recurrent ectopic pregnancy rate of
13%.°* It seems that fertility depends more on the patients’
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previous medical history (i.e., a history of infertility) than on
her treatment for ectopic pregnancy.’

Expectant management

For years, gynecologists have stressed the need for early diag-
nosis and treatment of ectopic pregnancy in order to reduce
morbidity and mortality. However, some patients experience
spontaneous resolution of their ectopic pregnancy and in such
patients, an expectant management is optional in order to
avoid unnecessary treatment. After clear demonstrations that
select cases of ectopic pregnancy resolve without therapy,
several studies of patients with ectopic pregnancy have been
conducted with consistent, reassuring results.””™ Candidates
for successful expectant management must be asymptomatic
with a clear indication of resolution (generally manifested by
declining levels of B-hCG). In addition, they should be willing
to accept the potential risks of tubal rupture and hemorrhage.'
Certainly, fetal cardiac activity, adnexal mass of greater than
4cm, and B-hCG levels greater than 2000 mIU/mL are con-
sidered to be contraindications for expectant management.
Patients with early, small tubal gestations with lower (B-hCG
< 200mIU/mL) and falling B-hCG levels are the best candi-
dates for expectant management.’

A serum B-hCG of less than 1000 mIU/mL, accompanied
by a small adnexal mass (<4cm), predicts spontaneous
resolution in 75% of cases, whereas falling levels of B-hCG
predict resolution in around 90% of ectopic pregnancies.’”*
However, failure of B-hCG levels to decline and suspected
tubal rupture due to abdominal pain warrant immediate
intervention and  abandonment of the expectant
management.

Recently, Elson and coauthors® have conducted a prospec-
tive observational study in which clinically stable women with
nonviable pregnancies and no signs of hematoperitoneum
were managed expectantly, on an outpatient basis, until their
serum B-hCG declined to <20mIU/mL. Women who devel-
oped pelvic pain and those with nondeclining serum B-hCG
levels were offered surgery. A total of 107 out of 179 (59.8%)
tubal ectopic pregnancies were considered to be suitable for
expectant management. Ectopic pregnancy resolved sponta-
neously in 75 out of 107 (70%) women. Initial serum B-hCG
level was the best predictor for the successful outcome of
expectant management.”

Persistent ectopic pregnancy

Incomplete removal of trophoblastic tissue after conservative
surgery leads to persistent ectopic pregnancy. Several studies
have reported a higher incidence of persistent ectopic preg-
nancy after laparoscopic surgery than after laparotomy.””'"!
The reported frequency of persistant ectopic pregnancy
following conservative laparoscopic surgery varied between

5% and 15% of cases.'?>1%
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Management includes methotrexate treatment or sometimes
further surgery. Hoppe and coauthors'® successfully treated
all patients with persistent ectopic pregnancy with a single-
dose systemic administration of methotrexate. In an attempt
to define patients at increased risk of having persistent ectopic
pregnancy, B-hCG levels as well as the size of the ectopic preg-
nancy have been suggested as possible markers. Interestingly,
women with a small ectopic pregnancy size (of 8 mm or less),
detected by preoperative ultrasound, were at an increased risk

for residual tissue.!%%1%”

Heterotopic pregnancy

Incidence

Coexistent intrauterine and extrauterine pregnancies are
referred to as a heterotopic pregnancy.'® The occurrence of a
heterotopic pregnancy following spontaneous cycles is rare,
with an estimated incidence of 1 in 30000 normal pregnan-
cies.! It was calculated by multiplying the rate of ectopic preg-
nancy (0.37%) by that of dizygous twinning (0.8%), thus
producing a hypothetical approximation. However, the inci-
dence is increased to around 1% by the use of assisted repro-
ductive technology.’” It is particularly high among women
who are undergoing ovulation induction with gonadotropins,
and among women undergoing iz vitro fertilization, as it has
become standard practice to transfer at least two embryos.'"

Clinical features

Heterotopic pregnancy poses a diagnostic dilemma. Serial -
hCG levels are not helpful because of the intrauterine preg-
nancy. Routine ultrasound detects only one-half of cases; in
cases of viable intrauterine pregnancy, it is more likely that the
intrauterine pregnancy will be detected in the course of
workup and the ectopic pregnancy dismissed. In cases of non-
viable intrauterine pregnancy, the presence of chorionic villi
in the curettage specimen serves consistently to delay the
correct diagnosis. Indeed, 50% of patients suffer from late
diagnosis and arrive at hospital after rupture.''’ There are no
specific features to guide the physician to make an accurate,
early diagnosis of heterotopic pregnancy other than a general
awareness of such a possibility. This is particularly important
in cases of abdominal pain and tenderness accompanying
normal intrauterine pregnancy, or following uterine curettage
for a nonviable intrauterine pregnancy among patients who
conceived following assisted reproductive technology. Also, in
cases of persistent or rising B-hCG levels following uterine
curettage for a nonviable intrauterine pregnancy, the possibil-
ity of heterotopic pregnancy should be considered.

Reece and associates'™ performed a review on combined
intrauterine and extrauterine pregnancies, which included 589
cases. Approximately 94% were tubal and the rest were
ovarian pregnancies. However, combined intrauterine and
cervical pregnancies from in vitro fertilization and embryo
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Figure 12.6 Sites of ectopic pregnancy.

transfer were also reported.''''> Abdominal pain was found
to be the most frequent presenting symptom occurring in more
than 80% of patients.'” A combination of symptoms includ-
ing abdominal pain, adnexal mass, peritoneal irritation, and
an enlarged uterus was the most significant finding in support
of a diagnosis of heterotopic pregnancy.

Treatment of heterotopic pregnancy

Treatment consists of removal of the ectopic pregnancy by
surgery, and avoidance of intrauterine instrumentation
and systemic methotrexate treatment in cases when the preg-
nancy is desirable (especially following assisted reproductive
technology). In hemodynamically unstable patients, an explo-
rative laparotomy is necessary. Expectant management is
problematic as B-hCG levels cannot be monitored effectively
owing to the intrauterine pregnancy. The prognosis for the
intrauterine pregnancy is excellent, and the majority are
carried to term."

Treatment is complex in cases of heterotopic cervical preg-
nancy accompanied by a desirable intrauterine pregnancy. In
such cases, hysteroscopic resection of the cervical gestation sac
has been tried and the intrauterine pregnancy continued
uneventfully until term.""* The use of cervical Shirodker cer-
clage as an elective procedure for the management of a het-
erotopic cervical pregnancy with intrauterine pregnancy has
also been described.!"® It resulted in a normal, uneventful term
vaginal delivery. Local injection of KCI has been considered
as an alternative to methotrexate to avoid exposure of the
coexisting intrauterine pregnancy to chemotherapeutic agents.

ECTOPIC AND HETEROTOPIC PREGNANCIES

Cervical 0.04-0.002%

In most reported cases, the intrauterine pregnancy was pre-

served leading to delivery of liveborn infants.''*'"

Nontubal ectopic pregnancy

The most common site of ectopic pregnancy implantation is
the fallopian tubes, accounting for around 98% of all ectopic
pregnancies. The majority of ectopic pregnancies are in the
ampullary part of the fallopian tube (79.6%), with 12.3% in
the isthmus, 6.2% in the fimbria, and 1.9% in the interstitial
part. However, in rare cases implantation can occur in other
ectopic sites, including the ovary, uterine cervix, and abdomen
(Fig. 12.6).

Interstitial (cornual) pregnancy

The interstitial part of the fallopian tube is the proximal
portion that lies within the muscular wall of the uterus. Inter-
stitial implantation of the blastocyst is the rarest form (1.9%)
of tubal ectopic pregnancy.''” Late diagnosis and treatment are
the main contributing factors to the poor outcome tradition-
ally linked to these ectopic pregnancies.'*™'*! The mortality
rate of interstitial pregnancy is about twice that of other
ectopic pregnancies.

There are some unique signs in a sonogram that character-
ize an interstitial ectopic pregnancy. They include the follow-
ing: an empty uterine cavity with an eccentrically located or a
lateral gestational sac, the presence of myometrium between
the sac and the uterine cavity, the gestational sac covered with
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thin myometrial fold, and no visible sac above the level of the
internal os.'?? Recently, Tulandi and Al-Jaroudi'?* summarized
32 cases of interstitial pregnancies reported to the registry of
the Society of Reproductive Surgeons and found ultrasound
diagnosis of interstitial pregnancy to be accurate in 71.4% of
cases, thus allowing conservative treatment.

Important risk factors for interstitial pregnancy include pre-
vious ectopic pregnancy (40.6%), ipsilateral salpingectomy
(37.5%), in vitro fertilization (34.4%), sexually transmitted
disease (25.0%), and ovulation induction (3.1%).'*

The traditional treatment of interstitial pregnancy was hys-
terectomy or cornual resection by laparotomy.'’*® These
patients tend to present later in gestation than other tubal
pregnancies mainly because the myometrium (cornual part) is
more distensible than the fallopian tube (Figs 12.1 and 12.7).
However, the progress in diagnostic techniques has led
towards conservative management with methotrexate, laparo-
scopic treatment including cornual resection, cornuostomy,
salpingostomy or salpingectomy, and even hysteroscopic
removal.'?*"?” However, if uncontrolled hemorrhage occurs,

hysterectomy might be the preferred treatment.'*

Abdominal ectopic pregnancy

Abdominal pregnancy occurs in approximately 1 in 8000
normal births and represents 1.4% of ectopic pregnancies.'"
The prognosis is generally poor, with an estimated maternal
mortality of 5.1 per 1000 cases (7.7 times higher than other
ectopic pregnancies).'*®

Abdominal pregnancies are classified as primary (primary
peritoneal implantation) or secondary reimplantation. The
latter are more common, resulting from tubal abortion or
rupture. Distinction between the two is problematic but treat-
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Figure 12.7 Cornual pregnancy of 15
weeks’ gestation, after corneal resection.

ment is given according to the clinical presentation. Diagno-
sis is best made by ultrasound.

The incidence of abdominal pregnancy is increased follow-
ing in vitro fertilization, induced abortions, recurrent pelvic
infections, previous ectopic pregnancy, and endometrio-
sis.'?13% There are several reports on abdominal pregnancies
reaching near term and their viability. In such cases the sur-
vival of the newborns is above 60%, although these pregnan-
cies are associated with a high rate of congenital anomalies
(20-40%)."3! Such anomalies, attributed to oligohydramnios,
include bone and joint deformities, and central nervous system
and skull anomalies,.

Laparotomy was considered to be the treatment of choice
with removal of the pregnancy, with or without (if impossi-
ble) the placenta.’>'** The placenta can be detached if its vas-
cular supply can be recognized and ligated. If the vascular
supply cannot be identified, the cord is ligated and the
placenta is left. In cases where the placenta was left in place,
complications such as sepsis, abscess formation, hemorrhage,
and intestinal obstruction were noted."*! However, although
removal of the placenta may reduce morbidity, it is associated
with a high risk of hemorrhage and subsequent visceral
damage.'** Thus, alternative regimens, including the use of
methotrexate or selective embolization of the vessels feeding
the placenta prior to definitive surgery, have been successfully
tried.”**"” Laparoscopic management of an early primary
abdominal pregnancy has also been reported.'*

Ovarian pregnancy

Ovarian pregnancy is an infrequent variant of ectopic preg-

nancy with an incidence of 0.5-3% of all ectopic pregnan-
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cies. It is likely, however, that the frequency is



underestimated as some of the suspected tubal pregnancies
that were treated conservatively with methotrexate were in
fact early ovarian pregnancies. Also, several cases were only
retrospectively confirmed by the pathologist as they had been
mistakenly considered as ruptured corpus luteum. Recent
improvements in ultrasonography and operative laparoscopy
should lead to an earlier and a more accurate diagnosis of
these pregnancies.'*’

Risk factors for ovarian pregnancies include multiparity and
the use of an [UD.""*** Interestingly, in two large series,
68-90% of the women with ovarian pregnancies had used this
form of contraceptive device.'?*!*3

Clinical findings are similar to those encountered in tubal
pregnancy. The major presenting symptom (present in almost
all patients) is abdominal pain."”® Other findings include

Figure 12.8 Laparoscopic wedge resection for ovarian ectopic
pregnancy.

Figure 12.9 Sonographic image of ectopic mass
(extrauterine pregnancy) in the cervix area.
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vaginal bleeding and amenorrhea."*>'* Owing to the increased
vascularity of the ovarian tissue, hemodynamic instability and
rupture occurs in around 30% of patients.'*

Historically, oophorectomy was considered as the treatment
of choice for ovarian pregnancies. However, improvements in
operative laparoscopic skills and instrumentation have led to
a more conservative approach, so that laparoscopic wedge
resection (Fig. 12.8) and ovarian cystectomy have become the
preferred treatment. Successful treatment with methotrexate
has also been reported.'*'*¢ In patients with circulatory col-
lapse, however, immediate laparotomy is mandatory.

Cervical pregnancy

Cervical pregnancy, which results from implantation of the
blastocyst within the cervical canal, is a rare complication of
pregnancy. Its incidence varies from 1 in 2400 to 1 in 50000
normal pregnancies.'*” Appropriate early diagnosis and treat-
ment has led to the remarkable reduction of maternal mor-
tality from 50% in 1911 to under 5% in 1983.'"”

A close relationship was found between therapeutic abor-
tions with sharp curettage (dilation and curettage), previous
Cesarean sections, in wvitro fertilization, and cervical
pregnancy. %15

Presenting symptoms include painless vaginal bleeding
which may be accompanied by abdominal pain and urinary
problems."® On physical examination, the cervix is usually
enlarged, global (barrel shaped), and distended. Occasionally,
the external os is dilated.

Accurate diagnosis can be performed by vaginal ultrasound
and magnetic resonance imaging, demonstrating an intracer-
vical ectopic sac below a closed internal cervical os (Fig. 12.9).
Transvaginal demonstration of an intact part of the cervical
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Figure 12.10 Cervical ectopic pregnancy: ruptured in
the cervical area with hemorrhagic placental tissue.

icm

Key points

1 Ectopic pregnancy (EP) accounts for approximately 9%
of all pregnancy-related deaths.

2 The most common denominator is tubal obstruction
and injury.

3 The B-hCG levels in normal pregnancy double every 2
days (48 h), and thus, at present, clinicians rely on a
normal “doubling time” to characterize a viable
gestation.

4 The accuracy of the initial clinical evaluation before
rupture is less than 50%, and additional tests are
required in order to differentiate ectopic pregnancy
from early intrauterine pregnancy.

5 The risk of EP is increased among women undergoing
assisted reproductive technology and specifically in
vitro fertilization.

6 The most common complaint in EP is sudden severe
abdominal pain.

7 Pelvic examination before rupture is usually
nonspecific, and a palpable pelvic mass on bimanual
examination is established in less than half of the
cases.

8 A baseline serum progesterone level of <20 nmol/L can
be used to identify abnormal pregnancy (either intra-
or extrauterine) with a positive predictive value of
>95%. However, serum progesterone levels cannot

distinguish ectopic pregnancy from spontaneous
abortion.

9 The best diagnosis of ectopic pregnancy is based on the
positive visualization of an extrauterine pregnancy
outside the uterus.

10 At hCG levels between 1000 and 2000 mIU/m, or at
5.5 weeks’ gestation, a viable intrauterine pregnancy
should be seen by transvaginal ultrasound.

11 Coexistent intra- and extrauterine pregnancies
(heterotopic) following spontaneous cycles are rare,
with estimated incidence of 1 in 30 000 normal
pregnancies.

12 Methotrexate is a cost-saving, nonsurgical fallopian
tube-sparing treatment for EP.

13 Absolute contraindications to methotrexate include
breastfeeding, immunodeficiency, alcoholism, hepatic,
pulmonary, renal, or hematologic dysfunction, known
sensitivity to methotrexate, blood dyscrasias, or peptic
ulcer disease.

14 The overall success rate of methotrexate treatments is
almost 90%.

15 Candidates for successful expectant management must
be asymptomatic with an objective evidence of
resolution (generally manifested by declining levels of

hCG).

canal between the endometrium and gestational sac is sugges-
tive of cervical pregnancy.

Conservative medical management (with systemic
methotrexate) has been reported to be successful, obviating
the need for surgical treatment, which entails a risk of
hysterectomy. Dilation and evacuation, followed by cervical

tamponade, was successfully applied using Foley catheter
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130 Methotrexate is the most commonly used

tamponade.
chemotherapy for cervical pregnancies, with a success rate of
around 80%."%"* Other treatment regimens include arterial
embolization and even Shirodkar cerclage placement in order
to reduce bleeding. However, in cases of massive and uncon-
trolled vaginal bleeding, abdominal hysterectomy is necessary

(Fig. 12.10).'¥
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Multifetal pregnancies:
epidemiology, clinical characteristics,
and management

Michelle Smith-Levitin, Daniel W. Skupski,
and Frank A. Chervenak

Background

Incidence and epidemiology

In the past, the overall incidence of twins worldwide was
about 1 in 80 pregnancies (1.13%), and high-order multiples
were rare. During the last 30 years, the incidence of multiple
births has been steadily increasing. In the USA, the number of
twin births has increased by over 60% since 1980, giving a
twin birth rate of 31.1 per 1000 live births. Higher order
births increased by 500% for a higher order birth rate of 1.84
per 1000 live births." More than 90% of the increase is esti-
mated to result from the more widespread use of assisted
reproductive technologies (ART).** Patients who conceive
after treatment with ovulation-inducing agents or iz vitro fer-
tilization procedures do so with a multiple gestation 7-50%
of the time.>* Recent trends toward delayed childrearing in
developed countries have probably contributed to the increase
in multiple births as well, as there is a naturally occurring
greater incidence of twins among older women.'*=

Prior to the introduction of ART, the frequency of monozy-
gotic (MZ) twins was relatively constant throughout the
world. The incidence was 4 per 1000 births with a 2:1 ratio
of DZ:MZ pairs.®” In contrast, the incidence of naturally
occurring dizygotic (DZ) twins varies and is affected by mater-
nal race, parity, age, nutritional status, and family history.*
This may be related to higher baseline levels of gonadotropins
in certain groups of women.*® For example, the highest inci-
dence of DZ twinning has been found in black women, who
have been shown to have larger pituitary glands and higher
serum hormone content than other women.**

Pathogenesis/embryology

Multiple gestations can be either monozygotic (arising form the
fertilization of one ovum by one sperm leading to fetuses with
an identical genotype) or multizygotic (arising from the fertil-

ization of two or more ova each with one sperm leading to geno-
typically unique fetuses that happen to share the uterus at the
same time). In describing them, one should avoid the terms
“identical” and “fraternal”, which refer only to phenotypic
likeness. Nonetheless, identical generally implies monozygos-
ity, and fraternal generally implies dizygosity.

Monozygous gestations can be diamnionic—dichorionic
(DC), diamnionic—-monochorionic (MC), or monoamnionic—
monochorionic (MA) depending on when the zygote splits (Fig.
13.1).%%° The zygote splits soon after fertilization resulting in
DC placentation in about 30% of MZ twins.**’ Remnants of
blood vessels, ghost villi, and decidual debris can be seen
between the four layers of membranes (two amnions and two
chorions). The chorions are almost always fused, as seen by a
characteristic ridge at the center of the placental mass. If the
zygote splits between the third and the eighth days, the result-
ing single placenta will be MC, which occurs in 70% of MZ
twins.®®’ The dividing membranes (two amnions and one
chorion) are thin and translucent. Rarely (less than 1%), MZ
twins will be MA if the zygote splits after the amnion has formed
at about days 9-12.%% If the twinning process occurs even later,
after the yolk sac has formed, the MZ pair will be conjoined.®’
Beyond the 17th day, a singleton gestation will develop.

Interestingly, the rate of zygotic splitting and, therefore, of
monozygotic twins appears to be higher following all ART
procedures.*”'%!! There is some evidence that it may be related
to biochemical or mechanical trauma to the zona pellucida.®!!
If the timing of events outlined in Fig. 13.1 is correct, one
would expect to see only DC multiples in this setting as ART
procedures involve manipulation of the zygote within 2 days
after ovulation. This has not been the experience.

Multizygotic gestations are generally assumed to be the
result of multiple ovulation, as evidenced by their high rate
after ovulation induction with sonographically and biochem-
ically confirmed ovulation of multiple ova. All DZ twins have
separate DC placentas. Higher order multiple gestations can
contain any combination of monozygotic (DC, MC, and MA)
and multizygotic (DC) fetuses.
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Diagnosis Table 13.1 The use of ultrasound in multiple gestations.

Ultrasound has become indispensable for the identification,
assessment, and management of multiple gestations (Table
13.1)."> An awareness of the risk factors for multiple gesta-
tion and the clinical indicators is still important, however, as
ultrasound is not routine worldwide.

Risk factors/clinical indicators of
multiple gestations

Risk factors for conceiving a multiple gestation include a
family or personal history of spontaneous twins and the use
of ovulation induction or gamete or zygote transfer proce-
dures. The most common clinical signs or symptoms sugges-
tive of twins include uterine size that is greater than expected
for dates, hyperemesis gravidarum, auscultation of two or
more fetal heart rates, and accelerated maternal weight gain.
Higher levels of biochemical pregnancy markers such as -
human chorionic gonadotropin (BhCG), progesterone, estriol,
estradiol, and maternal serum alpha fetoprotein (MSAFP) can
also be suggestive of a multiple gestation, although none is
specific enough to make the diagnosis of more than one fetus

without an ultrasound examination.®!3

Ultrasound

At a minimum, patients with the above risks should have a
diagnostic ultrasound because outcomes are much better for
multiple gestations that are diagnosed early. Although multi-
ple sacs can be seen as early as 4-5 weeks using a transvagi-
nal probe, it is prudent to reserve the diagnosis of twins (or
more) until several weeks later when fetal poles with cardiac
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First trimester

Diagnosis of multifetal pregnancy

Determination of chorionicity and amnionicity

Accurate pregnancy dating (crown-rump length)

Screening for some anomalies (nuchal translucencies)

Guidance for chorionic villus sampling and multifetal pregnancy
reduction

Second trimester

Screening for fetal anomalies

Guidance for amniocentesis

Determination of chorionicity and amnionicity

Determination of placental cord insertion

Biometry to screen for early fetal growth restriction or discordance
Assessment of cervical length

Third trimester
Biometry to screen for fetal growth restriction or discordance
Assessment of cervical length
Fetal status assessment
Amniotic fluid volume
Biophysical profile
Doppler flow studies
Fetal presentation

Intrapartum
Fetal presentation
Guidance for external cephalic version of the second twin
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activity are seen, because there is a high frequency of embry-
onic “disappearance” in patients with a presumed multiple
gestation who are scanned in early pregnancy.'* The preva-
lence of this “vanishing twin” phenomenon has been reported
to range between 22% and 54% of patients with twins or
more scanned in the first trimester.'* Furthermore, a diagno-
sis of a multiple gestation should not be made simply on the
basis of visualization of more than one fluid-filled cavity as a
subchorionic hematoma, excessive transducer pressure, or a

septate uterus can all mimic a multiple gestation.'>"

Determination of chorionicity

There are several ways to determine the placentation in mul-
tiple gestations, but the most accurate is assessment in the late
first or early second trimester. The visualization of a dividing
membrane at any time excludes a diagnosis of a MA pair. Lack
of visualization, however, is not necessarily diagnostic of a MA
pair as the dividing membrane may be difficult to see until
10-12 weeks in MC multiples (Fig. 13.2). If two fetal poles
but only one yolk sac is present, the pregnancy is most likely
MA.'® After the first trimester, the membrane may be com-
pletely apposed to a twin with severe oligohydramnios. In this
situation, the fetus is trapped or “stuck” against the uterine
wall and will not move over time or with maternal position
change.® A truly MA pair will move away from the uterine
wall, and cords will often be visibly entangled.

If the ultrasound reveals separate placental discs, particu-
larly if on opposite uterine surfaces, or fetuses of opposite
gender, the pregnancy is DC. If the placentas are close together,
attention should be turned to the dividing membranes. A MC

- ¥
- I ™

Figure 13.2 Early first-trimester sonogram of
diamnionic-monochorionic twins. It is too early to visualize the
dividing membrane, but the presence of two yolk sacs suggests
diamnionicity. Image courtesy of Birgit Arabin, MD.

membrane will be thin and wispy (Fig. 13.3B), whereas a
DC membrane will be thick and more easily visualized (Fig.
13.3A). MC membranes have two layers, and DC membranes
have four visible layers. In DC placentas, the “twin peak” sign
is a triangular projection of placental tissue from the chori-
onic plate into a cleft between the layers of the intertwin mem-
brane (Fig. 13.3A)."” In contrast, a T-shaped junction will be
present in an MC placenta (Fig. 13.3B)."® Assessment of the
Y-shaped ipsilon zone can aid in the determination of chori-
onicity in triplet gestations (Fig. 13.3C)."” These methods cor-
rectly identify chorionicity in the majority of patients who are
scanned in early pregnancy.'>*

The early determination of chorionicity does not always
establish the zygosity of multiple gestations as an MZ set can
have an MC or DC placenta. More sophisticated methods of
zygosity determination can be performed, such as DNA fin-
gerprinting from amniocytes, when the information is needed
for antenatal management.?! It is important to confirm chori-
onicity and zygosity after birth for the parents and for the
future medical care of the children. For example, an MZ twin
has a higher chance of developing some medical conditions if
the co-twin is affected, and an MZ twin can accept tissue from
the co-twin as an isograft. Examination of the placenta after
birth, blood grouping, and DNA mapping techniques are
methods that are used to determine the zygosity.°®

Fetal complications

Perinatal morbidity and mortality

Multiple gestations contribute significantly to perinatal mor-
bidity and mortality, although they still account for a relatively
small percentage of live births.***>* Twins alone account for
12.6% of the perinatal mortality, although they account for
only 3% of live births."** The overall perinatal mortality rate
for twins in developed countries is approximately 50 per 1000
births.>*? The risk of perinatal death is three- to 10-fold

1522 and the risk of cere-

higher for a twin than for a singleton,
bral palsy is four times greater.” The corrected perinatal mor-
tality rates for triplets and higher order gestations are more
striking. The crude perinatal mortality rate for triplets is 121
per 1000 births.** Twenty percent of triplets have a major
handicap and a triplet is 17 times more likely to have cerebral

palsy than a singleton.”

Prematurity

The relatively high incidence of perinatal mortality and
morbidity is largely due to complications of prematurity.
Fifty-eight percent of twins and 92% of triplets are born prior
to 37 weeks, because of preterm labor, preterm premature
rupture of membranes, or fetal or maternal complications,
compared with 10% of singletons.' The average length of ges-
tation decreases inversely with the number of fetuses present
(Table 13.2). Twelve percent of twins, 36% of triplets,
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Figure 13.3 (A) The twin peak sign and a
thick dichorionic membrane. (B) The
T-shaped junction of a monochorionic
placenta. (C) The Y-shaped ipsilon zone of a
trichorionic triplet gestation.
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Figure 13.3 Continued.

Table 13.2 Gestational age and birthweight in multiple gestations.

Twins  Triplets  Quadruplets
Average gestational age (weeks) 35.3 322 29.9
Average birthweight (g) 2347 1687 1309

Adapted from ref. 1.

and 60% of quadruplets are born prior to 32 weeks, and a
significant percentage deliver prior to 28 weeks.”*’ Further-
more, prematurity results in babies being born at low birth-
weight, and birthweight has been shown to be the most
important factor for predicting morbidity and mortality in
twins.”?*** The risk of being born at a low birthweight
(< 2500¢g) is ninefold higher for a twin than for a singleton
and 15-fold higher for a triplet."***” The risk of being born at
a very low birthweight (< 1500g) is also 10-fold higher for a
twin than for a singleton and is 31-fold higher for a
triplet."***” Twenty-five percent of twins, 75% of triplets, and

all quadruplets are admitted to the neonatal intensive care
unit.72428-30

Fetal growth

The biometrical parameters that are used to assess fetal
growth in singletons have been shown to be accurate in mul-
tiple gestations as well. Although femur length measurements
between singletons and twins tend to be similar throughout
gestation, abdominal circumferences and biparietal diameters
tend to be smaller.*** Estimated fetal weights in twins should
be determined using formulas that incorporate at least femur
length and abdominal circumference.***

Multiple gestations are at increased risk of being small for
gestational age, which also leads to perinatal morbidity and
mortality.>”'%**2¢ Twins who are born at the same gestational
age but who weigh less than 2000g have a 10-fold greater
risk of an adverse outcome compared with twins weighing
more than 2000g, and the risk decreases by 40% for every
250-g increase in birthweight.?® Fetal growth restriction (FGR)
complicates as many as 60% of multiple gestations.®”3!3*33
The degree of FGR tends to increase with increasing numbers
of fetuses.*® The factors that influence growth in multiples are
unclear. Theories range from phenomenon that occur early,
such as limited vascular supply after the implantation of more
than one embryo, to uterine conditions occurring later, such
as fetal crowding or limited decidual area for placental
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growth. Experience with patients undergoing multifetal preg-
nancy reduction, which reveals correlation between rates of
FGR and the starting number of viable embryos, indicates that
first-trimester events may play a role.***” However, the fact
that fetal growth in the majority of pregnancies, regardless of
fetal number, follows the same trajectory until approximately
28-32 weeks when multiple gestations begin to fall behind
singletons, and the fact that rates of FGR among multiples
increases exponentially with increasing gestational age, sug-
gests that the third-trimester environment is also significant
(Fig. 13.4).6121531,364041

The definition of FGR in the setting of multiple gestations
is problematic. Some believe that it should be defined as an
estimated fetal weight below the 10th percentile at a given
gestational age based on specific growth curves for twins or
triplets.*’**¢ Others believe that the use of singleton nomo-
grams is valid and should, in fact, be used, as multiple gesta-
tions, at least multizygotic sets, have the same genetic growth
potential as singletons.******! As the validity and accuracy of
published twin and triplet growth curves have not been estab-
lished, singleton curves continue to be used as the gold
standard.

Another growth problem seen in multiple gestations is
discordance between the fetuses, which complicates at least
15% of twins and up to 54% of triplets.** This is associated
with even higher morbidity and mortality compared with con-
cordantly grown pairs, especially for the smaller twin or
triplet.”'%13#% Although discordant growth is not always
the result of a pathologic process, it is often due to placental
insufficiency or abnormal placentation of one twin, twin—twin
transfusion syndrome, or a congenital anomaly of one
twin.'>#3¢% A combination of some or all of the ultrasono-
graphically detectable indices listed in Table 13.3 identify dis-
cordant sets.'>*"***” As with FGR, measurement of abdominal
circumference seems to be the most sensitive marker for sig-
nificant growth discordance.*”

Congenital anomalies

The incidence of congenital anomalies in multiple gestations
is one and a half to three times higher than in singletons.™¢*

There is a higher incidence of structural defects seen in MZ

Table 13.3 Sonographic criteria for discordance.

Parameter

Biparietal diameter > 6mm
Abdominal circumference > 20mm
Femur length > Smm

Estimated fetal weight > 20-25% (expressed as a percentage
of the larger fetal weight)

Doppler of the umbilical > 15% (or > 0.4)

artery (systolic/diastolic

ratio)
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twins, some of which are unique to twins and may be due to
the twinning process itself.** There is also a higher incidence
of chromosomal abnormalities, which is related to the older
age, in general, of woman conceiving multiples and to the
increased probability that a woman carrying more than one
fetus will have at least one that is aneuploid at a younger

maternal age than if she were carrying a singleton.”*!

Conjoined twins

Schinzel et al. describe three helpful categories to organize the
anomalies encountered in multifetal pregnancies.”® The first
are midline structural defects that are felt to be a consequence
of the “teratogenic” event of twinning such as sirenomelia,
holoprosencephaly, exstrophy of the cloaca, and neural tube
defects.*®* Conjoined twins, which are specific to multiple
gestations, also fall into this category. The incidence of con-
joined twins is 0.2-0.6 per 10000 births or 40 per 10000
twin births.*** They can also occur in the setting of a higher
order multiple gestation.'? The twins may be joined by minor,
superficial attachments, attachments of major body parts
including internal organs, or in the most severe forms (dupli-
cata incompleta), there may be complete union except for
duplication of just one body part. Conjoined twins are classi-
fied by the most prominent site of union (Table 13.4).*** They
can now be diagnosed relatively early in gestation with ultra-
sound and adjuvant use of three-dimensional ultrasound.**~*
The signs include lack of a dividing membrane, a fixed posi-
tion relative one to the other that does not change over time,
a bifid appearance to the first-trimester fetal pole, inability to
distinguish two complete fetal borders, the appearance of
more than three vessels in the umbilical cord, and detection

of other anomalies.!?*3

Acardia

The second category of anomalies results from vascular inter-
changes that occur in most monochorionic placentas.*®*® Such
vascular anastomoses can often be demonstrated by perfusing
the placentas after delivery with colored water or milk (Fig.
13.5).6465657 The most severe form, acardia or twin reversed
arterial perfusion (TRAP), is believed to arise when arterial-
arterial and venous-venous anastomoses exist without any
arterial-venous connections.®**%%? As a result, there is uncom-
pensated reversed flow, which is thought to impair development
of the heart and often the head (Fig. 13.6). The “pump” twin
becomes hydropic, and the “recipient” twin has multiple
anomalies, often appearing only as an amorphous mass of
tissue.®'*® This anomaly only affects approximately 1 in
35000 infants or 1 in 100 monozygotic twin pregnancies.’®

Twin—twin transfusion syndrome

A less severe, but much more common, form of vascular inter-
change between fetuses leads to the twin—twin transfusion
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Table 13.4 Classification of conjoined twins.

Type* Organs commonly shared

Frequency (%)

Thoracopagus (thorax) Heart, liver, GI tract

Omphalopagus (abdomen) Liver, GI tract
Pypopagus (sacrum)
Ischiopagus (pelvis)
Craniopagus (skull)

Spine, GU system, lower GI tract
Pelvis, GU system, GI tract, liver
Brain

29-40
25-34
10-18
6-20
2-16

*Extensive areas of union are classified by placing the prefix “di” before the part of the body
that is not fused (i.e., dicephalus refers to a conjoined twin with one body but two heads).

Figure 13.5 Monochorionic placenta perfused with dye
demonstrating vascular anastomoses.

(TTTS) or
sequence. It is thought to occur when deep arterial-venous

syndrome polyhydramnios-oligohydramnios
connections are uncompensated, leading to a one-way shunt
between the fetuses (Fig. 13.7).5:12:46:56:57:60
is unknown as severe forms may present as a “vanished twin”
in the first trimester or as the full syndrome later in gestation,

The exact incidence

and milder forms may be evident only at birth or not at all.*®
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Figure 13.6 Example of twin reversed arterial perfusion (TRAP).

The fetus on the left has no head or upper limbs (acardiac), while
the fetus on the right is structurally normal. From Ref. 46.

Although it has been reported in fused dichorionic placentas,
it is largely a complication of monochorionic placentation,
probably occurring in 5-15% of such pregnancies.”**" The
recipient twin becomes hypervolemic and polycythemic, which
eventually leads to polyhydramnios, congestive heart failure,
and hydrops, while the donor becomes hypovolemic and
anemic, which leads to decreased renal perfusion, oligohy-
dramnios, and FGR, and can also eventually lead to heart

failure.!>%¢!

An antepartum diagnosis can be made with rea-
sonable certainty using ultrasound. The criteria include a
strong suspicion of monochorionicity, oligohydramnios
(maximum vertical pocket less than 2 c¢cm) around the smaller
twin (often severe enough to make it appear “stuck”) with a
small or absent urinary bladder on serial scans and polyhy-

dramnios (maximum vertical pocket > 8 cm) around the larger
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Figure 13.7 The pathologic arteriovenous
connection in the twin transfusion
syndrome. Redrawn from Benirschke K.
Twin gestation: incidence, etiology and
inheritance. In: Creasy RK, Resnik R, eds.
Maternal-fetal medicine: principles and
practice, 2nd edn. Philadelphia, PA: W.B.
Saunders; 1989:582.

twin (sometimes with evidence of high-output heart failure),
with a distended urinary bladder on serial scans.'*!3-%

In addition to the vascular connections that can occur in the
placentas of multiple gestations, other abnormalities of the
placenta, membranes, and umbilical cords that can cause fetal
complications occur. MA gestations, although rare, are asso-
ciated with a high perinatal mortality, which often results from
entanglement of the two umbilical cords.***®¢%¢ Bivascular
cords (single artery)®*
also much more common in twin and higher order placentas.*®
The portion of cord that is unprotected is susceptible to
thrombosis, compression, or rupture, particularly if it is a vasa
previa.®

The third group of anomalies that Schnizel et al. described
are those resulting from intrauterine crowding. Examples are
minor foot deformities, skull asymmetry, and dislocation of
the hip.'>*

and velamentous cord insertions are

Intrauterine fetal demise

As discussed previously, a vanishing twin early in pregnancy
may be a common event that does not usually lead to further
problems.*®*** However, death of one fetus later in a multi-
ple gestation, which complicates 4-8% of twins’®*
11-17% of triplets,”™* is associated with an increased risk of
preterm delivery, FGR, and perinatal mortality in the sur-
vivors.’®®* The risk of fetal demise is at least twice as high in
MC as in DC pregnancies,’®*** and there is a 20% risk of
organ damage such as microcephaly, hydranencephaly, multi-
cystic encephalomalacia, intestinal atresia, aplasia cutis, or
limb amputation in the survivor.'**5%646” There is at least a
12% risk of severe neurologic handicap in children who
survive the death of a MC co-twin even as early as
18 weeks.'>*%¢” The pathogenesis of such damage is not fully
understood, but the most likely theory is hypotension along
with hypoxemia and anemia occurring in the survivor due to
exsanguination of the survivor into the dead twin’s relaxed
vascular bed.*!3#

and
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Maternal medical complications

Women carrying multiple fetuses are at greater risk of medical
and obstetrical complications than women carrying a single-
ton because of the increased average maternal age and the
increased physiologic demands of multiple fetuses and greater
placental mass (Table 13.5). Some of the problems that seem
to be more common with multiple gestations are discussed
below.

Gastrointestinal

Hyperemesis gravidarum

Nausea and vomiting early in pregnancy complicate almost
50% of multiple gestations.”® This is probably due to the
higher levels of BhCG and steroid hormones. Although there
is likely a higher incidence of hyperemesis gravidarum, as
well, the exact incidence in multiple gestations has not been
quantified.

Cholestasis of pregnancy

There is a higher incidence of intrahepatic cholestasis of
pregnancy in multiple gestations, particularly in genetically sus-
ceptible populations, in which it occurs in 21% of twins com-
pared with 10% of singletons.®® As in singletons, intrahepatic
cholestasis of pregnancy in multiples usually presents with gen-
eralized pruritis and mild jaundice in the third trimester. The
recurrence rate is reported to be as high as 70.5%.% The dif-
ferential diagnosis includes viral hepatitis, acute fatty liver of
pregnancy, and cholelithiasis. The bile acids (cholic acid,
deoxycholic acid, and chenodeoxycholic acid) are increased
10-100 times over normal levels, and should be at least three
times normal levels to confirm the diagnosis. The management
of intrahepatic cholestasis of pregnancy in a multiple gestation
is the same as in a singleton, which must include careful
antepartum fetal monitoring and probable early delivery as the
condition is associated with adverse perinatal outcome.
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Table 13.5 Maternal complications of multiple gestation.

Gastrointestinal

Hyperemesis gravidarum
Cholestasis of pregnancy
Acute fatty liver of pregnancy

Hematologic
Anemia
Thromboembolism

Dermatologic
Pruritic urticaric papules of pregnancy

Metabolic
Gestational diabetes

Infectious
Urinary tract infections
Puerperal infections

Cardiovascular

Pregnancy-induced hypertension
Preeclampsia

Increased susceptibility to pulmonary edema
Complications of tocolysis

Economic
Psychologic morbidity

Obstetric

Preterm labor

Preterm premature rupture of membranes

Antepartum hemorrhage

Abruptio placentae

Postpartum hemorrhage

Increased incidence of Cesarean delivery and subsequent
complications

Increased hospitalization

Acute fatty liver of pregnancy

Acute fatty liver of pregnancy (AFLP) is a very rare condition;
yet, 16.7% of the cases occur in twin pregnancies.”” AFLP is
a fulminant disease that causes jaundice, nausea, and vomit-
ing in the third trimester. It has historically been associated
with poor maternal and perinatal outcome and, if undiag-
nosed or untreated, may result in somnolence, coma, liver
rupture, liver failure, hypoglycemia, disseminated intravascu-
lar coagulation (DIC), oliguria, renal failure, metabolic aci-
dosis, multisystem organ failure, maternal death, fetal distress,
and fetal demise. Although earlier recognition and treatment
of AFLP have decreased maternal mortality, it is still up to
20%.7° Therefore, the diagnosis must be considered and serum
chemistries obtained in symptomatic patients. Important
tests include liver transaminases, complete blood count, serum
ammonia (all increased), and serum glucose (markedly
decreased). Management of AFLP in a multiple gestation is the
same as for a singleton.”**”°
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Hematologic

The increased demands of a multiple gestation often lead to
iron and folate deficiency, and there is more “dilutional”
anemia due to the exaggerated increase in plasma volume.®
Anemia (hemoglobin <10g/dL or hematocrit <30%) has been
reported twice as often in mothers with twins compared with
those with singletons,””! It has also been found in 20-70% of
triplets and higher order mulitples.'**-** Severe anemia can be
defined as a hematocrit <22%, an anemia that requires blood
transfusion, or an anemia associated with cardiorespiratory
symptoms or decompensation. It is suspected, but has not been
shown, that severe anemia is also increased in multiple preg-
nancy. Thromboembolism is also more common in women
carrying a multiple gestation.”

Gestational diabetes

It is unclear whether carbohydrate metabolism is affected sig-
nificantly by the added demands of a multiple gestation.’
However, it is logical that gestational diabetes (GDM) would
be increased in multiples because of the increased human pla-
cental lactogen and circulating steroid hormones that are seen
in these pregnancies.*®”®”* The higher incidence observed in
triplets (~25%) compared with twins (~5%) supports this
logic.””*”* Diabetes education, particularly as it relates to diet,
must take into account the increased baseline caloric require-
ment for women with a multiple gestation and GDM.

Urinary tract infections

Ureteral changes in women carrying a multiple gestation are
likely to be exaggerated. Decreased peristalsis from the high
progesterone levels or compression at the pelvic brim from the
overdistended uterus may lead to increased stasis and more
urinary tract infections. Urinary tract infections have been

571 and in

found more commonly in twins than in singletons,
triplets than in twins.”® However, it is not clear whether the
incidence of frank pyelonephritis is increased among multiple

gestations.’

Cardiovascular complications

The expected physiologic changes in the cardiovascular system
are exaggerated in women pregnant with a multiple gesta-
tion.”'>7¢78 There is an even greater drop in diastolic blood
pressure in the second trimester, followed by a greater rise
before delivery.®'*”® There is a 10-20% greater increase in
plasma volume (approximately 500 mL extra) compared with
singletons.*'*”* As a result, total concentrations of serum
proteins and electrolytes are reduced more than expected
for singletons. Total intravascular protein mass, however, is
unchanged, as are serum sodium, potassium, chloride, and
osmolality. Greater increases in stroke volume and heart
rate lead to greater increases in cardiac output than singleton
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pregnancies.”””® Most healthy women can adapt to these
changes, but women with underlying medical problems and
a multiple gestation may be at increased risk of serious
consequences.

Preeclampsia/eclampsia

The incidence of gestational hypertension and preeclampsia is
significantly increased in women carrying a multiple gestation
compared with women carrying a singleton.””""*8 The
average incidence in twins across studies performed from 1982
to 2003 is 16.7% (8.9-37%).%1528:3470.71.798082 Yo men carry-
ing triplets have greater placental mass and even higher rates
of hypertensive complications, averaging 24.6%.2*3*3%70:81.83-8¢
The reported incidence of preeclampsia among patients car-
rying more than one fetus would undoubtedly be even higher
if more of these patients delivered closer to term.”®** The onset
of preeclampsia is often earlier and the severity and compli-
cations are greater in women carrying a multiple gestation
compared with a singleton,'>*570808L838587 Fop - example,
Lynch and colleagues found severe disease in 26% of their
cohort of twins presenting with preeclampsia at an average
gestational age of 34 weeks.*” In a series of 100 triplets, 73%
of the patients with preeclampsia had severe disease at a mean
gestational age of 32.8 weeks.” Life-threatening complica-
tions such as eclampsia, hemolysis, elevated liver function, and
low platelets (HELLP) syndrome, and AFLP occur more often
among twins and triplets.?>*$707L7*8087 For this reason, we rec-
ommend obtaining uric acid, transaminases, serum creatinine,
and complete blood count with platelets early in pregnancy
and again early in the third trimester. Patients with borderline
blood pressures or a low platelet count and a multiple gesta-
tion are assumed to have a potentially serious hypertensive
complication and are evaluated frequently in order to avoid
maternal and neonatal morbidity and mortality from missed
or delayed diagnosis.”” A woman with a multiple gestation and
preeclampsia is more susceptible to volume overload and
pulmonary edema because of the combination of increased
afterload (caused by the vasospasm seen in preeclampsia),
increased preload (caused by the baseline increase in plasma
volume), and decreased baseline colloid oncotic pressure.®
Therefore, management of preeclampsia in multiple gesta-
tions, although similar to management in singletons, must
include extra precautions to control blood pressure and to
avoid excessive intravenous fluid administration as well as
closer monitoring for evidence of life-threatening complica-
tions.”*””% There may be a role for expectant management of
HELLP syndrome in multiple gestations to avoid a signifi-
cantly preterm delivery of multiple fetuses using high-dose
dexamethasone to improve platelet counts and suppress liver

function abnormalities.”®*’

Psychologic

The psychosocial effects of a multifetal pregnancy and birth
can also be significant.” >3 Families experience a great deal

Table 13.6 Loss scenarios in multiple gestations.

First- and second-trimester miscarriage of all fetuses

First-trimester loss of some fetuses (vanishing twin/triplet)

Multifetal pregnancy reduction (MFPR)

Later intrauterine demise of some or all fetuses

Selective or complete termination for anomalies

Expectant management with one or more anomalous fetuses

Complications of monochorionic twins

Intrapartum demise

Delivery at limits of viability

Sudden infant death syndrome (SIDS) (twice as common in twins as
in singletons)

Accidental death (more common in multiples)

Adapted from ref. 92.

Table 13.7 A few management pearls for perinatal bereavement
after multiple pregnancy loss.

Offer private experiences such as viewing, holding, bathing, and
dressing with multiples individually and together (including
deceased with survivors)

Offer prenatal mementos (i.e., ultrasound pictures) and matching
mementos for each neonate

Offer photos of multiples alone, together, and with parents or other
family members: color, black-and-white, digital, or 35 mm

Suggest computer-manipulated photos (Fig. 13.13), sketches, or
pastels

Clarify parent preferences for the survivor’s crib label (i.e., “twin
A” or just “baby Jones™)

Clarify parent desires to refer to survivors by the original or the
remaining number of babies

Offer multiple-specific grief information and support resources (i.e.,
Center for Loss in Multiple Birth — www.climb-support.org)

Adapted from ref. 92.

of stress including feelings of isolation, depression, frustration,
and marital difficulties when caring for even healthy, full-term
multiples. These feelings are compounded when the infants are
preterm, often with handicaps or special needs.”®’"**

The complex ethical and bereavement issues that often arise
in a multiple gestation (Table 13.6) require a particularly
knowledgeable and sensitive approach. Couples often mourn
not only for the lost fetus (or baby) or fetuses (or babies) but
also for the unique celebrity status that being a parent of mul-
tiples confers. With subtotal loss, conflicting feelings of grief
and joy can interfere with normal bonding to survivors, a fact
that is commonly overlooked by healthcare providers and
social supports.”? In some situations, such as with multifetal
pregnancy reduction (MFPR), couples experience grief reac-
tions even when they are comfortable with their decision and
do not regret it.”>* A detailed discussion of the reactions and
responses to loss in the setting of multiple gestations is beyond
the scope of this text, but a few pearls for healthcare providers
are listed in Table 13.7.
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Economic

The cost of giving birth to multiple babies is significant
for the healthcare system and for the families.”?*¢*?7% The
expense does not increase linearly with the number of
fetuses.”””® One study in the USA found the total charges for
a triplet delivery to be almost threefold higher than for a twin
delivery and 11-fold higher than for a singleton delivery.*® The
lifetime costs of feeding, clothing, and educating multiple
children of the same age have not been quantified. Families
often lose valuable income when the woman, pregnant
with a multiple gestation, is forced to give up her job due to
pregnancy complications or to the demands of caring for the

children.

Obstetrical complications

Preterm labor

Preterm labor is markedly increased in multiple gestations,
with an incidence ranging from 20% to 90%, depending
on the study, the definitions used, and the number of
fetuses.”*®6671:85:97 The standard treatments for preterm labor
have decreased margins of safety in multiple gestations
because of the physiologic changes in the cardiovascular
system of these women.”'>”"”® For example, the combination
of pregnancy, multiple gestation, labor, and the administration
of tocolytic agents can more than triple cardiac output com-
pared with nonpregnant levels. Intravenous tocolysis, partic-
ularly with beta-mimetic agents, but also with magnesium
sulfate, is associated with a host of serious cardiovascular and
metabolic side-effects that are exaggerated in patients carry-
ing a multiple gestation.®””%%% Volume overload is com-
monly a precipitating factor in the development of pulmonary
edema in patients receiving tocolytics as well as hydration for
treatment of preterm labor and, as mentioned previously,
patients with a multiple gestation are at higher risk on account
of their increased plasma volume.”® Indeed, multiple gestation
appears to have been a predisposing factor in over 19% of the
reported cases of pulmonary edema occurring after the use of
beta-sympathomimetic agents.”® In addition, patients with a
multiple gestation may be at higher risk for myocardial
ischemia and arrhythmias while receiving intravenous beta-
sympathomimetics. Maternal death, in this setting, has been
reported to have occurred in at least three patients with a mul-
tiple gestation.'®

Preterm premature rupture of membranes

Preterm premature rupture of membranes (PPROM) compli-
cates approximately 14% of twin pregnancies*®** and 20% of
triplet pregnancies.”?*** The treatment for PPROM, which
usually involves prolonged strict bedrest in the hospital, puts
the mother at risk of infection, deep venous thromboses, and
deconditioning, and is costly.
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Hemorrhage

An increased rate of both antepartum and postpartum hem-
orrhage has been reported for multiple gestations.*®”! Abrup-
tio placentae, which occurs three times more often in twins
than in singletons, is the major reason for the increased risk
of antepartum hemorrhage.'® Placenta previa, other than vasa
previa, has not been shown to occur at higher rates in twins.’
The risk of postpartum hemorrhage is twofold higher for
women giving birth to twins,”" and it occurs in up to 15% of
women delivering triplets.'** The average blood loss for a
twin vaginal delivery is 500 mL higher than for a singleton.®
Uterine atony due to overdistention from the multiple gesta-
tion is the major etiology. Therefore, patients need to be
watched closely for the first 24-48 hours, and treatment,
which is the same as in singletons, should be instituted
promptly.

Cesarean delivery

More than 50% of twins, 75% of triplets, and almost all
higher order multiple gestations are delivered by Cesarean
section, often with a classical incision, primarily because of

6286671101 There are numerous maternal

malpresentation.
complications that are increased in incidence in patients
undergoing Cesarean delivery compared with patients having
vaginal delivery. These include, but are not limited to: puer-
peral infection (endometritis, pelvic abscess, wound infection,
and septic pelvic thrombophlebitis), wound dehiscence and
evisceration, deep venous thrombosis, ileus, bowel obstruc-
tion, bladder catheter drainage, intraperitoneal or retroperi-
toneal hemorrhage, and increased need for transfusion of
blood products. In a controlled study comparing twin with
singleton  pregnancies undergoing Cesarean delivery,
endometritis was increased nearly threefold (13.1% versus
4.7%) and abdominal wound infections nearly twofold (5.6%

versus 3.0%).'%

Uterine rupture

One retrospective study found a 0% incidence of uterine
rupture in patients with twins undergoing a trial of labor after
a previous Cesarean section (vaginal birth after Cesarean
section; VBAC).""" A newer, multicenter, retrospective study
confirmed the overall safety of attempted VBAC in twins
with uterine rupture rates that are comparable to singletons.'®
Until a larger, prospective study is completed, a trial of labor
is justifiable for patients with twins as long as they are
monitored closely during the antepartum and intrapartum
periods, and signs or symptoms of uterine rupture, such as
repetitive severe variables or prolonged decelerations, are taken
seriously.
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Antepartum management

Multifetal pregnancy reduction

Multifetal pregnancy reduction (MFPR), which was intro-
duced in the late 1980s, has proven to be a safe and effective
procedure to reduce the maternal and perinatal morbidity and
mortality associated with high-order multiple gestations.**3"-5
It is most commonly performed by transabdominal or trans-
vaginal injection of potassium chloride into the fetal thorax
under ultrasound guidance late in the first trimester. The
uppermost or technically easiest embryo is chosen for reduc-
tion unless one has a smaller crown—rump length or increased
nuchal translucency, which can be an early indicator of an
anomaly.'”*!'® The overall pregnancy loss rates after the pro-
cedure are reported to be approximately 3.3-11.7%, depend-
ing on the starting and finishing number.*’*° This must be
compared with the background loss rates for high-order mul-
tiple gestations prior to viability, which range from 8% to
20%."%2* Although there is clear improvement in both mater-
nal and fetal outcome for women with four or more fetuses
who undergo the procedure, the medical benefit, although
present, is less striking for women pregnant with triplets.**”*
However, because there is clearly some improvement in
outcome for triplets that undergo MFPR to twins, and some
women may have compelling economic or psychological
reasons for desiring the procedure, we believe that all mothers
discovered to have more than two fetuses should be offered
the procedure with appropriate counseling.'>** The final
number of fetuses can safely be left at two or one depending
on the woman’s medical and emotional background.’”*° There
also appears to be some residual effect of the starting number
of fetuses, as the overall pregnancy loss rates and incidence of
complications, such as subsequent preterm labor and delivery,
and fetal growth restriction, seem to increase in proportion to
the starting number.**” MFPR now gives women who find
themselves pregnant with a high-order multiple gestation,
often after years of emotionally, financially, and physically
exhaustive infertility treatments, a chance of a good pregnancy
outcome, but the availability of the procedure is not a substi-
tute for judicious monitoring of ovulation induction and the
use of advanced reproductive technologies. Patients need to be
thoroughly counseled about the likelihood of conceiving mul-
tiple fetuses and the risks involved in carrying such a preg-
nancy before embarking on infertility therapies.

Prenatal diagnosis

Women with multiple gestations frequently have indications
for prenatal diagnosis due to the higher incidence of congen-
ital anomalies, the frequency of advanced maternal age,
and the increased risk of aneuploidy in at least one fetus at
younger ages.”"****' The modalities that are available in
multiple gestations are similar to those for singletons,

although prenatal diagnosis in multiples has some unique
problems.”® The noninvasive modalities are ultrasound and
biochemical marker screening. The ultrasound markers in
twins are similar to those in singletons. As many multiple ges-
tations are scanned early, there is an opportunity to diagnose
some anomalies such as anencephaly even in the first trimester.
A nuchal translucency thickness greater than 2.5mm in the
first trimester has been shown to be present in a large number
of trisomic twin fetuses, as in singletons.'” It has value, espe-
cially when combined with maternal age, as a noninvasive
screen for Down syndrome.'*!® A comprehensive fetal survey
should be performed on each fetus at 18-20 weeks to rule out
structural anomalies that are not detectable in the first
trimester. Biochemical markers, as a screen for aneuploidy,
have unproven validity in the setting of multiple gestations,
particularly in those of high order, as the normal distributions
for both first- and second-trimester proteins have not
been established."*** For example, a MSAFP of greater than
2.5 MoM, which is considered abnormal in singletons, occurs
in 20-30% of patients with twins.'® Elevations greater
than 4 MoM in a twin gestation, however, are indications for
further evaluation.”” Thus, MSAFP screening alone does
have some use in detecting open neural tube and abdominal
wall defects in twins that are not the result of MFPR, where
the levels are elevated due to the remains of one or more
fetuses.

The three invasive methods available for prenatal diagnosis
in singletons, chorionic villus sampling (CVS), amniocentesis,
and percutaneous umbilical blood sampling (PUBS), are also
available for multiple gestations, even those of high order. CVS
has been shown to be safe and effective in multiples with loss
rates (2-3%) that are similar to those with amniocentesis.*
The potential problems include inadvertent sampling of the
same fetus twice, contamination of one sample with villi from
another, and inability to identify the fetus with an abnormal
karyotype at a later date.”***° Some of these problems can be
solved by using a combined transcervical and transabdominal
route to sample different placentas and by careful ultrasound
guidance.”” The advantages, such as earlier diagnosis, and the
disadvantages, such as forgoing amniotic fluid AFP analysis,
are the same as for CVS in singletons. An additional use for
CVS in high-order multiples is prior to MFPR procedures
where it has been used without increasing loss rates from the
procedure.*>** This saves couples the potential tragedy of
finding out later that one of their remaining fetuses has a kary-
otypic abnormality when embryos that may have been normal
were the ones chosen for reduction.

Standard amniocentesis for analysis of karyotype and AFP
can be done in multiple gestations at 15-18 weeks with
reported loss rates prior to 28 weeks of 2.8%, which are not
significantly different from the background loss rates for
twins.*1?1% Each fetus should be sampled as a separate pro-
cedure. To insure that the same fetus is not sampled twice,
1-3 mL of dilute indigo carmine can be injected into the first
sac after the fluid is withdrawn.* If the second tap produces
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blue fluid, the same sac has been entered. It is not recom-
mended that methylene blue or other agents be used because
of some reports of fetal damage after their use.*

PUBS can be performed in twin gestations for the same indi-
cations as in singletons. The procedure can be technically dif-
ficult, and the cord of one fetus may not be accessible without
traversing the sac of another. Although the exact risks of the
procedure are not well defined in multiple gestations, the pro-
cedure has been performed safely, and there is experience in
using it successfully for in utero fetal therapy in twins, such
as for management of isoimmunization. Whichever method of
prenatal diagnosis is chosen by the patient, it is imperative that
fetal positions are clearly mapped, preferably by a drawn
diagram that identifies the locations of the sacs, placentas, and
fetuses, at the time of the procedure, and that the specimens
are labeled accordingly. This will decrease the risk that the
‘wrong’ fetus will be chosen for termination if the parents elect
such a procedure at a later date.

Selective termination

Once a fetal abnormality is diagnosed, management options
will depend on the severity of the anomaly, the gestational age
at the time, and the chorionicity. In the past, patients could
either terminate the entire pregnancy, sacrificing the other
normal fetus or fetuses, or expectantly manage the pregnancy.
Currently, patients have the additional option of selective ter-
mination of the abnormal fetus only.'"”''° The procedure is
similar to MFPR in which potassium chloride or another car-
diotoxic agent is injected directly into the affected fetus’s heart
under direct ultrasound guidance. Loss of the entire pregnancy
occurs in 5-6% of cases if the procedure is done in twins prior
to 13 weeks and in 7-9% if the procedure is performed after
13 weeks.'” Loss rates are slightly higher when the procedure
is performed in triplets (12.5%).'''° Ongoing pregnancies
generally have good outcomes for the remaining fetus or
fetuses.'” It is essential that the abnormal fetus be properly
identified prior to the procedure, and a specimen of amniotic
fluid or fetal blood should be sent for confirmation in cases of
karyotype abnormalities. This injection procedure is not
safe in MC gestations discordant for an anomaly because of
morbidity and mortality in the survivors similar to that seen
with spontaneous death of a monochorionic twin in utero (see
discussion above). However, a selective termination can still
be performed if the ultimate vascular connection between
the two fetuses is interrupted by an umbilical cord liga-
tion."*!""" This can be accomplished using a percutaneous
endoscopic technique and is most commonly done using

bipolar coagulation.'*!'"

Antenatal care

Specialized clinics
The antepartum care of women carrying more than one fetus
requires knowledge of all the maternal and fetal complications
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that can occur in these pregnancies. In addition, special atten-
tion to nutrition, preterm birth prevention, and fetal surveil-
lance has been shown to decrease the perinatal morbidity and
mortality that is seen with multifetal pregnancies.'”’ In order
to provide the most effective care, some have advocated the
use of specialized multidisciplinary twin clinics or at least
applications of vigilant management protocols.'>''® The fol-
lowing discussion outlines the interventions that have been
recommended to improve outcomes for multiple gestations.

Weight gain/nutrition

Patients pregnant with twins or more have extra nutritional
demands.'""*8 It is recommended that supplemental iron
(60-80 mg/day) and folate (1 mg/day) be given from the time
of diagnosis in addition to standard prenatal vitamins.'*:'!®
Patients will also need additional calcium, especially in the
third trimester, to support the developing skeletons of more
than one fetus.””''” We advocate liberal use of calcium
supplements as most patients have difficulty meeting the
1500-2000 mg/day requirement with diet alone. Zinc and
magnesium supplementation may be beneficial as well.
Increased fluid intake (at least 2 L/day) is necessary to support
the expanded plasma volume, amniotic fluid volume, and
metabolic demands of multiple gestation. Patients need a diet
that is rich in protein (300-400g/day) and calories (at least
1000kcal/day) over the requirements for a singleton. Ade-
quate maternal weight gain, especially in the first and second
trimesters, has been associated with higher birthweights and
better outcomes in multiple gestations.'>!"®!"&1% It is currently
recommended that women with twins gain 35-45 pounds
(16-20kg), or more if underweight or carrying more than two
fetuses.''*'"* Counseling by a certified nutritionist, early in the
first trimester, can help patients meet their body mass index
(BMI)-based weight gain goals. Screening for gestational dia-
betes should be performed at 24-26 weeks. Strong consider-
ation should be given to repeating a normal screen at 32 weeks
in women with a multiple gestation.

Prevention of prematurity

Prevention, diagnosis, and treatment of preterm labor must
be a major focus in the antepartum care of women carrying a
multiple gestation as preterm birth is the leading cause of
morbidity and mortality in this group. Education and inter-
ventions must begin early because most of the mortality
(50-80%) occurs before 32 weeks, and the critical period of
gestation appears to be between 26 and 29 weeks and between
600 and 900g. Many methods of preventing premature
birth have been explored, with varying levels of success, but
little progress has been made. For example, the average ges-
tational age of delivery for triplets (~33 weeks) has not
improved since the 1940s.! Outcomes have vastly improved,
but this is likely due to improvements in neonatal manage-
ment. It becomes clear as we review current methods that are
used to combat prematurity that further clinical investigation
is needed.
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Identification of patients at risk

The first step in preventing preterm birth is to identify those
patients at greatest risk so that they can be targeted for inter-
vention. This process should start with intensive education of
the patient regarding the dangers of prematurity, the signs and
symptoms of preterm labor, and easy access to a healthcare
provider at all times. A cervical length of <25 mm at 24 weeks
in twins is strongly predictive of preterm delivery.'>'2122 A
midtrimester short cervix has also been shown to be an
increased risk for preterm delivery in triplets.'** Therefore, the
next steps in identifying patients with a multiple gestation who
are even more likely to deliver prematurely are a knowledge-
able risk assessment combined with serial cervical examina-
tions, both manually and with transvaginal ultrasound.'”
Cervical lengths of at least 3.5 cm at 24 weeks in twins are
associated with less than a 5% risk of delivery at less than
34 weeks.'”” Assessments should be made at least every
2 weeks starting in the second trimester in order to be effec-
tive. A suspicion of shortening or funneling on a transab-
dominal sonogram or a digital examination should be
followed immediately by a transvaginal sonogram.

Many practitioners use costly home uterine activity moni-
toring (HUAM) in attempts to identify patients at risk for
premature labor. This noninvasive modality is based on the
knowledge that baseline uterine activity is increased in twin
pregnancies, that there is an increase in the frequency of con-
tractions as early as several weeks before the development of
preterm labor, with an even greater rise 24 hours before,'*’
and that women with twins are less likely to perceive their
contractions.” However, the data showing the efficacy of
HUAM are limited, even in multiple gestations, and some of
the apparent benefit may be from the frequent nursing educa-
tion and contact that accompanies the programs and not from
the use of the monitor per se.'>!*

The detection of fetal fibronectin (fFN) on a simple culture
swab from the cervicovaginal secretions, which is commer-
cially available, is a modality that identifies patients at risk for
delivering in the near future. The best positive predictor is
in twins with serially positive fFN and a short cervix.'*® The
high negative predictive value of the test has been confirmed
in multiple gestations.'**'?” Unnecessary interventions may be
avoided in a patient with increased uterine activity but no cer-
vical change and a negative fFN.'*

Preventative measures

Cerclage

The placement of a purely prophylactic cerclage in all
patients with a multiple gestation is not currently
recommended. No benefit from the procedure has been
demonstrated in twins without evidence of cervical incompe-
tence.®'>!2128 Even in twins with a sonographically short
cervix (£2.5c¢m), rescue cerclage placement does not clearly
improve outcomes.'?! There is potentially more value to pro-
phylactic cerclage in high-order multifetal pregnancies where
the increased weight of the uterine contents may lead to cer-

vical incompetence in patients who have no other risk
factors for the condition. Although there are some data that
support its use in the management of triplets and quadru-

129 there are no randomized clinical trials, and substan-

plets,
tial data exist that show no benefit.>>**% Prophylactic cerclage
is not an intervention with proven benefit in patients pregnant
with more than two fetuses and no history of incompetent

cervix.!

Bedrest

Bedrest is one of the most commonly prescribed interventions
to prevent prematurity in multiple gestations; vyet, its efficacy
is uncertain. For twins, in fact, prophylactic hospitalized
bedrest appears to have no benefit, and it is costly and dis-
ruptive to families.'>**!3%13! There are no randomized trials in
higher order pregnancies, but modern management in the USA
has essentially abandoned routine hospitalization for these
pregnancies as well.'*?*#¢"” The value of prophylactic bedrest
at home has not been formally studied, but it is part of the
management in most studies of high-order multiple gesta-
tions.2**8¢%7 Modification of normal activity and increased
rest periods throughout the day may prolong gestation and
decrease the incidence of other complications such as hyper-
tension and FGR, even in twins."**¢ It is the author’s opinion
that recommendations to women carrying multiple fetuses
regarding lifestyle modifications must be individualized
depending on additional risk factors for pregnancy complica-
tions and the patient’s home and work environment, and that
strict bedrest and hospitalization be prescribed only when
complications occur that warrant it.

Prophylactic tocolytic therapy

The use of currently available tocolytic agents as a prophy-
lactic means to prevent preterm labor in multiple gestations is
not supported by the literature.'>”'3 Furthermore, there is sig-
nificant risk associated with their use, which is exaggerated in
multiple gestations, as discussed above.

Treatment of preterm labor

Tocolytics

Once preterm labor has been diagnosed, however, tocolysis
is indicated. The medications, routes of administration, and
contraindications are the same as in singleton pregnancies.
Unfortunately, multiple gestation is frequently an exclusion
criteria in studies that have evaluated the efficacy of tocolysis.
Despite the paucity of scientific evidence in multiple gesta-
tions, experience has shown that tocolytic agents decrease
uterine activity and prolong gestation by at least 24-48 hours

15133 and, thus, we believe they should be

in these pregnancies
used to halt (or slow down) labor occurring prior to 34 weeks’
gestation. Of course, these agents must be used with extra
caution and monitoring in women with multiple gestations
because of the increased risk of complications detailed

above.>7%88
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Figure 13.8 A simultaneously reactive twin nonstress test.

Steroids

The administration of betamethasone or dexamethasone
within several hours to 7 days of birth between 24 and
34 weeks’ gestation clearly decreases the incidence of respira-
tory distress syndrome, intraventricular hemorrhage, and
necrotizing enterocolitis in singleton gestations.'** The benefit
in multifetal pregnancies has not been studied extensively, and
there is some question as to whether the currently recom-
mended doses are adequate, given the altered pharmacokinet-

134135 However, no harm has been

ics in these women.
demonstrated, and it is therefore recommended that they be
used liberally in multifetal pregnancies for the same indica-
tions as in singletons.”* The efficacy and safety of weekly,
prophylactic administration of antenatal steroids has not been

demonstrated and is not currently recommended."**

Fetal surveillance

Ultrasound

The important uses of ultrasound in multiple gestations are
outlined in Table 13.1. As discussed previously, an early sono-
gram is necessary to confirm the diagnosis, assess chorionic-
ity, and establish good dating.'? Another sonogram should be
performed at 18-20 weeks to screen for anomalies, confirm
the chorionicity, and assess the cervix. Frequent sonograms
should be performed thereafter (every 3—4 weeks in an uncom-
plicated multiple gestation) to assess fetal growth, amniotic
fluid volume, and cervical length.'>'** If complications arise,
or in particularly high-risk multiple pregnancies, sonograms
should be performed more frequently and be done by sonol-
ogists experienced in the management of such complications.

Nonstress test
All multiple gestations are at some increased risk for un-
explained demise and uteroplacental insufficiency, and they

should therefore 7,137

undergo antepartum fetal testing.
However, the gestational age at which tests of fetal well-being

should be initiated, the frequency of testing, and the modality
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or combination of modalities that should be used varies
depending on the presence of additional maternal or fetal risk
factors.”!>13¢ At most centers, the nonstress test (NST) is the
primary method, and it is performed at a minimum of weekly
from 36 weeks in uncomplicated dichorionic multiples.’*¢ It
has been proven to have the same validity in multiple gesta-
tions as in singletons and has some of the same problems, such
as a high false-positive rate.'>*® Monitors are available that
allow simultaneous testing of multiple fetuses, which shortens
testing time and allows for study of the in utero behavioral
interactions between twins (Fig. 13.8)."*%3* The general prin-
ciple that an abnormal screening test should be followed
immediately by a more sensitive and specific test, such as
vibroacoustic stimulation or biophysical profile, applies to
multiples as well, but the interpretation and management of
nonreassuring testing in a multiple gestation can be much
more complex than in a singleton, particularly when the
fetuses have discordant test results. Management recommen-
dations must take into account the impact of immediate, often
preterm, delivery on the healthy fetus, and the prognosis,
which may be poor even with immediate delivery, of the fetus
with concerning testing.

Contraction stress test

Although a contraction stress test (CST) may be performed
safely in some cases of multiple gestation, this form of fetal
surveillance is rarely used. Often, multiple pregnancies are
complicated by conditions for which the CST is contraindi-
cated, such as premature labor, abnormal placentation, or
abnormal bleeding. If a spontaneous CST arises during a
period of antepartum fetal heart rate testing, its interpretation

may be of value.'*

Biophysical profile

The fetal biophysical profile (BPP) is also a reliable method of
fetal surveillance in multiples, even in those of high order, with
comparable sensitivity and specificity to testing in single-
tons.'>!**13* An advantage of using the BPP as an adjunct to
the NST in multiple gestations is the ability to assess amniotic
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fluid volume which, if increased or decreased, may be the first
sign of a problem, such as FGR or a twin—twin transfusion.
Monochorionic multiple gestations, women with additional
risk factors for uteroplacental insufficiency, and fetuses who
are already known, from ultrasound, to have a growth
problem should have at least an amniotic fluid volume assess-
ment weekly.

Doppler ultrasound

The umbilical artery systolic/diastolic (S/D) ratio in twins is
the same as the value in singletons throughout gestation.'>"
Similar controversies exist regarding the use of umbilical
artery Doppler velocimetry as a screening modality for fetal
well-being in twins as in singletons. Some have shown that
abnormal or discordant values can be detected 4-8 weeks

12,13,136,140 41 4

136,141

earlier than other evidence of growth problems,
that they are good predictors of poor perinatal outcome.
It has also been shown to be of use in the surveillance of the
twin—twin transfusion syndrome.'>"*!*! However, the utility
of Doppler velocimetry in concordant multiples has not been
proven, and we feel that its use should be limited to those preg-
nancies at highest risk. Abnormal results may indicate more
frequent surveillance, but other interventions should only
be undertaken if a combination of all available test results
warrants it.

Timing of delivery

Much controversy exists regarding the timing of delivery in
multiple gestations. There is no evidence that fetuses “mature”
faster just because they are sharing the same womb. For this
reason, uncomplicated twins should not be electively delivered
prior to 38 weeks, and there is no contraindication to expec-
tant management until close to the due date as long as there
is reassuring testing.”"* There is some evidence that twins have
higher stillbirth rates and higher than expected rates of FGR
after 38-39 weeks.®'*” The elective delivery of higher order
pregnancies, which is almost always by Cesarean section, can
be justified slightly earlier, at 3637 weeks. Many multiple ges-
tations, however, are at higher risk as gestation progresses.
Consideration should be given to earlier delivery in these sit-
uations, only after confirmation of fetal lung maturity, unless
there is an absolute fetal or maternal indication for delivery.
As in singletons, the presence of phosphatidylglycerol or a
lecithin—sphingomyelin ratio > 2.5 in amniotic fluid is indica-
tive of fetal lung maturity. In at least 50% of twins, there is
intersac discordance in lung maturity, so both sacs should be
sampled if possible.®!315:142

Antepartum management of fetal complications

Monoamnionic gestations

Monoamnionic twins were traditionally associated with a
mortality rate of 50%, which is predominantly the result of
cord entanglement.'***¢%¢3 This occurs in at least 70% of cases

and can happen at any time.”® Contemporary management
protocols that involve early diagnosis, ultrasound looking for
evidence of cord compression and to evaluate fetal growth,
frequent antepartum fetal testing with nonstress tests and con-
tinuous fetal monitoring for frequent variable decelerations,
and delivery by Cesarean section for nonreassuring testing
have decreased the mortality to 20%.'*%62¢ Most advocate
delivery, usually by Cesarean section, as soon as fetal lung
maturity is documented, usually around 34 weeks when mor-
tality is low."**®53 There is some justification for planned
Cesarean delivery at 32 weeks.'*

Conjoined twins

If the diagnosis of a conjoined twin is made early, the option
of pregnancy termination should be offered. If the patient
declines or if the diagnosis is made later, serial ultrasound and
further evaluations such as echocardiography and magnetic
resonance imaging (MRI) should be performed to help deter-
mine whether extrauterine life is possible, and if there is any
chance of successful separation after birth. Management will

3354 If conjoined twins have a pos-

depend on such assessments.
sibility of survival, the best perinatal outcome will be achieved
with Cesarean delivery, close to term, at a specialized tertiary
care center.”* Abdominal delivery is sometimes necessary, even
for nonviable or demised conjoined twins, to avoid maternal
trauma. Postnatal prognosis will depend on the site and degree
of union, the presence or absence of any other major anom-

alies, and the degree of prematurity.™

Acardiac twins

The mortality for the pump twin in cases of acardia is greater
than 50% and is universally lethal for the recipient.'** The
in utero treatment modalities that have been attempted include
medical therapies, selective delivery, and umbilical cord block-
ade."**!"! The most promising seems to be fetoscopic umbil-
ical cord ligation, which has a relatively low failure rate but
a high risk of preterm delivery due to rupture of membranes
and preterm labor.'>!!"! There is also a role for expectant
management when the weight of the acardiac twin
[-1.66(length) + 1.21(length?)] divided by the weight of the
normal twin (using standard biometry), the twin-weight ratio
(TWR), is more than 70%.***° The pump twin needs close sur-
veillance for evidence of cardiac failure and most likely will
require early delivery.

Twin—twin transfusion syndrome

When a “stuck twin” is visualized on ultrasound, a fetal
anomaly of that twin or a severe growth abnormality with pla-
cental insufficiency must be considered. Similarly, if isolated
polyhydramnios is seen around one twin, an anomaly or infec-
tion may be the etiology. A diagnosis of TTTS should be
reserved for those cases that demonstrate the multiple criteria
discussed earlier. Once the syndrome is diagnosed with rea-
sonable certainty, prognosis depends on the gestational age
and the severity, but the mortality is generally well above 50%
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without treatment.’® A staging system based on the appear-
ance of the bladder in the donor, Doppler values, and the pres-
ence of hydrops has some value in patient counseling and
comparison of treatment protocols.'** Four treatment options
have been investigated. The first is decompression amniocen-
tesis, whereby large quantities of amniotic fluid are serially
removed from the recipient’s sac.'*® This serves to decrease
maternal respiratory embarrassment and preterm labor from
the often massive polyhydramnios, and may reduce compres-
sive forces on the umbilical cord leading to reversal of the
shunt. Although some have reported improved outcomes with
the procedure (78% survival), there is a question of abnormal
neurologic outcome in a significant percentage of the sur-
vivors.'*® Another option is amniotic septostomy, which has
outcomes similar to serial amniocentesis. There is the possi-
bility of enlargement of the hole in the septum, resulting in an
iatrogenic MA pair with its associated risks."* A more inva-
sive modality is fetoscopic laser ablation of the anastomotic
placental vessels, which has been reported to achieve a 60%
survival rate with low neurologic morbidity in the sur-
vivors.®®!#7-1% By ablating the vascular connections between
the fetuses, the now functionally DC pair is probably less sus-
ceptible to neurologic injuries that can occur as a result of
hypotension or other vascular alterations in a co-twin."? Two
randomized trials have been performed, one demonstrating no
difference in survival between serial amniocentesis and amni-
otic septostomy,'*
laser therapy over serial amniocentesis.'*® The prognosis,

and one showing a significant benefit to

including the potential for damage to the survivor in the event
of a demise, should be discussed with the patient after the
diagnosis is made when deciding between various manage-
ment options. After therapy, weekly ultrasound and intensive
fetal surveillance will be needed. The option of termination of
pregnancy needs to be discussed due to the poor prognosis,
even with therapy. Delivery should be undertaken as soon as
fetal maturity is confirmed or for nonreassuring fetal testing.

Fetal growth restriction of one or more fetuses

When FGR afflicts one or more fetuses, management is similar
to that of FGR in a singleton. If it is detected early in preg-
nancy, an anomaly should be ruled out by careful sonography
and karyotype analysis. If it is secondary to uteroplacental
insufficiency, the risks of prematurity must be weighed against
the risks of continued stress in utero. Close fetal surveillance
should ensue, with ultrasound examinations every 2 weeks to
assess fetal growth, frequent nonstress and biophysical profile
testing, and Doppler velocimetry. Delivery of the growth-
retarded fetus should await fetal lung maturity of all the
fetuses unless the testing is nonreassuring or the affected fetus
fails to demonstrate any growth over time.

Growth discordance
The finding of discordant growth among fetuses in a multiple
pregnancy is not necessarily pathologic or associated with poor

36,23,36,42-44

outcome. However, severe growth discordance
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(25-30%), particularly when there is evidence of FGR, is asso-
ciated with increased morbidity and mortality.***=* Once eti-
ologies for the discordance, such as TTTS or anomalies of one
twin, are dismissed, it is difficult to predict which pairs are truly
at risk. For this reason, multiples that are found to be discor-
dant on ultrasound should be followed more frequently for
fetal growth and undergo more frequent and earlier fetal
testing.''3*%151 As long as each fetus follows its own growth
curve and testing is reassuring, there is no indication for early

6,13,43,151

delivery. Early intervention should be undertaken,
however, even if premature, if there is progressive growth dis-

cordance or signs suggestive of immediate fetal danger.

Single fetal death in utero

The management of multiple gestation complicated by the
death of one fetus depends on the gestational age at which the
loss occurs, the potential cause of the demise, and the chorion-
icity. If the demise is caused by a pregnancy complication that
is likely to affect the survivor, such as uncontrolled diabetes,
maternal hypertension, or other medical problems, delivery
should be strongly considered even if the fetus will be prema-

132 1f the demise is caused by a problem that is unlikely to

ture.
affect the survivor, such as a known fetal anomaly, expectant
management with close surveillance is warranted.””**!** With
monochorionic gestations, there is a significant risk to the sur-
vivor, as discussed previously.”**¢*+¢” Even immediate delivery
may not prevent neurologic deficits. If demise occurs prior to
32 weeks, intensive fetal surveillance should be performed with
counseling regarding the substantial risk of morbidity in the
survivor that may or may not be detectable on ultrasound or
heart rate monitoring.'**® Ideally, delivery should be under-
taken, even in the face of prematurity, if a complicated MC
twin is likely to die shortly.”® Maternal coagulation profiles
should be followed periodically after a single fetal demise,
although the risk of maternal DIC is low.*”%%6

Intrapartum management

Asynchronous birth

Most deliveries of multiple fetuses occur in close proximity to
each other. There is a role, however, for delaying delivery of
some fetuses after a very premature delivery of one. The cri-
teria for attempting expectant management of the remaining
fetuses include reasonable evidence of fetal well-being by heart
rate monitoring and ultrasound, absence of signs of abrup-
tion or chorioamnionitis, and dichorionic placentation.'™
Although some have had success with the liberal use of
antibiotics, tocolysis, and cerclage placement shortly after

153,154 these interventions are controversial.'*’ Indocin,

delivery,
for 48-72 hours after delivery, does appear to work well as a
tocolytic in this setting.'**'** There is a reasonable chance
(~50%) of achieving the delivery of a surviving infant or
infants weeks after the loss of one in carefully selected patients

who have been counseled about the potential risks.'s3'%
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Figure 13.9 The relative occurrence rates of the possible
combinations of twin presentations. From ref. 156.

Mode of delivery

The delivery of all multifetal pregnancies, even the seemingly
most uncomplicated, has the potential for serious com-
plications including unanticipated malpresentations, cord
accidents, abruptions, and postpartum hemorrhage. For this
reason, women with more than one fetus should be delivered
in centers with capabilities for intrapartum fetal monitoring
both electronically and by real-time ultrasound, for immedi-
ate Cesarean delivery, and for neonatal resuscitation. Any
meaningful discussion of the intrapartum management of
twins should consider the relative presentations of twin A
and twin B (Fig. 13.9)."°¢ The possible combinations are
varied, but three broad categories provide a working classifi-
cation: vertex-vertex, vertex—nonvertex, and nonvertex twin
A (Fig. 13.10). The authors’ management plan is illustrated in
Figure 13.11.

Twin A vertex, twin B vertex

There is widespread agreement that vaginal delivery of
vertex—vertex twins is appropriate.'*'**~'*” Throughout labor,
twin A can be monitored with a scalp electrode, once mem-
branes have been ruptured, and twin B can be monitored with
an external cardiotocograph. After delivery of twin A, elec-
tronic or sonographic monitoring of the fetal heart rate of twin
B is carried out until its delivery. Further labor should bring
the vertex of twin B into the pelvis, whereupon amniotomy is
performed and vaginal delivery is accomplished. If labor has
not resumed within 10 min after the delivery of twin A, careful
oxytocin augmentation should be used.'*® Although the time

Transverse—transverse

Twin A nonvertex
(19.1%)

Vertex—vertex
(42.5%)

Vertex—nonvertex
(38.4%)

Figure 13.10 The relative occurrence rates of the three broad
categories of twin presentations: vertex—vertex, vertex—nonvertex,
and twin A nonvertex.

Twin A vertex,
twin B nonvertex

|
Twin A Twin B

Twin A vertex,

twin B vertex Twin A nonvertex

EFW=>2000g EFW<2000g
AND OR
fetus candidate fetus not candidate
for vaginal breech for vaginal breech

delivery delivery
Intrapartum Intrapartum

external external

version version

1 r
l Successful Successful }

Unsuccessful Unsuccessful
\] \] \/ \] Y
Vertex Vertex Breech Vertex vaginal ~ Cesarean Cesarean
vaginal vaginal delivery delivery section section
delivery, delivery both twins

both twins

Figure 13.11 Outline of proposed intrapartum management of twin
gestation. From ref. 156.

interval between delivery of twins is not a critical factor in
obtaining a successful outcome, as long as the well-being of
the second twin is continuously assessed, there is a higher inci-
dence of an umbilical cord pH less than 7.00 with longer inter-
vals.!¢1% Cesarean delivery of either or both twins should be
undertaken for the same indications as in singletons. The
safety of internal podalic version with total breech extraction
for a second vertex twin who is in distress has not been
demonstrated and, therefore, cannot be recommended.'>
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There is some controversy regarding the mode of delivery
for very low birthweight infants, even if they are vertex—
vertex.'”> However, there is an absence of data demonstrating
that Cesarean section is beneficial.'>!¢1%7

Twin A vertex, twin B nonvertex

There is no definitive conclusion at this time regarding
the optimum management of the vertex-nonvertex twin ges-
tation. One option is that of elective Cesarean delivery because
of the possibility of birth trauma and birth asphyxia to
the vaginally delivered nonvertex twin."’” The preponderance
of evidence, however, indicates that this is not neces-
sary.®13%159-162 Tywo other options exist after vaginal delivery
of the first twin: external cephalic version with subsequent
vaginal delivery from the vertex presentation or total or
assisted breech extraction.

Several series report a 70% success of external cephalic
version for the second twin with good maternal and fetal out-
comes.?*13¢10 When considering this option, sonographic
assessment of the size of both fetuses should be made and, if
twin B is much larger than twin A, the option of elective
Cesarean section should be considered. If the patient is a can-
didate for labor, she should be strongly encouraged to have
epidural anesthesia as abdominal wall relaxation will greatly
aid attempts at version or breech delivery. The specific maneu-
ver is shown in Figure 13.12. As the first twin is being deliv-
ered, the presentation and heart rate of the second twin should
be evaluated with real-time ultrasound. Gentle pressure, either
with the transducer or with one’s hands, is used to guide the
vertex toward the pelvis. The shortest arc between the vertex
and the pelvic inlet should be followed initially. The version
can be accomplished as either a forward or a backward roll,
but undue force must be avoided in all patients. When the
vertex is brought to the pelvic inlet, the membranes are rup-
tured and delivery is accomplished, with oxytocin augmenta-
tion as needed. If the version is unsuccessful, vaginal breech
delivery or Cesarean section is performed depending on

Figure 13.12 The maneuver of external version. From Chervenak
FA, Johnson RE, Berkowitz RL, et al. Intrapartum external version
of the second twin. Obstet Gynecol 1983;62:160.
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whether the fetus is a candidate for breech delivery (see below)
and whether the status is reassuring.

Vaginal breech delivery of the second twin is the other option
to avoid routine abdominal delivery of vertex-nonvertex
twins. ' 313615%:162 Bor twins weighing more than 1500g, several
studies have had up to 95% success rates without any differences
in outcome compared with second breech twins delivered
by Cesarean section or second vertex twins delivered vagi-
nally."**% In fact, one study showed improved outcomes and
lower hospital charges for the breech extraction group.'** Even
in second breech twins weighing less than 1500g, there is no evi-
dence that Cesarean section is beneficial.'*"'** We recommend
that vaginal breech delivery be performed for the second twin,
after a failed version attempt, if the standard criteria for a vaginal
breech are met. These include an adequate maternal pelvis, a
flexed fetal head, and an estimated fetal weight of 1500-3500g,
and size that is not significantly larger than twin A.'!315%15%163 Tf
these criteria are not met, or if there is evidence of fetal distress,
immediate Cesarean delivery should be performed.

Twin A nonvertex

Cesarean delivery is usually recommended for twins when the
first is not vertex because the safety of vaginal delivery in this
setting has not been established, and there is the potential
complication of interlocking fetal heads.”** Some have shown,
however, that, if the criteria are met for vaginal delivery of a
breech singleton, vaginal delivery of a breech first twin may
be just as safe as abdominal delivery for the pair.'**

Higher order births

There are some studies, albeit with small sample sizes, that
report good outcomes for triplets that were allowed to deliver
vaginally.'®>'%® These studies clearly do not provide sufficient
evidence to suggest that this is safe, especially given the skill
that is required to perform such a delivery, and the increased
perinatal mortality inherent with triplet and higher order ges-
tations. Most still recommend Cesarean delivery for all high-
order multiple gestations,”'***'55 but the option should be
available for motivated patients without other indications for
elective Cesarean delivery.

Conclusion

The complexity of both maternal and fetal problems seen with
multiple gestation argues for management of the antepartum
and intrapartum periods by a multidisciplinary team of expe-
rienced personnel, including those skilled in prenatal diagno-
sis, obstetrical ultrasound, nutrition, prematurity assessment
and prevention, and delivery (spontaneous, operative vaginal,
and Cesarean deliveries). If complications arise at any time, it
is particularly important to have physicians available who are
experienced in the management of complications of multiple
gestations to optimize successful outcomes and minimize mor-
bidity and mortality.
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Figure 13.13 Example of twins together created by computerized manipulation of two individual photographs. Twin A (left) is the survivor of
TTTS, and twin B (right) was stillborn. Image courtesy of Pam Schachter, with permission.

Key points

1 Widespread use of assisted reproductive technologies
has led to dramatic increases in the incidence of twins
and higher order multiple births.

2 Multiple gestations can be dizygotic (all
diamnionic—dichorionic) or monozygotic (30%
diamnionic—dichorionic, 70% diamnionic—
monochorionic, or < 1% monoamnionic—
monochorionic), or any combination.

3 Ultrasound is indispensable for the identification,
assessment including determination of chorionicity, and
management of multiple gestations.

4 Multiple gestations contribute significantly to perinatal
morbidity and mortality.

5 The majority of twins and most higher order multiple
gestations are born prematurely as a result of
premature labor, preterm rupture of membranes, or
fetal or maternal complications.

6 The risk of being born at a low and very low
birthweight is much higher for a multiple because of

10 The incidence of gestational hypertension and

both prematurity and fetal growth restriction, both of
which contribute to morbidity and mortality.

Fetal complications such as growth restriction,
intrauterine fetal demise, and congenital anomalies and
complications unique to multiples, such as discordant
growth and twin-twin transfusion syndrome, also lead
to significant morbidity and mortality.

Maternal medical complications are exaggerated when
carrying a multiple gestation.

Hyperemesis gravidarum, cholestasis, acute fatty liver
of pregnancy, anemia, gestational diabetes, urinary
tract infections, and cardiovascular complications occur
more frequently and more severely in women carrying
a multiple gestation.

preeclampsia is several fold higher in women pregnant
with a multiple gestation, and life-threatening
complications occur more frequently and at earlier
gestational ages.
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Complex ethical and bereavement issues often arise in
a multiple gestation, and psychological stress can be
overwhelming.

The expenses associated with multiple birth increase
exponentially with the number of fetuses.

Obstetrical complications such as preterm labor,
preterm rupture of membranes, hemorrhage, and
Cesarean delivery occur at high rates in multiple
gestations, and their management poses additional risks
to the mother.

Multifetal pregnancy reduction and selective
termination are safe options for women who are
pregnant with a high-order multiple gestation or who
are found to have an anomaly in one fetus.

Both noninvasive modalities for prenatal screening such
as nuchal translucency as well as invasive modalities
for prenatal diagnosis such as CVS, amniocentesis, and
cordocentesis are feasible and safe in multifetal
pregnancies.

Antepartum care for women pregnant with a multiple
gestation must focus on good nutrition with adequate

17
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supplementation, weight gain, and fluid intake as well
as on preterm birth prevention with close surveillance
for cervical change and fetal and maternal
complications.

Antepartum fetal surveillance for multiple gestations
must include serial sonograms for fetal growth and
cervical length and tests of fetal well-being such as
nonstress tests and biophysical profiles.

Multiple gestations should not be delivered “early”
without documentation of fetal lung maturity
unless specific maternal or fetal complications
warrant it.

Therapeutic interventions such as laser ablation of
anastomotic vessels and umbilical cord ligation in
complicated monochorionic twins can improve
outcomes.

Most twins presenting with A vertex can safely be
delivered vaginally utilizing external cephalic version or
total breech extraction when the second is nonvertex;
however, the safest route of delivery for most higher
order multiple gestations is by Cesarean section.
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Biology of normal and
deviant fetal growth

Andrée Gruslin and the late Carl A. Nimrod

Fetal growth is the result of a complex interplay of various
factors, which include genetic, environmental, maternal, nutri-
tional, placental, and endocrine influences. Over 40 specific
factors have been shown, through animal studies, epidemio-
logical, and observational data, to influence fetal growth.' The
importance of identifying the determinants of fetal growth is
highlighted by the fact that fetal growth restriction remains
the second leading cause of perinatal mortality, and is further
enhanced by the association between low birthweight (LBW)
and adult-onset diseases.” Epidemiologic studies have demon-
strated that individuals born with a LBW have an increased
risk of cardiovascular diseases and diabetes in adulthood.
Conversely, there has also been a positive association reported
between high birthweight and breast cancer risk as, for
instance, women who weighed more than 4000g at birth have
been shown to have a risk of breast cancer 3.5 times higher
than those who weighed less than 3000 g.>~* These associations
between birthweight and adult-onset diseases support the
hypothesis that in utero events may result in alterations in the
programming of the fetus itself or of its metabolic milieu,
thereby resulting in significant adult diseases. Increasing lab-
oratory and epidemiologic evidence of the in utero origins of
these diseases makes it necessary that we understand the
factors involved in fetal growth regulation and examine how
they may interact as they carry long-term consequences for
future health. This chapter will focus on the current literature
describing the influences of maternal, genetic, environmental,
endocrine, and placental factors on fetal growth, and will
examine how these factors are involved in aberrant growth
patterns such as growth restriction and macrosomia.

Genetic influences

Elements from both the maternal and the paternal genome are
required for normal fetal growth and development. Recent
data have demonstrated that, for certain genes, only one allele
is functional. This is referred to as genetic imprinting, an epi-
genetic mechanism by which one of the two alleles of a gene

is expressed according to its parental origin. The allele that is
silenced is called imprinted. In the murine model, over 60
imprinted genes have been identified, and the majority influ-
ence fetal growth directly. This has led to the suggestion that
imprinting may also be an important regulatory factor in
human fetal growth. In fact, recent human studies have demon-
strated that most maternally imprinted genes act as growth
suppressors (e.g., H19, p57), whereas paternal ones act as
growth promoters (e.g., insulin-like growth factor 2, IGF-2).6
It has been postulated that imprinting occurs because of con-
flicts between the maternal and paternal genome and nutrient
transfer to the fetus from the mother. Thus, paternally
expressed genes result in fetal growth promotion at the expense
of the mother, whereas genes that are maternally expressed
would have the opposite effect. The most striking evidence of
the importance of this mechanism lies in the influence of IGF-
2 imprinting and its disorder on human fetal growth (Table
14.1). It has been shown that biallelic expression of IGF-2 leads
to overgrowth of the fetus, which is recognized clinically as
Beckwith—-Wiedemann syndrome (Fig. 14.1), characterized by
large birthweight, organomegaly, macroglossia, and neonatal
hypoglycemia.” Conversely, in the mouse, deletion of the pater-
nal IGF-2 allele has been shown to cause fetal growth restric-
tion.® The mechanisms by which imprinting is altered include
chromosomal deletion/duplication, point mutations, and uni-
parental disomy (UPD). The last refers to a situation in which
chromosome fragments originate from a single parent. Murine
studies have shown that, for some specific fragments, abnor-
mal fetal growth occurred, suggesting that this portion of the
chromosome carried an imprinted gene.®”!° There are several
examples of human imprinted genes associated with UPD. In
humans, UPD has been observed for most chromosomes,
although only a few are associated with an abnormal
phenotype (often growth restriction), again suggesting that
these carry an imprinted gene.” Specific examples include
Prader-Willi syndrome, Angelman syndrome, and Silver—
Russell syndrome (see Table 14.2).

There is evidence from the literature of an influence of
maternal genotype on fetal growth. These genetic influences
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Table 14.1 Evidence of a role for the IGF system in human fetal growth.

Homozygous deletion of exons 4 and 5 in the IGF-1 gene results in severe intrauterine growth restriction (IUGR) and postnatal growth failure
Biallelic expression of the IGF-2 gene leads to Beckwith-Wiedemann syndrome

Both IGFs are present in the fetal circulation very early and expressed in the placenta

Positive correlation between cord serum IGF-1 concentration and fetal size

Birthweight positively correlated with IGFBP-3 and negatively with IGFBP-1

Human IUGR associated with increased IGFBP-1 and -2 and decreased IGFBP-3

T IGFBP-1 at decidual-placental interface in severe preeclampsia/[lUGR

T Circulatory levels of IGFBP-1 up to six times in severe preeclampsia

T IGFBP-1 in IUGR at term and antenatally (cordocentesis)

| PAPP-A leads to | birthweight (PAPP-A protease of IGFBPs)

Summary of various evidence from human studies supporting the role of the IGF system in the regulation of fetal growth. This includes the
involvement of IGF-1 and -2 as well as their binding proteins and the proteases, which themselves modulate these binding proteins. IGFBP,
insulin-like growth factor binding protein; PAPP-A, pregnancy associated plasma protein A.

Figure 14.1 Infant with Beckwith—
Wiedemann syndrome. Note the obvious
macrosomia related to overexpression of
IGE. From Wiedemann HR, Kunze J.
Clinical syndromes, 3rd edn. Mosby-Wolfe
Publishers; 1997:148-149.

are likely those involved in maternal size determination and physical constraints, probably plays an even more important
metabolism, as evidenced by the fact that maternal height is role in fetal growth regulation.'? This is evidenced by the
correlated with birthweight and probably reflects its influence cross-breeding studies between horses and ponies in which it
on uterine size and perhaps blood flow."" What is however was shown that, given the same fetal genotype, growth was
becoming clear is that maternal phenotype, which results in greater when occurring in a large animal compared with a
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Table 14.2 Clinically relevant outcomes of uniparental disomy in
the human.

UPD Outcome

Maternal UPD2 TUGR
Paternal UPD6q24 Diabetes (transient neonatal)
Maternal UPD7 Silver-Russell syndrome
Paternal UPD11p15 Beckwith-Wiedemann syndrome
Maternal UPD14 TUGR

Paternal UPD14 Short-limbed dwarfism
Maternal UPD15 Prader-Willi syndrome

Paternal UPD15 Angelman syndrome

Maternal UPD16 IUGR

Maternal UPD20 TUGR

Uniparental disomy represents one mechanism that can influence
gene imprinting and therefore fetal growth.

small one."” Furthermore, studies of outcomes from assisted
reproductive technologies using ova donation clearly demon-
strated that birthweight correlated with the height and weight
of the birth mother and not the donor."* From an evolution-
ary standpoint, this represents an adaptive mechanism pre-
venting fetal overgrowth and the resulting maternal and
fetal complications. This also suggests to the clinician that the
interplay between maternal genotype and phenotype that
influences birthweight must be recognized as a significant con-
founding variable in the interpretation of data from pregnan-
cies that are the result of assisted reproductive technologies.

Conversely, paternal factors are thought to have very little
influence over fetal growth. Human pedigree studies have
demonstrated very little effect of paternal factors on birth-
weight. Studies of paternal height and weight have also con-
cluded that only a very small effect on fetal weight was
present. In a more recent report, paternal height was related
to birthweight, with a small effect, an increase of 10g/cm
increase in paternal height, being apparent.’ This therefore
accounted for a very small amount of the variation in birth-
weight. As paternal weight and body mass index (BMI), which
are acquired characteristics, did not influence birthweight, it
was suggested that it was paternal genotype (a determinant of
height) that played a small role in fetal growth. Again, the fact
that this effect is small is highly desirable from an evolution-
ary standpoint as it prevents fetal overgrowth in mothers
whose physical determinants would not allow it.

Fetal genotype, on the other hand, is an important regula-
tor of growth. This is supported by the aberrant birthweight
seen in chromosomally abnormal fetuses. Indeed, the average
birthweight of fetuses with trisomy 13 is 2400 g; for those with
trisomy 18, it is 2240¢g and, finally, for trisomy 21, 2894 g.'®
This is believed to be mediated by a decrease in cellular pro-
liferation leading to generalized hypoplasia. The cell cycle of
trisomic fetuses has been shown to be slower, with a 50%

BIOLOGY OF NORMAL AND DEVIANT FETAL GROWTH

reduction in the G2 phase and a generally decreased rate of
DNA synthesis.'” Other evidence of the importance of fetal
genotype lies in the fact that fetal gender influences birth-
weight, as male fetuses are approximately 175 g heavier than
females at term. Confined placental mosaicism (CPM) results
from a chromosomal error located only in the placenta and
has been shown to increase the risk of fetal growth restriction.
It has been reported that up to 20% of cases of fetal growth
restriction are associated with CPM, which can itself be asso-
ciated with UPD." Therefore, in cases of unexplained fetal
growth restriction, a placental examination looking for CPM
may provide useful information.

Maternal influences

Various maternal factors affect fetal growth. These include
maternal anthropometry, overall health, nutritional status,
and genotype as described above. Several studies have clearly
demonstrated correlations between birthweight and maternal
height, prepregnant weight, and weight gain during gesta-
tion.''8 However, the absence of a correlation between mater-
nal weight gain and birthweight in very obese patients is
noteworthy. This also applies to women with gestational
diabetes possibly resulting from decreased maternal insulin
sensitivity. In addition, birthweight has also been shown to
increase with increasing parity, perhaps secondary to the
cumulative effects of previous pregnancies on maternal
metabolism.

Good maternal health is essential for proper placental
implantation and normal fetal growth and development, as it
allows the woman to respond and adapt appropriately to
changes related to the establishment and maintenance of
pregnancy.

In a recent review of the effect of exercise in pregnancy,
Clapp" demonstrated that, in healthy, fit pregnant women,
exercise (particularly regular, weightbearing, strenuous) was
associated with improved maternal and fetal outcomes. It was
proposed that regular physical activity improved placental
growth as well as the normal physiologic changes of preg-
nancy. Furthermore, as exercise resulted in intermittent
decreases in uterine blood flow along with a very small
decrease in nutrient supply, those fetuses were leaner at birth
but more tolerant of the physiologic stresses of pregnancy and
labor.

Conversely, maternal health factors limiting oxygen and
nutrient delivery to the fetus do have a significant negative
impact on fetal growth. For instance, women with cyanotic
heart disease, preeclampsia, or significant pulmonary diseases
tend to have smaller infants as well as an increased risk of
LBW infants. One of the most common maternal medical
conditions worldwide that alters fetal growth is anemia.?**
In a recent study involving 629 women, 313 of whom were
anemic, the risk of LBW and intrauterine growth restric-
tion (IUGR) was increased by 2.2 times and 1.9 times
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respectively.?’ This is consistent with many other studies in
which severe anemia was associated with a 200- to 400-g
decrease in birthweight. Several mechanisms have been pro-
posed to explain this association?® including:

e Norepinephrine/cortisol: others have shown that iron defi-
ciency anemia increases norepinephrine release, which can
stimulate CRH and cortisol, known to have a negative effect
on fetal growth. Furthermore, norepinephrine infusion in the
sheep model results in a reduction in fetal protein synthesis
and accretion.

e Chronic hypoxia: severe anemia may result in a reduction
in oxygen transfer to the fetus, thereby impacting on fetal
growth.

e Increased oxidative stress: through this mechanism, oxida-
tive damage to erythrocytes could result as well as endothelial
dysfunction, further impeding fetal growth.

e Increased infection; iron deficiency anemia has been shown
to have a negative influence on B and T cells, neutrophils, and
natural killer (NK) cells, thereby increasing susceptibility
to infection. Maternal infection itself has been shown to
activate the fetal hypothalamic—pituitary axis, as evidenced
by increased cord blood concentrations of cortisol and
dehydroepiandrostenedione sulfate, thereby again negatively
affecting fetal growth.

Maternal nutrition is responsible for the availability of
nutrients for the fetoplacental unit. Its importance is high-
lighted by the fact that fetal growth restriction is seen as a
result of severe maternal undernutrition in many developing
countries and that the incidence of LBW is higher in women
with eating disorders."** Women exposed to the Dutch famine
of 1944-1945 delivered LBW infants, but only if exposed in
the third trimester of pregnancy. Placental growth was also
reduced with the same exposure, but was increased in women
exposed to the famine during their first trimester. This sug-
gested that the influence of maternal nutrition on fetal growth
depends upon the severity of the insult and its timing, as well
as its influence on placental growth. Human and animal
studies of maternal undernutrition have shown significant
alterations in placental size and development, thereby affect-
ing fetal growth directly. For instance, human maternal under-
nutrition has been associated with decreased placental volume,
chorionic villous area, fetal capillary surface area, and volume
density of trophoblasts.*** These changes all correlated with
LBW and thus represent a mechanism by which fetal growth
is altered. Furthermore, in a recent study of maternal food
restriction in the guinea pig model, a decrease in the total
surface area of the placenta available for substrate exchange
was demonstrated.”” This correlated with fetal weight, sug-
gesting that impaired placental transfer of nutrients to the
fetus is involved in the process of growth restriction. In addi-
tion, the same study also reported an increase in the thickness
of the placental barrier for diffusion, also contributing to
altered growth through a decrease in substrate transfer to the
fetus. It has been suggested that some of these changes may
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be mediated through alterations in growth factors such as
IGF-2 2628

At this time, it remains unclear whether nutritional defi-
ciencies in specific dietary components have a greater impact
on fetal growth compared with an overall deficiency. What
is becoming more evident, however, is the importance of
micronutrient intake on fetal growth and the role that nutri-
ent-gene interactions may have in this process.”” Some of the
more important micronutrients studied to date include folate,
zinc, iron, copper, as well as vitamins E and A. Of these, zinc
has been shown to be critical for insulin packaging and secre-
tion, and its deficiency has resulted in fetal growth restric-
tion.***° Both copper and iron can alter fetal development by
the generation of free radicals, whereas their deficiency results
in an accumulation of antioxidant enzymes. Vitamin E, an
important regulator of insulin sensitivity, also contributes to
fetal growth regulation, whereas vitamin A’s role is through
the stimulation of growth hormone postnatally and possibly
of placental growth hormone prenatally.?’ Although this last
mechanism is not entirely clear, the effects of vitamin A defi-
ciency on prenatal growth are supported by its association
with asymmetrical fetal organ growth as well as reductions in
the relative masses of fetal lungs, heart, and liver in animal
models.”” The influence of micronutrients on human fetal
growth has recently been investigated in a study of 797
! The authors showed
that supplementation of their diet with micronutrient-rich

pregnant women in rural India.}

foods such as green leafy vegetables, fruits, and milk was asso-
ciated with improved birthweight. Interestingly, the intake of
green leafy vegetables and fruits at 28 weeks correlated with
birthweight, whereas a positive correlation with birthweight
was shown for fat and milk intakes at 18 weeks. This suggests
that there are likely different nutrient requirements for fetal
growth at different stages of development, possibly owing to
developmentally regulated tissue growth.

Interestingly, more evidence is accumulating suggesting an
interaction between gene expression during fetal growth and
nutrient availability."** For instance, folate deficiency leads to
a decrease in remethylation of homocysteine to methionine.
As S-adenosylmethionine is a methyl donor, its absence or
decrease results in dysregulation of important developmental
genes (imprinting defects) and defective DNA synthesis. This
is further supported by animal studies including that by Gluck-
man and Pinal et al.** in which methyl-supplemented diets fed
to pregnant mice altered the expression of an imprinted gene
specific to the coat color of their offspring. As DNA methyla-
tion is important in the regulation of gene imprinting, it is
likely that folic acid, through this process, is involved in fetal
growth determination.

Several studies have also examined the influence of mater-
nal fish and seafood consumption on fetal growth.*** This
potential association originated from the observation that
birthweights tend to be higher in regions of the world such as
the Faroe and Orkney Islands where there is a high maternal



intake of marine foods. It has been proposed that the n-3 fatty
acids from fish and seafood might enhance fetal growth
by improving placental perfusion through an increase in the
ratio of prostacyclins to thromboxanes, which itself reduces
blood viscosity.*> To date, two large epidemiological studies
(Denmark and Faroe Islands) have shown a positive correla-
tion between fish intake and birthweight.*® In agreement with
this, a more recent report from south-west England revealed
a decrease in the incidence of fetal growth restriction with
increasing fish consumption, but failed to show an association
between birthweight and fish intake after adjusting for con-
founding variables.*> Conversely, others have shown either no
effect or even a reduction in birthweight associated with fish
consumption.* These conflicting reports may be explained by
the lack of adjustments for confounding variables, and may
also result from the presence of pollutants in marine foods
from certain regions. Indeed, fish is known to be a major
source of polychlorinated biphenyls (PCBs), which have been
shown to lead to fetal growth restriction in animal models.*
Research in this area is therefore required and needs to take
into account all the variables affecting fetal growth such as
smoking, as well as evaluating the presence of pollutants in
fish and seafood.

Finally, in the context of maternal influences on fetal
growth, caffeine intake has also been examined with much dis-
crepancy between studies.’’”** This again often resulted from
difficult and imprecise evaluation of maternal intake and
failure to control for other important variables. The effect of
caffeine on fetal growth is supported by the fact that it can
cross the placental barrier and has a slow metabolism in preg-
nancy with a half-life of 10 hours at 17 weeks increasing to
18 hours in the third trimester. Finally, the fact that neither
the placenta nor the fetus can metabolize caffeine further sup-
ports its negative influence on fetal growth. Although the exact
mechanism by which this might occur has not been fully elu-
cidated, it is likely that it involves a reduction in intervillous
blood flow?” and possibly an increase in oxygen consumption,
as noted in preterm infants treated with caffeine for apnea.*
Although, again, more information is needed on the impact of
maternal caffeine intake, it appears so far that at least mod-
erate consumption does not significantly decrease fetal
growth, but that a negative impact could be seen with mater-
nal consumption of over 600mg daily.’” The literature also
suggests synergism between caffeine and cigarette smoke, as
evidenced by a more significant influence of caffeine in women
who smoke.*”

Growth factors

IGF family

Adequate fetal growth is dependent upon a balanced interplay
of positive and negative regulators originating from the fetal,
placental, and maternal compartments. Of these, the IGF
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family plays an important role. The components of this family
include IGF-1 and IGF-2, as well as two receptors (type 1 and
2) and six high-affinity binding proteins (IGFBP 1-6) and their
proteases (e.g., PAPP-A), which ultimately regulate the
bioavailability of these two growth factors. IGF-1 and -2 are
peptides, produced mostly by the adult and fetal livers. They
are both potent mitogens and important regulators of tissue
growth and differentiation."** However, they are develop-
mentally regulated in a different manner and have different
actions. For instance, IGF-2 is an imprinted gene, expressed
from the paternal allele, and is important for embryonic as
well as placental growth and likely involved in cellular differ-
entiation of specific organs such as the fetal pancreas. Biallelic
expression of IGF-2 leads to overgrowth syndromes such as
Beckwith—Wiedemann, whereas deletion of IGF-2 in the
mouse is associated with decreased placental and fetal
growth.” In the murine model again, Constancia et al.® have
demonstrated that deletion of the placental transcript of IGF-
2 resulted in decreased passive permeability of nutrients,
leading to restricted placental and, subsequently, fetal growth.
More recently, the same model was used to demonstrate that
the placental IGF-2 gene is directly involved in the regulation
of the diffusional characteristics of the placenta. The authors
suggested that decreased IGF-2 expression might indeed be
responsible for cases of idiopathic fetal growth restriction that
are characterized by decreased placental diffusion capacity.®

Conversely, IGF-1 regulates fetal growth in the later part of
pregnancy. It has been shown that IGF-1 promotes fetal sub-
strate uptake, inhibits catabolism, and alters placental metab-
olism through an inhibition of lactate production, thereby
improving placental transfer of nutrients.>* The importance of
IGF-1 in human fetal growth regulation is highlighted by a
report of an infant born with homozygous deletions of exons
4 and 5 in this gene. This resulted in severe fetal growth
restriction as well as postnatal growth failure.*® In addition,
deletion of IGF-1 in the mouse has also been shown to lead
to fetal growth deficiency which persists postnatally, contrary
to animals with IGF-2 deletions that are born at 60% of the
size of wild-type controls but whose postnatal growth nor-
malizes.® This suggests that IGF-2 is the dominant regulator
during early intrauterine life, whereas IGF-1 influences the
process later in gestation and postnatally.

Several factors influence IGF’s actions, including their
binding proteins and associated proteases, their receptor
status, the presence of other hormones and, most importantly,
maternal nutrition. Indeed, fetal IGF-1 is sensitive to fetal
insulin levels, which are regulated by glucose concentrations
(Figs 14.2 and 14.3). This is well illustrated by a series of
sheep experiments in which maternal undernutrition was
associated with a decrease in fetal IGF-1 and resulted in absent
fetal growth. However, upon glucose or insulin infusion, fetal
IGF-1 levels returned to normal.** In addition, it has been
demonstrated in numerous studies that a positive correlation
exists between cord blood IGF-1 levels and birthweight and
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Figure 14.2 Simplification of the mechanism by which the IGF
system regulates fetoplacental growth during development. As seen
here, nutrient supply, although a direct influence on insulin (which
itself regulates binding proteins and IGF-2 receptor), results in an

increase in IGF-1, thereby promoting fetal growth. Conversely, IGF-
2 is relatively insensitive to nutrient supply and plays a role in
placental growth and development as well as promoting cellular
differentiation in specific tissues.
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Figure 14.3 Simplified mechanism involving the IGF system in the
induction of fetal growth restriction following decreased nutrient
and oxygen supply. The lower glucose concentration results in
several alterations including | insulin with modulation in receptor
concentration and binding proteins status, which all lead to
decreased IGF-1 and therefore decreased fetal growth. With ongoing
severe nutrient restriction and associated hypoxemia, cortisol
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concentration increases and IGF-2 decreases, which leads to a
decrease in placental growth and function, further impeding fetal
growth. Note that the decrease in IGF-2 receptor (IGF-2R; soluble
form) results in a local increase in IGF-2 concentration in specific
tissues. This is believed to promote cellular differentiation and
provide some positive stimulus for fetal growth in order to attempt
to compensate for the above changes.




that fetuses small for gestational age display lower IGF-1 con-
centrations.”**? This is consistent with an influence of insulin
(as stimulated by glucose) over IGF-1 release in the fetus. As
no correlation existed between maternal concentrations of
IGF-1 and cord levels or birthweight, this suggested that IGF-
1 in cord blood originated from the fetoplacental unit and that
there was no placental transfer of maternal IGF-1 to the fetus.
Conversely, IGF-2 expression is much less sensitive to nutri-
ent supply. Indeed, it has been shown to be reduced only under
circumstances of severe malnutrition. In the IUGR fetus, IGF-
2 levels vary from organ to organ and have been noted to be
elevated in brain and lungs, for example, likely in an effort
to promote differentiation and maturation in the context of
inadequate growth (see Figs 14.2 and 14.3).

Finally, placental production of IGF-1 should also be noted;
although its exact role at this point has not been clearly elu-
cidated, it is likely to be largely intraplacental as described in
the above experiments in the murine model.

IGFBPs modulate the actions of IGFs by altering their half-
life or simply through their transport to specific tissues. Of
these proteins, IGFBP-1 has been shown to be negatively cor-
related with birthweight in humans.**** There is increasing
evidence to support an important role for IGFBP-1 in fetal
growth.*** For instance, it has been shown that trophoblast
invasion, a step crucial to normal placentation and therefore
fetal growth, is inhibited by IGFBP-1.* Furthermore, human
fetuses that are growth restricted have been shown to display
higher blood concentrations of IGFBP-1.*' Interestingly,
another study has demonstrated an inverse relationship
between cord blood p0O, and IGFBP-1. Taken together, these
data suggest that hypoxia may stimulate fetal IGFBP-1 pro-
duction, which decreases IGF-1 bioavailability, thereby mini-
mizing fetal growth when supply is clearly limited.*®

Compartmentalization of nutrients is essential to the main-
tenance of fetal growth. This process requires that fetal nutri-
ent supply be maintained as a priority over maternal and even
placental demands. Indeed, by secreting placental growth
hormone (GH-v) and prolactin, a state of relative maternal
insulin resistance is created in which glucose is preferentially
transported across the placenta while maternal lipolysis is
facilitated in order to respond to the demands of the mother.**

Leptin

Leptin is a product of the 0b/ob gene located on chromosome
7. It is synthesized by adipocytes as well as placenta (tro-
phoblast and amnion), stomach, bone cartilage, and teeth.' It
is an important regulator of body weight, and its effect is
mediated through a negative feedback mechanism between
adipose tissues and specific satiety receptors located in the
hypothalamus. Its production has been shown to be stimulated
by various hormones including cortisol and insulin.*” Under
conditions of starvation, leptin levels decrease, which results
in induction of food-seeking behavior as mediated by the
hypothalamus. It is therefore not surprising that, in adults,
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leptin concentrations have been shown to be related to fat
mass.

What is less clear is the role that this protein plays in fetal
growth. Leptin is known to be produced by the maternal, fetal,
and placental units, but whether or not it can cross the pla-
centa has yet to be determined clearly.! Current studies have
provided conflicting results when examining correlations
between leptin concentrations and birthweight.**** There is
evidence for a positive correlation between cord blood leptin
and birthweight in appropriately grown fetuses; however, this
same relationship could not be consistently demonstrated in
small for gestational age (SGA) fetuses and was also influenced
by the presence or absence of maternal diabetes. Others have
reported a significant decrease in fetal leptin levels in IUGR
neonates, consistent with their marked reduction in fat
tissue.*” However, at this time, the exact mechanism by which
fetal weight and fat mass are regulated and how leptin is
involved in this process remains unclear.

Placental influences

The placenta influences fetal growth through its functional
size, capacity to transport oxygen and nutrients, and its own
metabolism. Placental growth is crucial to fetal growth. This
is supported by the fact that, throughout gestation, placental
growth closely parallels fetal growth. In addition, it has been
demonstrated recently that placental volume measured at
14 weeks was directly related to fetal anthropometric meas-
urements at 35 weeks.!" Furthermore, placental villous area
(the functional area) continues to increase throughout gesta-
tion along with vascularization of terminal villi and thinning
of the syncytial layer, which optimizes exchange at the feto-
placental level.

Transport capacity

Fetal growth relies on glucose as a major fuel and, as there is
no significant gluconeogenesis in the fetus, it must be obtained
from maternal blood directly. Placental transfer of glucose
depends on the total surface area of the syncytium available
for exchange, the thickness of the placental barrier, the pla-
centa’s own metabolic needs, the concentration gradient of
glucose between maternal and fetal blood, maternal blood
supply and, finally, the presence of transporters.’® Indeed, as
the syncytial membrane is not very permeable to glucose, the
placenta facilitates this process with the synthesis of specific
transporters that are members of the GLUT gene family of
facilitated diffusion transporters, which are located in the
microvillous and basal membranes. Of these, GLUTS3 is likely
to be the major functional transporter in early pregnancy,
whereas GLUT1 is more important near term.’® The inverse
relationship shown in vitro between extracellular glucose con-
centration and the presence and activity of GLUT1 suggests
that glucose itself may be involved in the regulation of
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GLUT1. However, it has been shown that, despite the consis-
tent findings of low glucose in IUGR fetuses, their transporter
density was not affected. How this applies to the human fetus
remains to be elucidated as it is likely that glucose transfer in
vivo is very complex and relies on various mechanisms.

The fetus also requires amino acids for protein synthesis,
interconversion to other substrates, and oxidation. The trans-
fer of amino acids is also a complex process and involves sig-
nificant placental metabolism as the placenta can use, produce,
and interconvert several amino acids.’® However, in contrast
to glucose, which is transferred across a gradient, amino acids
are actively transported across the placenta, as supported by
their higher concentrations in the fetus compared with the
mother. This involves the presence of several transport systems
that are all distinct from each other but exhibit some over-
lapping substrate specificity.’"** The importance of amino acid
transport for fetal growth is highlighted by the observations
made in IUGR. These fetuses display a decrease in amino acid
concentration, an impairment of some transport systems, a
decrease in surface area for exchange, decreased placental per-
fusion, and specific demonstrations of decreased transfer of
taurine, phenylalanine, and leucine.*>

Placental substrate delivery is also dependent on perfusion.
As fetal nutrient demands increase throughout gestation, there
is a 20-fold increase in maternal flow into the intervillous
spaces. This process depends in part on adequate invasion of
spiral arteries by trophoblasts, as supported by the marked
reduction in transformed spiral arteries seen in IUGR,"' which
may result from impaired release of nitric oxide and carbon
monoxide (two vasoactive substances) by trophoblasts.'
Normal placental development also requires an early change
from a relatively hypoxic to a relatively normoxic environ-
ment, resulting from spiral artery transformation and expo-
sure of villi to maternal blood. Failure of this process leads to
aberrant expression of several important growth factors
involved in trophoblast migration, survival, and proliferation,
function, and overall placental growth. Invasion may also be
altered by external factors such as maternal smoking, which
we have demonstrated to result in increased apoptotic cell
death of first-trimester trophoblasts®® and impairment of
growth factor/cytokine-mediated trophoblast migration such
as epidermal growth factor (EGF). It also requires adequate
vascularization of villi, a complex mechanism that appears to
be mediated partly by angiogenic factors that may include vas-
cular endothelial growth factor (VEGF) and placental growth
factor (PIGF).**> TUGR fetuses have been shown to have
decreased branching angiogenesis in villi, therefore supporting
the importance of this process for fetal growth (Fig. 14.4).
Finally, factors that alter maternal blood flow to the utero-
placental unit are also of significance in fetal growth. For
instance, vessel obliterations have been demonstrated in pla-
centas of mothers with antiphospholipid antibody syndrome,
leading to restricted flow and potentially restricted fetal
growth regulation. Similarly, women with significant cardiac
or vascular disease also have altered uteroplacental blood flow
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Figure 14.4 Placenta from a patient with fetal growth restriction

and absent/reverse end-diastolic flow in the umbilical arteries. Note
the unusually long, poorly branched terminal villi resulting from
hypoxemia. From Bernishke, Kaufmann, eds. Pathology of the
human placenta, 4th edn. Springer; 1999:457.

as a result of decreased output or uterine and placental
vascular lesions.

Placental growth hormones

The IGF family plays multiple roles in placental growth and
development including an influence of IGF-2 in trophoblast
invasion, a step crucial to adequate placentation and to the
establishment of maternofetal exchange.' In addition, as dis-
cussed earlier, placental IGF-2 is involved in placental growth
and transport.

GH-v gradually replaces maternal pituitary growth
hormone throughout the first trimester. It exerts its biologic
effects on the mother and placenta, as it is not detected in the
fetus. It has high somatogenic and low lactogenic activities and
has been shown to modulate maternal metabolism by stimu-
lating gluconeogenesis, lipolysis, and anabolism.*® The end
result is to increase nutrient supply to the fetus and therefore
indirectly influence fetal growth. It is responsive to changes in



glucose concentration in the maternal circulation and is a key
regulator of maternal IGF-1 as well as a mediator of insulin
resistance in the mother, thereby having an important role in
compartmentalization.

Conclusion

Fetal growth regulation is a complex process influenced by a
multitude of factors, some of which have been explored here
(Table 14.3). To date, we only have a limited knowledge of
what these factors are and how they interact to influence
growth in utero. Our incomplete understanding of this process
in the human partly explains our current difficulties in identi-
fying adequate therapeutic approaches for those fetuses
that suffer from growth anomalies such as restriction and
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macrosomia. The adult consequences of these aberrant
growth patterns iz utero further highlight the importance
of understanding the mechanisms behind fetal growth
regulation.

Table 14.3 Determinants of fetal growth.

Maternal Genotype (maternal height) +++
Physical constraints ot
Paternal Genotype (paternal height) +
Paternal weight No effect
Fetal Genotype +++
Placental Size ++
Transport capacity ++
Metabolism ++

Key points

1 Abnormal fetal growth is associated with adult-
onset diseases. Growth restriction increases the
risk of cardiovascular diseases and diabetes,
whereas fetal macrosomia appears to result in an
increase in the incidence of certain types of cancer in

the adult.

2 Genetic imprinting is a mechanism by which one of the
two alleles of a gene is expressed according to its
parental origin. Insulin-like growth factor (IGF)-2 is an
example of an imprinted gene that plays an important
role in fetal growth. Biallelic expression of IGF-2
results in fetal overgrowth (Beckwith—Wiedemann
syndrome).

3 Uniparental disomy (UPD) is a situation in which
chromosome fragments originate from a single parent.
In the human fetus, UPD has been observed to be
associated with aberrant growth (e.g., Prader—Willi
syndrome).

4 Maternal phenotype is a very important determinant of
fetal growth and, therefore, when evaluating this
process, the interplay between maternal phenotype and
genotype must be taken into consideration. There is a
suggestion that paternal genotype plays a very small
role in fetal growth.

5 Trisomic fetuses have a decrease in cellular
proliferation leading to generalized
hypoplasia.

6 Exercise in fit, pregnant individuals may improve
placental growth. Fetuses tend to be leaner at birth but
appear to be much more tolerant of the stresses of
labor.

7 Maternal anemia is one of the most important medical
conditions worldwide that is associated with fetal

growth restriction. The mechanism involved may
include increased catecholamines, hypoxia, increased
oxidative stress and/or infections.

8 The influence of maternal undernutrition on
fetoplacental growth depends on the severity and
timing of the insult.

9 Micronutrients such as folate, zinc, iron, copper, and
vitamins A and E play a role in the regulation of fetal
growth.

10 It is controversial at the present time whether n-3 fatty
acid consumption from marine foods promotes fetal
growth.

11 Moderate consumption of caffeine does not
significantly alter fetal growth. However, there
appears to be synergism between caffeine intake
and cigarette smoke resulting in inadequate fetal
growth.

12 IGFs (IGF-1, -2) are important mitogens and play
important roles in growth of the placenta and the fetus.

13 IGF-2 is important in embryonic growth and is
involved in promoting cellular differentiation. Placental
IGF-2 plays a role in the regulation of diffusion
capacity and, therefore, in fetal growth.

14 IGF-1 regulates growth in the latter part of
pregnancy and is partly regulated by insulin (as
mediated by glucose). It is highly sensitive to nutrient
supply.

15 Leptin is produced by the maternal, placental, and fetal
units. Its cord concentra