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Preface

The 4th edition of Critical Care Obstetrics embodies the contin-
uing accumulation of a rapidly expanding mass of knowl-
edge, designed to assist clinicians caring for seriously ill
gravidas. Around the time that the 1st edition of this book was
published, obstetric critical care units were being established
around the country. Countless patient admissions to the
“OB/GYN Intensive Care Unit” at the University of Southern
California Los Angeles County Woman’s Hospital Medical
Center, the “Yellow Room” at Baylor’s Jefferson Davis
Hospital, and to similar facilities provided the clinical ex-
perience for maternal-fetal medicine subspecialists interested
in critical care to primarily manage pregnant patients of the
highest acuity. With medical technology advancing at a mete-
oric pace, the era of one physician “doing it all” has long
passed and is indeed an antiquated concept. The current
American medical system is not structured to support a dedi-
cated obstetric critical care unit in most hospitals, even in
tertiary referral centers. This evolution in medicine does not
portend the demise of the discipline of critical care obstetrics,
but rather, further necessitates specialists in obstetrics who
can provide complementary knowledge to the nonobstetri-
cian. Thus, the purpose of this book is to assist OB/GYN and
MFM clinicians in working integrally with intensivists, pul-

monologists, cardiologists, and other members of the multi-
disciplinary team caring for the critically ill obstetric patient.

Chapters from the 3rd edition have been extensively revised
for the 4th edition and new chapters have been added to cover
topics concerning maternal morbidity trends, the organiza-
tion of an obstetric critical care unit, neonatal resuscitation,
noninvasive monitoring techniques, pulmonary edema, the
acute abdomen, anesthesia considerations, the organ trans-
plant patient, and ethical considerations of the critically ill
pregnant woman. The 1st edition, published in 1987, con-
tained 28 chapters; since then, this textbook has evolved into
the current edition containing 46 chapters.

Certainly, the greatest strength of this book is its diverse
group of authors; we sincerely thank everyone who con-
tributed their time and expertise. We gratefully acknowledge
Natalie George for meticulously reviewing the references.
Finally, we are grateful to the staff at Blackwell Publishing,
especially Julia Casson and Laura DeYoung, for their
ongoing support of this book.

GAD,MAB, GRS, JPP, GDVH, SLC
May 2003

vii
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Cande V. Ananth
John C. Smulian

The successful epidemiologic evaluation of any particular dis-
ease or condition has several prerequisites. Two of the most
important prerequisites are that the condition should be accu-
rately defined and that there should be measurable outcomes
of interest. Another requirement is that there must be some
systematic way of data collection or surveillance that will
allow the measurement of the outcomes of interest and associ-
ated risk factors. The epidemiologic evaluation of critical ill-
nessassociated with pregnancy has met with mixed successon
all of these counts.

Historically, surveillance of pregnancy-related critical ill-
ness has focused on the well-defined outcome of maternal
mortality in order to identify illnesses or conditions that
might have led to maternal death. Identification of various
conditions associated with maternal mortality initially
came from observations by astute clinicians. One of the best
examples is the link described by Semmelweiss between
hand-washing habits and puerperal fever. In most industrial
and many developing countries, there are now population-
based surveillance mechanisms in place to track maternal
mortality. These often are mandated by law. In fact, the
World Health Organization uses maternal mortality as one
of the measures of the health of a population (World Health
Organization, 1991).

Fortunately, in most industrialized nations the maternal
mortality rates have fallen to very low levels. Recent statistics
for the United States suggest that overall maternal mortality is
11.5 maternal deaths per 100,000 live births during 1991-97
(Morbidity and Mortality Weekly Report, 2001). Despite this
impressively low rate of maternal mortality, tracking maternal
deaths may not be the best way to assess pregnancy-related
critical illnesses since the majority of such illnesses do not re-
sultin maternal death. As stated by Harmer (1997), “death rep-
resents the tip of the morbidity iceberg, the size of which is
unknown.” Unlike mortality, which is an unequivocal end-
point, critical illness in pregnancy as a morbidity outcome is
difficult to define and, therefore, difficult to measure and
study precisely.

Epidemiology of critical iliness and
outcomes in pregnancy

There are many common conditions in pregnancy such as
the hypertensive diseases, intrapartum hemorrhage, diabetes,
thyroid disease, asthma, seizure disorders, and infection that
occur frequently and require special medical care, but do not
actually become critical illnesses. Most women with these
complications have relatively uneventful pregnancies that re-
sult in good outcomes for both mother and infant. Neverthe-
less, each of these conditions can be associated with significant
complications that have the potential for serious morbidity,
disability and mortality. The stage where any condition be-
comes severe enough to be classified as a critical illness has not
been clearly defined. However, it may be helpful to consider
critical illness as impending, developing, or established sig-
nificant organ dysfunction, which may lead to long-term
morbidity or death. This allows some flexibility in the charac-
terization of disease severity since it recognizes conditions
that can deteriorate rather quickly in pregnancy.

Maternal mortality data collection is well established in
many places, but specific surveillance systems that track
severe complications of pregnancy not associated with mater-
nal mortality are rare. It has been suggested that most women
suffering a critical illness in pregnancy are likely to spend
some time in an intensive care unit (Marmer, 1997; Mahutte et
al., 1999; Hazelgrove et al., 2001). These cases have been
described by some as “near-miss” mortality cases (Baskett &
Sternadel, 1998; Mantel et al., 1998). Therefore, examination of
cases admitted to intensive care units can provide insight into
the nature of pregnancy-related critical illnesses and can
compliment maternal mortality surveillance. However, it
should be noted that nearly two-thirds of maternal deaths
might occur in women who never reach an intensive care unit
(Hazelgrove etal., 2001).

The following sections review much of what is currently
known about the epidemiology of critical illness in pregnancy.
Some of the information is based on published studies;
however, much of the data are derived from publicly avail-
able data that are collected as part of nationwide surveillance

+ systems in the United States.



PARTI Introduction to critical care obstetrics

Pregnancy-related hospitalizations

Pregnancy complications contribute significantly to maternal,
fetal, and infant morbidity, as well as mortality (Scott et al.,
1997). Many women with complicating conditions are hospi-
talized withoutbeing delivered. Although maternal complica-
tions of pregnancy are the fifth leading cause of infant
mortality in the United States, little is known about the
epidemiology of maternal complications associated with
hospitalizations. Examination of complicating conditions as-
sociated with maternal hospitalizations can provide informa-
tion on the types of conditions requiring hospitalized care. In
the United States during the years 1991-92, it was estimated
that 18.0% of pregnancies (per 100 births) were associated with
nondelivery hospitalization with disproportionate rates be-
tween Black (28.1%) and White (17.2%) women (Bennett et al.,
1998). This 18.0% hospitalization rate comprised 12.3% for
obstetric conditions (18.3% among Blacks and 11.9% among
Whites), 4.4% for pregnancy losses (8.1% among Blacks and
3.9% among Whites), and 1.3% for nonobstetric (medical or
surgical) conditions (1.5% among Blacks and 1.3% among
Whites). The likelihood of pregnancy-associated hospitaliza-
tions in the United States declined between 198687 and
1991-92 (Franks et al., 1992; Bennett et al., 1998).

More recent information about pregnancy-related hospital-
ization diagnoses could be found in the aggregated National
Hospital Discharge Summary (NHDS) data for 1998-99.
These data are assembled by the National Center for Health
Statistics (NCHS) of the Centers for Disease Control and
Prevention. The NHDS data is a survey of medical records
from short-stay, nonfederal hospitals in the United States,
conducted annually since 1965. A detailed description of the
survey and the database can be found elsewhere (National
Center for Health Statistics, 2000). Briefly, for each hospital ad-
mission, the NHDS data include a primary and up to six sec-
ondary diagnoses, as well as up to four procedures performed
for each hospitalization. These diagnoses and procedures are
all coded based on the International Classification of Diseases,
ninth revision, clinical modification. We examined the rates
(per 100 hospitalizations) of hospitalizations by indications
(discharge diagnoses) during 1998-99 in the United States,
separately for delivery (n = 7,965,173) and nondelivery
(n = 960, 023) hospitalizations. We also examined the mean
hospital lengths of stay (with 95% confidence intervals).
Antepartum and postpartum hospitalizations were grouped
as nondelivery hospitalizations.

During 1998-99, nearly 7.4% of all hospitalizations were for
hypertensive diseases with delivery, and 6.6% were for hyper-
tensive diseases not delivered (Table 1.1). Mean hospital
length of stay (LOS) is an indirect measure of acuity for
some illnesses. LOS was higher for delivery-related than
nondelivery-related hospitalizations for hypertensive
diseases. Hemorrhage, as the underlying reason for hospital-

ization (either as primary or secondary diagnosis), occurred
much more frequently for delivery- than nondelivery-related
hospitalizations. Nondelivery hospitalizations for genitouri-
nary infections occurred three times more frequently (10.45%)
than for delivery-related hospitalizations (3.19%), although
the average LOS was shorter for nondelivery hospitalizations.

Hospitalizations for preterm labor occurred twice as fre-
quently for nondelivery hospitalizations (21.21%) than deliv-
ery related (10.28%). This is expected since many preterm
labor patients are successfully treated and some of these hos-
pitalizations are for “false labor.” Liver disorders were uncom-
monly associated with hospitalization. However, the mean
hospital LOS for liver disorders that occurred with nondeliv-
ery hospitalizations was over 31 days, compared with a mean
LOS of 3 days if the liver condition was delivery related.
Coagulation-related defects required 14.9 days of hospitaliza-
tion if not related to delivery compared with a mean LOS 0f4.9
daysif the condition was delivery related. Hospitalizations for
embolism-related complications were infrequent, but gen-
erally required extended hospital stays.

The top 10 causes of hospital admissions, separately for
delivery- and nondelivery-related events, are presented in
Fig. 1.1. The chief cause for hospitalization {either delivery or
nondelivery related) was for preterm labor. The second most
frequent condition was hypertensive diseases (7.37% for de-
livery related and 6.61% for nondelivery related) followed by
anemia (7.13% vs. 5.05%). Hospitalizations for infection-
related conditions occurred twice more frequently for non-
delivery periods (11.65%) than during delivery (5.75%). In
contrast, hospitalization for hemorrhage was more frequent
during delivery (4.43%) than nondelivery (3.26%). These data
provide important insights into the most common complica-
tions and conditions associated with pregnancy hospitaliza-
tion. The LOS data also give some indication of resource
allocation needs. While this is important in understanding the
epidemiology of illness in pregnancy, it does not allow a de-
tailed examination of iliness severity.

Maternal mortality

The National Health Promotion and Disease Prevention objec-
tives of the Healthy People 2010 indicators specifies a goal of no
more than 3.3 maternal deaths per 100,000 live births in the
United States (National Center for Health Statistics, 1993). The
goal for maternal deaths among Black women was set at no
more than 5.0 per 100,000 live births. As of 1997 (the latest
available statistics on maternal deaths in the US) this objective
remains elusive. The pregnancy-related maternal mortality
ratio (PRMR) per 100,000 live births for the United States was
11.5 for 1991-97 (Morbidity and Mortality Weekly Report,
2001), with the ratio over threefold greater among Black com-
pared with White women (Morbidity and Mortality Weekly
Report, 1998). Several studies that have examined trends in
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Table 1.1 Rate (per 100 hospitalizations) of delivery and nondelivery hospitalizations, and associated hospital lengths of stay (LOS) by diagnoses: United States,

1998-99

Delivery hospitalization
(n=7,965,173)

Nondelivery hospitalization
(n=960,023)

Rate MeanLOS Rate Mean LOS
Hospital admission diagnosis* (%) (95% CI) (%) (95% Ch)
Hypertensive diseases
Chronic hypertension 3.05 3.0(2.9,3.2) 3.08 2.3(1.9,2.7)
Preeclampsia/eclampsia 4.08 3.7(3.6,3.9) 3.23 2.7(1.8,3.6)
Chronic hypertension + preeclampsia 0.24 6.3(4.7,7.8) 0.30 2.4(1.8,2.9)
Hemorrhage
Placental abruption 1.02 3.9(3.5,4.3) 0.72 3.42.2,4.7)
Placenta previa 0.44 5.5(4.6,6.5) 0.13 3.2(2.0,4.9)
Hemorrhage (unassigned etiology) 0.24 4.0(3.2,4.9) 1.58 1.7(1.3,2.2)
Vasa previa 0.17 2.6(2.0,3.2) - -
Postpartum hemorrhage 2.56 2.6(2.5,2.7) 0.83 2.3(1.3,2.9)
Infection-related
Viral infections (not malaria/rubella) 0.93 2.8(2.6,3.1) 1.04 2.6(2.0,3.2)
Genitourinary infections 3.19 3.4(2.8,3.9 10.45 3.2(25,3.8)
Infection of the amniotic cavity 1.63 4.2(3.7,4.6) 0.16 4.2(1.7,6.7)
Anesthesia-related complications 0.02 4.7(3.5,5.9) <0.01 -
Diabetes
Preexisting diabetes 0.60 4.6(3.7,5.4) 2.40 3.22.7,3.7)
Gestational diabetes 3.15 2.9(2.8,3.1) 2.50 3.5(3.0,4.1)
Preterm labor 10.28 3.4(3.3,3.6) 21.21 2.5(2.3,2.7)
Maternal anemia 713 2.9(2.8,3.0) 5.05 3.9(3.2,4.5)
Drug dependency 0.19 3.02.3,3.7) 0.53 3.6(2.3,4.8)
Renal disorders 0.13 3.4(2.6,4.3) 0.86 2.7(2.1,3.2)
Liver disorders 0.06 3.02.2,3.8) 0.08 31.2(2.7,59.6)
Congenital cardiovascular disease 0.94 3.0Q2.7,34) 0.98 3.12.3,3.8)
Thyroid disorders 0.17 2.3(1.6,3.0) 0.53 3.0(1.7,449)
Uterine tumors 0.54 3.8(3.4,4.2) 0.63 2.6(1.5,3.6)
Uterine rupture 0.11 48(3.3,6.2) — - .
Postpartum coagulation defects 0.1 49(3.7,6.1) 0.07 14.9(0.2,47.8) -
Shock/hypotension 0.09 3.3(2.6,4.0) 0.15 2.2(0.4,4.1) :
Acuterenal failure 0.02 6.9(4.1,9.7) 0.02 -
Embolism-related '
Amniotic fluid embolism 0.02 6.8(1.8,11.7) - -
Blood-clot embolism <0.01 11.1(2.7,19.3) 0.19 5.2(3.2,7.5)
Other pulmonary embolism <0.01 - - -

*The diagnoses associated with hospital admissions include both primary and secondary reasons for hospitalizations. Each admission may have had up to six

associated diagnoses.

maternal mortality statistics have concluded that a majority of
pregnancy-related deaths (including those resulting from
ectopic pregnancies, and some cases of infection and hemor-
rhage) are preventable (Sachs et al., 1987; Syverson etal., 1991;
World Health Organization, 1991). However, maternal deaths
due to other complications such as pregnancy-induced hyper-
tension, placenta previa, retained placenta, and thromboem-

bolism, are considered by some as difficult to prevent (Mertz
etal., 1992; Bergetal., 1996).

From the 1960s to the mid-1980s, the maternal mortality
ratio in the United States declined from approximately 27 per
100,000 live births to about 7 per 100,000 live births (Fig. 1.2).
Subsequently, the mortality ratio increased between 1987 (7.2
per 100,000 live births) and 1990 (10.0 per 100,000 live births).
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During the period 1991 to 1997, the mortality ratio further
increased to 11.5 per 100,000 live births —an overall relative
increase of 60% between 1987 and 1997. The reasons for the
recent increases are not clear.

Several maternal risk factors have been examined in relation
to maternal deaths. Women aged 35-39 years carry a 2.6-fold
(95% confidence interval 2.2, 3.1) increased risk of maternal
death and those >40 years are at a 5.9-fold (95% confidence
interval 4.6, 7.7) increased risk. Black maternal race confers a
relative risk of 3.7 (95% confidence interval 3.3, 4.1) for mater-
nal death compared with White women. Similarly, women
without any prenatal care during pregnancy were almost
twofold at increased risk of a maternal death relative to those
who received prenatal care (Atrash et al., 1992).

The chief cause for a pregnancy-related maternal death de-
pends on whether the pregnancy results in a live born, stillbirth,
ectopic pregnancy, abortion, or molar gestation (Table 1.2). For
the period 1987-90, hemorrhage was recorded in 28.8% of all
deaths, leading to an overall pregnancy-related mortality ratio
(PRMR) for hemorrhage of 2.6 per 100,000 live births, followed
by embolism-related deaths (PRMR 1.8), and hypertensive dis-
eases (PRMR 1.6). Among all live births, hypertensive diseases
(23.8%) were the most frequent cause of death. Among still-
births (27.2%) and ectopic (94.9%) pregnancies, the chief cause
of death was hemorrhage, while infections (49.4%) were the
leading cause of abortion-related maternal deaths.

Understanding the epidemiology of pregnancy-related
deaths is essential in order to target specific interventions.
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Table 1.2 Pregnancy-related maternal deaths by underlying cause: United States, 1987-90

All outcomes

Outcome of pregnancy (% distribution)

Cause of death % PRMR* Live birth Stillbirth Ectopic Abortionst Molar Undelivered Unknown
Hemorrhage 28.8 26 211 27.2 949 18.5 16.7 15.7 20.1
Embolism 19.9 1.8 234 10.7 1.3 11.1 0.0 35.2 211
Hypertension 17.6 1.6 238 26.2 0.0 1.2 0.0 4.6 16.3
Infection 13.1 1.2 12.1 194 1.3 494 0.0 13.0 9.0
Cardiomyopathy 5.7 0.5 6.1 29 0.0 0.0 0.0 2.8 13.9
Anesthesia 25 0.2 2.7 0.0 19 8.6 0.0 1.8 1.0
Others/unknown 12.8 1.2 1.1 13.6 0.6 1.1 833 27.5 19.3
Total 100.0 - 100.0 100.0 100.0 100.0 100.0 100.0 100.0
* Pregnancy-related mortality ratio per 100,000 live births.
t Includes both spontaneous and induced abortions.
(From Koonin et al. Pregnancy-related mortality surveillance —United States, 1987-1990. MMWR 1997,56:17-36.)
Table 1.3 Perinatal mortality rates among singleton and multiple gestations by gestational age and high-risk conditions: United States, 1995-98

20-27 weeks 28-32 weeks 33-36 weeks 237 weeks
High-risk Relative risk Relative risk Relative risk Relative risk
conditions PMR (95% C1) PMR (95% C1) PMR (95% CI) PMR (95% C1)
Singletons
Number of births N=103,755 N=352,291 N=1,072,784 N=13,440,671
Hypertension 200.4 0.6(0.5,0.7) 53.1 0.6(0.5,0.6) 135 0.6(0.5,0.7) 3.6 1.3(0.5,0.7)
Hemorrhage 308.9 1.1(1.0,1.2) 731 1.4(1.3,1.5) 19.9 1.6(1.5,1.7) 3.6 1.6(1.5,1.7)
Diabetes 287.0 1.0(0.9,1.1) 60.8 1.2(1.1,1.3) 19.5 1.8(1.7,1.9) 5.0 2.3(2.1,2.9)
SGA 467.4 2.3(2.1,2.5) 196.3 6.2(6.0,6.4) 56.3 7.8(7.5,8.1) 9.1 5.5(5.4,5.7)
No complications 297.6 1.0 (Referent) 38.8 1.0 (Referent) 7.0 1.0 (Referent) 1.5 1.0(Referent)
Muiltiples
Number of births N=23,055 N=76,329 N=147,627 N=187,109
Hypertension 183.5 0.7(0.6,0.8) 214 0.5(0.4,0.6) 53 0.6(0.5,0.7) 4.9 0.8(0.6,1.1)
Hemorrhage 251.6 1.0(0.9,1.1) 36.6 1.1(1.0,1.3) 9.6 1.2(1.0, 1.4) 6.7 1.3(1.1,1.5)
Diabetes 2149 0.8(0.7,1.1) 28.7 0.9(0.7,1.2) 9.7 1.3(1.0,1.7) 59 1.2(0.9,1.7)
SGA 394.5 2.0 (1.6,2.4) 133.4 6.8(6.3,7.4) 36.8 7.5(6.6,8.4) 249 8.6(7.6,9.7)
No complications 251.1 1.0 (Referent) 234 1.0 (Referent) 52 1.0 (Referent) 2.8 1.0 (Referent)

Cl, confidence interval; PMR, perinatal mortality rate per 1,000 births; SGA, small-for-gestational-age births.
Hypertension includes chronic hypertension, pregnancy-induced hypertension, and eclampsia.
Hemorrhage includes placental abruption, placenta previa, uterine bleeding of undermined etiology.

No complications include those that did not have any complications listed in the table.

Relative risk for each high-risk condition was adjusted for all other high-risk conditions shown in the table.

Improved population-based surveillance through targeted
reviews of all pregnancy-related deaths, as well as additional
research to understand the causes of maternal deaths by indi-
cation will help in achieving the Healthy People 2010 goals.

Perinatal mortality

Perinatal mortality, defined by the World Health Organization

as fetal deaths plus live born deaths within the first 28 days, is
an important indicator of population health. Examination of
the maternal conditions related to perinatal mortality can pro-
vide further information on the association and impact of
these conditions on pregnancy outcomes. Table 1.3 shows the
results of our examination of perinatal mortality rates among
singleton and multiple births (twins, triplets and quadruplets)
by gestational age and high-risk conditions. The study popu-
lation comprises all births in the United States that occurred in
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1995-98. Data were derived from the national linked birth/
infant death files, assembled by the National Center for Health
Statistics of the Centers for Disease Control and Prevention
(MacDorman & Atkinson, 1998). Gestational age was predom-
inantly based on the date of last menstrual period (Taffel et al.,
1982), and was grouped as 20-27,28-32, 33-36, and 237 weeks.
Perinatal mortality rates were assessed for hypertension
(chronic hypertension, pregnancy-induced hypertension, and
eclampsia), hemorrhage (placental abruption, placenta pre-
via, and uterine bleeding of undetermined etiology), diabetes
(preexisting and gestational diabetes), and small for gesta-
tional age (SGA) births (defined as birth weight <10th centile
for gestational age). We derived norms for the 10th centile
birth weight for singleton and multiple births from the cor-
responding singleton and multiple births that occurred in
1995-98 in the United States. Finally, relative risks (with 95%
confidence intervals) for perinatal death by each high-risk
condition were derived from multivariable logistic regression
models after adjusting for all other high-risk conditions.

Perinatal mortality rates progressively decline, among both
singleton and multiple births, for each high-risk condition
with increasing gestational age (Table 1.3). Among singleton
and multiple gestations, with the exception of SGA births,
mortality rates were generally higher for each high-risk condi-
tion, relative to the no complications group. Infants delivered
small for their gestational age carried the highest risk of dying
during the perinatal period compared with those born to
mothers without complications. Among singleton births, the
relative risks for perinatal death for SGA infants were 2.3, 6.2,
7.8, and 5.5 for those delivered at 20-27 weeks, 28-32, 33-36,
and at term, respectively. Among multiple births, these rela-
tive risks were similar at 2.0, 6.8, 7.5, and 8.6, respectively, for
each of the four gestational age categories.

Pregnancy-related intensive care
unit admissions

Evaluation of obstetricadmissions to intensive care units (ICU)
may be one of the best ways to approach surveillance of critical
illnesses in pregnancy. Unfortunately, there are no publicly
available population-based databases for obstetric admissions
to ICU that provide sufficiently detailed information to allow
in-depth study of these conditions. Therefore, it isreasonable to
examine descriptive case series to provide information on
these conditions. We reviewed 22 studies involving 1,550,723
deliveries (DeMello & Restall, 1990; Mabie & Sibai, 1990;
Stephens, 1991; Kilpatrick & Matthay, 1992; Ng et al., 1992;
Collop & Sahn, 1993; Monoco et al., 1993; Lewinsohn et al.,
1994; Bouvier-Colleetal., 1996; El-Sohl & Grant, 1996; Lapinsky
etal., 1997; Platteau et al., 1997; Tang et al., 1997; Baskett & Ster-
nadel, 1998; Mahutteetal., 1999; Cohen etal., 2000; Gilbert et al.,
2000; Hogg et al., 2000; Panchal et al., 2000; Ryan et al., 2000;
Afessaetal.,2001; Hazelgrove etal., 2001) and found an overall

obstetric-related admission rate to ICU of 0.07-0.88% (Table
1.4). Some of the variation in the rates may be explained by the
nature of the populations studied. Hospitals that are tertiary re-
ferral centers for large catchment areas typically receive a more
concentrated high-risk population. These facilities would be
expected to have higher rates of obstetricadmissions to an ICU.
Community-oriented facilities are probably less likely to care
for critically ill obstetric patients unless the illnesses develop so
acutely that they would preclude transport to a higher level fa-
cility. The largest study of pregnancy-related ICU admissions
involved 37 maternity hospitals in Maryland and included
hospitals at all care levels (Panchal et al., 2000). This study
found a nearly 30% lower admission rate to ICUs for obstetric
patients from community hospitals compared with major
teaching hospitals. Another source of variation is the different
criteria for admission to the ICU used at different institutions.
Finally, there are major differences in the inclusion criteria used
for these studies that further contributes to the variability in re-
ported ICU utilization rates.

Reported maternal mortality for critically ill obstetric
patients admitted to an ICU is approximately 5.0% (Table 1.4).
This reflects the true seriousness of the illnesses of
these women. The wide range of mortality from 0 to 21.3% is
due to many factors. Most of the studies were small and just a
few deaths may affect rates significantly. The populations
studied also differ in underlying health status. The time period
of thestudy can have an impact. In general, earlier studies had
higher maternal mortality rates. These earlier studies repre-
sent the early stages of development of care mechanisms for
critically ill obstetric patients. They probably reflect part of
the “learning curve” of critical care obstetrics, as well as
differences in available technology (Knaus et al., 1986). Re-
gardless, the mortality rate from these ICU admissions is sev-
eral orders of magnitude higher than the population maternal
mortality rate of 11.5 per 100,000 live births. Therefore, these
cases are a good representation of an obstetric population with
critical illnesses.

llinesses responsible for obstetric intensive
care unit admissions

Examination of obstetric ICU admissions provides some in-
sight into the nature of obstetric illnesses requiring critical
care. Data were pooled from 18 published studies that pro-
vided sufficient details about the primary indication for the
ICU admission (Mabie & Sibai, 1990; Stephens, 1991; Kil-
patrick & Matthay, 1992; Ng et al., 1992; Collop & Sahn, 1993;
Monoco et al., 1993; Lewinsohn et al., 1994; El-Sohl & Grant,
1996; Lapinsky et al.,, 1997; Platteau et al., 1997; Tang et al.,
1997; Baskett & Sternadel, 1998; Mahutte et al., 1999; Cohen et
al., 2000; Ryan et al., 2000; Afessa et al., 2001; Hazelgroveetal.,
2001) (Table 1.5). It is no surprise that hypertensive diseases
and obstetric hemorrhage were responsible for over 50% of the
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Table 1.4 Obstetric admission rates to an intensive care unit (ICU) and corresponding maternal mortality rates from 22 studies

ObstetriciICU  ObstetricICU Fetal/neonatal
Inclusion Total admissions deaths deaths
Reference Year(s) Location criteria deliveries (rate) (rate) (rate)
Mabie & Sibai, 1990 1986-89  United States — 22,651 200(0.88%) 7(3.5%) —
Kilpatrick & Matthay, 1992 1985-90  United States  Up to 6 weeks PP 8,000* 32(0.4%) 4(12.0%) 6(18.8%)
Collop & Sahn, 1993 1988-9t  United States <42 weeks - 20(—) 4(20.0%) 7(35.0%)
El-Solh & Grant, 1996 1989-95 United States Upto 10d PP - 96 (—) 10/93(10.8%) 10(10.8%)
Monocoetal., 1993 1983-90 United States 16 weeks to 15,323 38(0.25%) 7(18.4%) 4(10.5%)
2 weeks PP
Panchal et al., 2000 1984-97  United States  Delivering admission 822,591 1,023(0.12%) 34(3.3%) -
Afessaetal., 2001 1991-98  United States — - 78(—) 2(2.7%) 13(16.7%)
Gilbertetal., 2000 1991-98  United States  Up to 6 weeks PP 49,349 233(0.47%) 8(3.4%) -
Hoggetal., 2000 1989-97  United States  15weeks to 30,405 172(0.57%) 23(13.4%) 2(1.2%)
6weeks PP
Mahutteetal., 1999 1991-97 Canada 14 weeks to 44,340 131(0.30%) 3(2.3%) -
6weeks PP
Lapinsky et al., 1997 1997 Canada - 25,000* 65(0.26%) 0 7(10.8%)
Baskett & Sternadel, 1998 1980-93 Canada >20weeks and PP 76,119 55{0.07%) 2(3.6%) -
Hazelgrove et al., 2001 1994-96  England Up to 6 weeks PP 122,850 210(0.17%) 7(3.3%) 40/200(20.0%)
DeMello & Restall, 1990 1985-89  England 2042 weeks 9,425 13(0.14%) 0 —
Ryan et al., 2000 1996-98 Ireland — 26,164 17 (0.07%) 0 -
Stephens, 1991 1979-89  Australia Up to 4 weeks PP 61,435 126(0.21%) 1(0.8%) -
Bouvier-Colleetal., 1996 1991 France Up to 6 wkees PP 140,000* 435(0.31%) 22(5.1%) 58(13.3%)
Cohenetal., 2000 1994-98  Israel 20weeks to 19,474 46(0.24%) 1(2.3%) 10(22.6%)
2weeks PP
Lewinsohn etal., 1994 8yrs Israel - - 58(—) 4(6.9%) —
Tangetal., 1997 1988-95 China Up to 6 weeks PP 39,350 49(0.12%) 2(4.1%) 4(8.2%)
Ngetal., 1992 1985-90 China Delivery related 16,264 37(0.22%) 2(54%) -
Platteauetal., 1997 1992 South Africa — — 80(—) 17(21.3%) 39(48.6%)
Summary (pooled data) 1,550,723 2,905(0.19%) 162/3,234(5.0%) 200/1,308(15.3%)

Summary (adjusted for study size)

(0.17%)

PP, postpartum; —, data not provided or unable to be calculated (these values excluded from summaries of columns).

* Estimate calculated based on data in paper.

primary admitting diagnoses. Specific organ system dysfunc-
tion was responsible for the majority of the remaining
admissions. Of those, pulmonary, cardiac, and infectious com-
plications had the greatest frequency. From these reports, it is
apparent that both obstetric and medical complications of
pregnancy are responsible for the ICU admissions in similar
proportions. There were eight studies that provided informa-
tion on 531 patients as to whether the primary admitting diag-
nosis was related to an obstetric complication or a medical
complication (Mabie & Sibai, 1990; Kilpatrick & Matthay, 1992;
Ngetal., 1992; Monoco et al., 1993; El-Sohl & Grant, 1996; Tang
etal,, 1997; Mahutte et al., 1999; Ryan et al., 2000). The pooled
data indicate that 54.2% (n = 288) were classified as obstetric-
related and 45.8% (n=243) were due to medical complications.
These data clearly highlight the complex nature of obstetric
critical care illnesses and provide support for a multidiscipli-
nary approach to management since these patients are quite ill
with a variety of diseases.

Causes of mortality in obstetric intensive
care unit admissions

When specific causes of mortality for the obstetric ICU admis-
sions were reviewed, 16 studies gave sufficient data to assigna
primary etiology for the maternal death (Mabie & Sibai, 1990;
Stephens, 1991; Kilpatrick & Matthay, 1992; Ng et al., 1992;
Collop & Sahn, 1993; Monoco et al., 1993; Bouvier-Colle et al.,
1996; El-Sohl & Grant, 1996; Lapinsky et al., 1997; Platteau
et al, 1997; Tang et al., 1997; Baskett & Sternadel, 1998;
Mahutte et al., 1999; Cohen et al., 2000; Afessa et al., 2001;
Hazelgrove et al., 2001) (Table 1.6). Of a total of 93 maternal
deaths, over 50% were related to complications of hyperten-
sive diseases, pulmonary illnesses, and cardiac diseases.
Other deaths were commonly related to complications of hem-
orrhage, bleeding into the central nervous system, malignan-
cy, and infection. More importantly, despite an identified
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Table 1.5 Complications primarily responsible for admission to the intensive care unit for obstetric patients: data summarized from 18 published studies
(Mabie & Sibai, 1990; Stephens, 1991; Kilpatrick & Matthay, 1992; Ng et al., 1992; Collop & Sahn, 1993; Monoco et al., 1993; Lewinsohn et al., 1994; El-Sohl &
Grant, 1996; Lapinsky et al., 1997; Platteau etal., 1997; Tang et al., 1997; Baskett & Sternadel, 1998; Mahutte et al., 1999; Cohen et al., 2000; Ryan et al.,
2000; Afessa etal., 2001; Hazelgrove et al., 2001)

Category Category examples N Percentage
Hypertensive diseases Eclampsia, preeclampsia, HELLP syndrome, hypertensive crisis 417 30.8
Hemorrhage Shock, abruption, previa, postpartum hemorrhage 275 20.3
Pulmonary Pulmonary edema, pneumonia, adult respiratory distress syndrome, asthma, 176 13.0
thromboembolic diseases, amniotic fluid embolus,
Cardiac Valvular disease, arrhythmia, cardiomyopathy, infarction 95 7.0
Sepsis/infection Chorioamnionitis, pyelonephritis 90 6.7
Central nervous system intracranial hemorrhage, seizure (noneclamptic), arteriovenous malformation 44 3.2
Anesthesia complication Allergic reaction, failed intubation, high spinal 43 3.2
Gastrointestinal Pancreatitis, acute fatty liver of pregnancy, inflammatory bowel disease, gallbladder disease 28 2.1
Renal Renal failure 23 1.7
Hematologic Thrombotic thrombocytopenic purpura, sickle cell disease, disseminated 17 1.3
intravascular coagulation, aspiration
Endocrine Diabetic ketoacidosis, thyroid storm 15 1.1
Malignancy Various 7 0.5
Other Insufficient information to assign to specific organ system 123 9.1
Total 1,354 100%

primary etiology for the maternal deaths, nearly all cases were
associated with multiorgan dysfunction, which again empha-
sizes the complex nature of these critically ill women.

As noted earlier, obstetric and medical complications of
pregnancy are equally represented in alladmissions to the ICU
(Table 1.5). However, 30% of all maternal deaths in the ICU
were directly related to obstetric conditions (hypertensive
diseases and hemorrhage) with the remaining 70% of deaths
due to medical conditions (Table 1.6).

Comparison of population-based with
intensive care unit etiologies for mortality
and morbidity

When considering the implications of critical illness for ob-
stetric patients, the focus is usually on the mother. However, it
isimportant to reemphasize that many of these conditions also
may have a significant impact on fetal and neonatal outcomes.
There is surprisingly little detailed information available
on these outcomes in pregnancies complicated by critical ill-
nesses. However, there are data on perinatal outcomes based
on specific disease conditions. Maternal high-risk conditions
associated with perinatal mortality in the United States are
presented in Table 1.3. However, these data do not separate
outcomes by severity of maternal illness. We were able to
identify 12 studies that provided information on fetal or
neonatal mortality rates for obstetric admissions to the ICU
(Table 1.4). Fetal and / or neonatal deaths were identified in 200
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of the pooled 1,308 cases, resulting in an overall mortality rate
of 15.3% (Kilpatrick & Matthay, 1992; Collop & Sahn, 1993;
Monoco et al., 1993; Bouvier-Colle et al., 1996; El-Sohl & Grant,
1996; Platteau et al., 1997; Tang et al., 1997; Mahutte et al., 1999;
Cohen et al., 2000; Hogg et al., 2000; Afessa et al., 2001;
Hazelgrove et al., 2001). This proportion may not reflect a true
perinatal mortality rate since some of these losses may have
occurred prior to 20 weeks gestation. In addition, the denomi-
nator includes a number of postpartum admissions for condi-
tions not expected to impact fetal or neonatal mortality.
Nevertheless, the high loss rate highlights the importance
of considering the fetus when managing critical illnesses in
pregnancy.

Summary

In summary, understanding the nature of critical illness in
pregnancy is an important and evolving process. We have
clearly grown beyond simple mortality reviews for assess-
ment of pregnancy-related critical illness. However, our cur-
rently available tools and databases for examining these
patients still need improvement. Reports of critically ill
women admitted to the ICU have further refined our under-
standing of these diseases. However, targeted surveillance of
obstetric ICU admissions is needed to identify variations in
care and disease that may affect management. As our under-
standing of these conditions continues to mature, we will
hopefully gain greater insight into the specific nature of these
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Table 1.6 Identified primary causes of mortality in obstetric admissions to
intensive care units reported in 16 studies (Mabie & Sibai, 1990; Stephens,
1991; Kilpatrick & Matthay, 1992; Ng et al., 1992; Collop & Sahn, 1993;
Monoco et al., 1993; Bouvier-Colle et al., 1996; EI-Sohl & Grant, 1996;
Lapinsky et al., 1997; Platteau et al., 1997; Tang et al., 1997; Baskett &
Sternadel, 1998; Mahutte et al., 1999; Cohen et al., 2000; Afessa et al.,
2001; Hazelgrove et al., 2001)

Identified etiology Number Percentage
Hypertensive diseases 20 215
Hypertensive crisis with renal failure, HELLP
syndrome, complications, eclampsia
complications, other hypertensive -
disease complications '
Pulmonary 20 215
Pneumonia complications, amniotic fluid
embolus, adult respiratory distress syndrome,
pulmonary embolus
Cardiac 1" 1.8
Eisenmenger's complex, myocardial infarction,
arrhythmia cardiomyopathy, unspecified
Hemorrhage 8 8.6
Central nervous system hemorrhage 8 8.6
Arteriovenous malformation, brain stem
hemorrhage, intracranial hemorrhage
Infection 6 6.4
Sepsis, tuberculosis meningitis
Malignancy 6 6.4
Hematologic 2 2.2
Thrombotic thrombocytopenic purpura
Gastrointestinal 1 1.1
Acute fatty liver of pregnancy
Poisoning 1 1.1
Anesthesia complication 1 1.1
Unspecified 9 9.7
Total 93 100%

conditions that will lead to improved prevention strategies
and better therapies for the diseases when they occur. In our
view, these data will improve our ability to plan and allocate
the necessary resources to adequately care for these often com-
plexand severeillnesses.
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The discipline of intensive care dates from the 1952 Copen-
hagen polio epidemic. During this time doctors were able to
reduce patient morbidity and mortality by caring for patients
in a specific area of the hospital instead of across different
wards (Bennett & Bion, 1999). The discipline of critical
care arose from the need to observe patients more closely in
the postoperative period. In 1863, Florence Nightingale
established small areas near the operating room for patients
recovering from surgery (Mabie & Sibai, 1990). It was noted
that having an attendant at the bedside improved quality of
care.

Since the first critical care unit was established in the United
States in 1958, there has been a proliferation of critical care
units in this country and around the world. It is now estimated
that there are over 800 units in the United States alone. Critical
care units have expanded such that each unit meets a certain
patient population and need. For example, data show that
children cared for in an adult intensive care unit fare less well
than those cared for in a dedicated pediatric facility (Pollack
et al., 1991). The benefits of units established to address the
unique needs of patients with neurological injury, complex
medical diseases, and/or surgical complications are clearly
established.

The evolution of critical care for the obstetric patient began
in the late 1970s. van Geldren reported a 10-month experience
of managing patients in a maternal intensive care unit (ICU) in
South Africa (van Gelderen, 1978). In the same year, Young and
colleagues reported their 3-year experience, citing a reduction
in perinatal mortality. Their experience led to the conclusion
that the obstetric-ICU system provided the ideal mechanism
for optimizing maternal and fetal outcomes (Young, 1978).
Since that time, there has been increasing knowledge regard-
ing the complex interactions between pregnancy-induced
physiologic changes, fetal response, and the effects of critical
illness. In addition, maternal-fetal medicine fellowship pro-
grams have begun to emphasize the need for specialists to be
able to attend to the unique requirements of the critically ill
mother and her fetus. It is against this backdrop that many
labor and delivery (L&D) units have attempted to establish fa-

Organizing a critical care obstetric unit

cilities to address another unique population of critically ill
patients.

Evaluating your patient population

In 1992, indications for the use of invasive central hemody-
namic monitoring (Swan-Ganz catheter) were outline by the
American College of Obstetricians and Gynecologists (1992).
Conditions for which invasive monitoring may be of
assistance in the obstetric population include sepsis, pre-
eclampsia with persistent oliguria or pulmonary edema,
cardiovascular decompensation, massive blood loss, certain
cardiac diseases, adult respiratory distress syndrome, and
shock.

Academicreferral centers may provide care for up to 100 pa-
tients per year who would qualify for obstetric intensive care
services. Smaller units may rarely deal with this patient
population. In considering the need for critical care facilities, it
is important to keep in mind the following factors. A small
patient base may not provide sufficient clinical experience to
maintain a fully trained staff of critical care providers. Whilea
large patient population may allow the staff to maintain
their skills, patients requiring long-term critical care services
on a busy L&D unit may stress the staff and lead to a decrease
in the quality of care for the general L&D patient population.
In addition, the continuing debate regarding health care
quality versus cost remains an issue unanswered. It has
been estimated that 1% of the obstetric population would
require specialized obstetric intensive care services in
order for the unit to be economically feasible (Mabie & Sibai,
1990).

Staffing

Once the need for an intensive care unit has been established,
staffing becomes the next priority. The staff should consist of a
multidisciplinary team which includes nurses, physicians,
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respiratory therapists, pharmacists, and ancillary health care
members. Each member of the team should understand the is-
sues of providing critical care to the obstetric patient and her
family.

Nursing

The critical care obstetric nurse is an integral part of the team.
Critical care nursing traditionally includes but is not limited to
the roles of the staff nurse, nurse manager, clinical nurse spe-
cialist, and acute care nurse practitioner (Brilli et al., 2001).
Critical care nurses perform the majority of patient assess-
ment, evaluation, and care in the intensive care unit. In obste-
trics, the patient-to-nurse ratio is usually 1:1, as the obstetric
critical care nurse must not only monitor the mother but also
the fetus. If the patient is in labor, we have found in our experi-
ence, thataratio of 1:2 may provide optimal care to the patient
and her fetus.

The bedside nurse should partner with the physician to pro-
vide care and oversee and communicate the plan of care. The
maternal-fetal nurse has a unique understanding of the issues
that are involved in taking care of the critically ill obstetric
patient.

Organization of the nursing staff requires evaluating the
unit needs and determining which obstetric nurses may be in-
terested in long-term critical care. Some units are staffed by a
separate set of nurses who control their own schedules to in-
sure availability on a 24-hour basis (Mabie & Sibai, 1990).
Other units have designated nursing staff that function
in the regular rotation, insuring that a critical care obstetric
nurse is available at all times. Because few units have a large
volume of critically ill obstetric patients, all nursing staff
are required to have some basic knowledge of obstetric
physiology, hemodynamic monitoring, and electronic
fetal monitoring. The staff should have at least a year of
experience in a labor and delivery unit. Formal instruction
in obstetric intensive care is recommended. All nurses
are encouraged to become certified in advanced life sup-
port techniques. In addition, continuing medical education
is strongly suggested to keep the staff abreast of the latest
technology.

Nursing responsibilities in the care of the critically ill obste-
tric patient are expanded dramatically. Besides assisting in the
medical needs of the critically ill obstetric patient, the nurse
should be able to guide the patient’s family members through
the waves of anxiety that accompany severe illness. As only a
minority of childbearing women experience complications
that require intensive care during pregnancy, and because
having a baby is usually not perceived by patients and their
families as life-threatening in current times, the psychosocial
needs are unique. Because obstetric patients tend to be young,
many patients and their families have not given thought to
end-of-life issues. If delivery of a healthy infant has occurred,
thought mustbe given to the long-term care plans of the infant
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if the mother has a lengthy illness and remains hospitalized
after discharge of the neonate. Special care should be taken to
educate the patient and her family on the illness, the treatment
that may be necessary, and the outcome that can be expected
for both the mother and the fetus (May & Salyer, 1992).

Physician staffing

In order for the critical care obstetric unit to function to
its fullest, there must be a maternal-fetal medicine specialist
or specialists that have experience and interest in taking
care of the critically ill obstetric patient. They should have a
full understanding of obstetric physiology, hemodynamic
monitoring, and the impact of pregnancy on disease
states. The physician should be able to communicate well
with the staff and take an interest in the function of the
unit. While one specialist can, with the assistance of the nurs-
ing staff, take care of all the patients in the unit, the availability
of a group of perinatalogists ensures that physician “burn-
out” does not become an issue if long-term care is foreseen.

Most units have a medical director, who is responsible for
running the unit. The director should also assist in obtaining
continuing medical education for all of the staff in the unit. We
have found that monthly meetings allow the staff toaddressis-
sues and to debrief others about patient care concerns. The
medical director should have considerable critical care experi-
ence in addition to specialized training in maternal-fetal
medicine.

Other staffing

Designated anesthesia staff are a necessity for the proper func-
tioning of the unit. In addition to providing pain management
services, the anesthesiologist can offer valuable ad vice regard-
ing airway and ventilator management. A dedicated respira-
tory therapistis also needed to assist in ventilator changes and
management. Because of the needs of immediate access to
pressors and other medications, a satellite pharmacy is recom-
mended. The neonatalogist should be continually updated re-
garding fetal issues including maternal medications that may
affect fetal resuscitation.

In addition to the staff mentioned above, access to a nutri-
tionist, pulmonologist and cardiologist who have experience
with the critically ill obstetric patient is required. Staff that are
frequently overlooked but that are integral in caring for the
patient include a social worker and a chaplin to aid in address-
ing long-term care needs and end-of-life issues.

Designing the unit

Few hospitals have critical care units designed for the criti-
cally ill obstetric patient. In fact, a review of the literature pub-
lished to date has failed to identify any reports on the efforts



required to set up an obstetric ICU. While the patient popula-
tion which may benefit from an obstetric ICU has been target-
ed, the challenges of setting up and designing a unit remain
uncharted.

As the care of two patients isinvolved, the unit should be or-
ganized so that both sets of needs can be met. The phrase,
“form follows function”, should be the basis for the design
of any unit. As each state has different regulations regard-
ing the actual structure of the unit (windows, etc.), the pur-
pose of this section will be to give general guidelines for
design.

There are three aspects that should be addressed when tak-
ing care of the critically ill obstetric patient. The first is the need
for invasive maternal monitoring. Numerous studies have
supported the use of invasive monitoring in the treatment of
the critically ill obstetric patient (Gilbert et al., 2000). Pul-
monary artery catherization has been proved to be a safe and
effective way of monitoring this population. Arterial cather-
ization can also be utilized to assist in gathering data to stabi-
lize the patient. Therefore, bedspace is of paramount
importance in allowing adequate care to be delivered. In the
nonobstetric literature, 200-250 square feet have been recom-
mended for private room design. In addition, the room should
be organized so that the nurses, physicians, therapists, and
others can have easy access to the patient. Central monitoring,
while not a necessity, reduces the need for 1:1 nursing for crit-
ical care patients who have been stabilized and do not require
continued nursing support.

The second aspect that should be addressed is the need for
specialized treatments. Mechanical ventilation is the most
common treatment that is required in the critically ill obstetric
population. Gases and appropriate connections should be
available and easily accessible in order to facilitate rapid
changes in patient management. On occasion, space is needed
for other equipment, such as dialysis or neurological monitor-
ing. In some situations, consideration should be given to
portable anesthesia equipment to be used if an emergency de-
livery needs to be performed.

The third aspect is the ability to monitor and intervene on
behalf of the fetus. The need to manage two patients and to
rapidly assess the risk:benefit of the mother or the fetus,
makes the discipline of critical care obstetrics unique. Central
fetal monitoring is preferable as this allows others to monitor
the fetal status in addition to the assigned nurse. The ability to
deliver the patient, whether she is having a vaginal delivery or
a cesarean section, without having to transfer her to another
room is also desirable.

The unit should be designed so that immediate assistance
for the primary nurse is available. The unit should have a feel
of community. The number of beds needed should be deter-
mined by the patient population. Rapid lab and radiographic
access are essential in order to provide assistance in treating
the patient’s ever-changing status.

In some centers, a recovery room can be transformed into a
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critical care area by moving mobile monitors for critical care
services.

The Task Force on Critical Care has provided specific guide-
lines for the development of an ICU. These guidelines should
be reviewed prior to meeting with the design team. A multi-
disciplinary approach involving physicians, nursing, and an-
cillary staff will allow for each area to address their concerns
and to provide valuable input (Task Force on Guidelines,
1988).

Maintaining the unit

As the number of critically ill obstetric patients is relatively
small, maintaining the facility and staff competency may be
the greatest challenge. Panchal et al. (2000) noted that the ICU
admission rate for obstetric patients who were delivered in
Maryland was 0.12%. At Vanderbilt Hospital, approximately
1-3% of our patient population requires critical care obstetric
services. However, only 0.5% of these patients will require
long-term care. Frequently, patients present in clusters so that
the staff may go long periods of time without managing sucha
patient. Competencies can be maintained through continuing
medical education. Several courses that specifically address
critical care issues, offered throughout the USA and Europe,
facilitate obtaining and maintaining nursing competency.
Pairing with another unit, such as a surgical intensive care
unit, can allow nurses to exchange information and to main-
tain technical skills.

Staff burn-out can be minimized in a number of ways. One
way is to have a large number of qualified staff available in
order to facilitate shift rotation and relief. This is a difficult task
because of the small number of patients as previously men-
tioned. Another solution is to have different levels of skilled
care available, so that the staff qualified and trained to take
care of the sickest of patients will not need to take care of every
patient that needs invasive monitoring. Therefore, all staff
might be trained in arterial line monitoring in a large territory
care unit, freeing up other staff to assist with central hemody-
namic monitoring,.

Taking care of critically ill obstetric patients
in other units

The utilization of ICU resources for the critically ill obstetric
patient may vary among patient populations. Therefore, it
may not be efficacious for every hospital to have a separate in-
tensive care facility for the critically ill obstetric patient. Criti-
cal careinterventions are expensive and have a narrow margin
of safety (Hanson et al., 1999). In addition, outcome data are
particularly difficult to assess, given current techniques that
are standard of care. .

Inthe era of cost-effectiveness, not all hospitals will have the
desire to allocate resources to a separate or designated area for
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critically ill obstetric patients. Therefore, these patients may
need to be transferred to surgical or medical intensive care
units within the facility, or out to another hospital. Because of
limited space in many L&D areas, critically ill obstetric pa-
tients that have been delivered are often transferred to other
units for long-term care.

Preeclampsia, eclampsia, and massive hemorrhage are
common conditions requiring intensive care admission
(Gilbert et al., 2000). These complications and the normal
physiological changes in pregnancy are unique to our patient
population. Lastly, it should be remembered that delivery
does not immediately reverse pregnancy physiology which
may persist up to 4 weeks after delivery.

When it is necessary to transfer these patients for care in
other units, continued involvement of those who are knowl-
edgeable in obstetric pathophysiology and complications is
essential in order to provide optimal care. Ideally, a multidisci-
plinary approach involving obstetricand critical care personel
will be required to address needs as they arise. If the patient re-
mains undelivered, then special attention should be given to
fetal monitoring and bedside delivery capabilities in case of an
obstetric emergency.

The bottom line

While there are little formal data regarding the establishment
of a critical care obstetric unit, there are a number of units or
designated areas in existence. Each of these units has a differ-
ent set of issues to address. However, the goal of every unit
should be to offer optimal care to its patients. Due to the rela-
tively small numbers in this population and numerous other
limitations, it has been difficult to assess whether patientsinan
obstetric ICU have any different outcome that those treated in
standard units.

The theoretical advantages of maintaining critically ill pa-
tients in an obstetric setting have been noted in the literature
(Mabie & Sibai, 1990). Perinatalogists, anesthesiologists, and
others who are involved in the care of these patients recognize
that many issues in this population are more easily addressed
in facilities that are prepared to specifically respond to the
complications that are unique to pregnancy and the puerperi-
um. Abetter understanding of maternal physiology and appli-
cable pharmacology results in prompt treatment. Closer
nursing supervision and organization of the unit may assist in
early recognition of complications. Continuity of care can be
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maintained before and after delivery. The importance of bond-
ing, breastfeeding, and family involvement are more easily
addressed in an environment familiar with these issues. The
unit also allows for focused training of perinatal fellows and
obstetric residents in complex complications of pregnancy.

As the maternal population ages and general medical
care improves, the need for critical care obstetric services
will continue to increase. It is through our understanding
of this complex patient population that an impact will
possibly be made toward reducing perinatal morbidity and
mortality.
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Physiologic adaptations occur in the mother in response to the
demands of pregnancy. These demands include support of the
fetus (volume support, nutritional and oxygen supply, and
clearance of fetal waste), protection of the fetus (from starva-
tion, drugs, toxins), preparation of the uterus for labor, and
protection of the mother from potential cardiovascular injury
atdelivery. Variables such as maternal age, multiple gestation,
ethnicity, and genetic factors affect the ability of the mother to
adapt to the demands of pregnancy. All maternal systems are
required to adapt; however, the quality, degree, and timing of
the adaptation varies from one individual to another and from
one organ system to another. This chapter serves to review in
detail the normal physiologic adaptations that occur within
each of the major maternal organ systems. A detailed discus-
sion of fetal physiology is beyond the scope of this review. A
better understanding of the normal physiologic adaptations of
pregnancy will improve the ability of clinicians to anticipate
the effects of pregnancy on underlying medical conditionsand
to manage pregnancy-associated complications.

Cardiovascular system

Critical illnesses that compromise the cardiovascular system
are among the most challenging problems affecting preg-
nant women. When evaluating patients for cardiovascular
compromise, it is important to be aware of the pregnancy-
associated changes and how these changes influence the
various maternal hemodynamic variables, including blood
volume, blood pressure (BP), heart rate, stroke volume,
cardiac output, and systemic vascular resistance (SVR). Fac-
tors such as maternal age, multiple pregnancy, gestational age,
body habitus, positioning, labor, and blood loss may further
complicate the management of such patients. This section re-
views in detail the effects of pregnancy on the maternal cardio-
vascular system, and the relevance of this information in the
management of the critically ill obstetric patient.

Pregnancy-induced physiologic

Blood volume

Maternal plasma volume increases by 10% as early as the 7th
week of pregnancy. As summarized in Fig. 3.1, this increase
reaches a plateau of around 45-50% at 32 weeks, remaining
stable thereafter until delivery (McLennon & Thouin, 1948;
Caton et al., 1951; Hytten & Paintin, 1963; Lund & Donovan,
1967; Scott, 1972; Clapp et al., 1988). Although the magnitude
of the hypervolemia varies considerably between women,
thereis a tendency for the same plasma volume expansion pat-
tern to be repeated during successive pregnancies in the same
woman (Pritchard, 1965a; Lund & Donovan, 1967). Moreover,
the magnitude of the hypervolemia varies with the number of
fetuses (Pritchard, 1965a; Rovinsky & Jaffin, 1965). In a longi-
tudinal study comparing blood volume estimations during
term pregnancy with that in the same patient after pregnancy,
Pritchard (1965a) demonstrated that blood volume in a single-
ton pregnancy increased by an average of 1,570 mL (+48%) as
compared with 1,960 mL ina twin pregnancy (Table 3.1). There
is a similar but less pronounced increase in red cell mass
during pregnancy (Fig. 3.1), likely due to the stimulatory effect
of placental hormones (chorionic somatomammotropin,
progesterone, and possibly prolactin) on maternal erythro-
poiesis (Jepson, 1968; Letsky, 1995). These changes account
for the maternal dilutional anemia that develops in pregnancy
despite seemingly adequate iron stores (Cavill, 1995). Hemo-
dilution is maximal at around 30-32 weeks of gestation.

The physiologic advantage of maternal hemodilution of
pregnancy remains unclear. It may have a beneficial effect on
the uteroplacental circulation by decreasing blood viscosity,
thereby improving uteroplacental perfusion and possibly
preventing stasis and resultant placental thrombosis
(Koller, 1982). Blood volume changes are closely related to ma-
ternal morbidity, and hypervolemia likely serves as a
protective mechanism against excessive blood loss at delivery.
Preeclamptic women, for example, are less tolerant of peri-
partum blood loss, because they have a markedly reduced
intravascular volume as compared with normotensive par-
turients, due primarily to an increase in capillary permeability
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Table 3.1 Blood and red-cell volumes in normal women late in pregnancy and again when not pregnant

Fig. 3.1 Blood volume changes during pregnancy. (Reproduced by
permission from Scott DE. Anemia during pregnancy. Obstet
Gynecol Annu 1972;1:219.)

Late pregnancy Nonpregnant Increase (mL) Increase (%)

Single fetus (n=50)

Blood volume 4,820 3,250 1,570 48

RBC volume 1,790 1,355 430 32
Hematocrit 37.0 41.7 - —

Twins (n=30)

Blood volume 5,820 3,865 1,960 51

RBC volume 2,065 1,580 485 31
Hematocrit 355 41.0 - —

(Reproduced by permission from Pritchard JA. Changes in the blood volume during pregnancy and delivery. Anesthesiology 1965;26:393.)

(Table 3.2) (Pritchard et al., 1984). Normal maternal blood
volume expansion also appears to be important for fetal
growth. Salas et al. (1993) compared maternal plasma volume
as measured by Evans blue dye dilution in term pregnancies
with normal and growth-restricted fetuses. Pregnancies com-
plicated by fetal intrauterine growth restriction (UGR) had
significantly lower mean maternal plasma volumes as
compared with pregnancies with well grown fetuses
(2,976 £ 76 mL vs 3,594 £ 103 mL, respectively).

The physiologic mechanisms responsible for these
pregnancy-associated changes in blood volume are not fully
understood. Pregnancy may best be regarded as a state of
volume overload resulting primarily from renal sodium and
water retention, with a shift of fluid from the intravascular to
the extravascular space. Indeed, in addition to fetal growth, a
substantial part of maternal weight gain during pregnancy re-
sults from fluid accumulation. Unlike other arterial vasodila-
tory states, pregnancy is associated with an increase in renal
glomerular filtration and filtered sodium load (Schrier &
Briner, 1991), leading to an increase in urinary sodium and
water excretion (Oparil et al., 1975). To prevent excessive fluid
loss and resultant compromise to uteroplacental perfusion,
mineralocorticoid activity increases to promote sodium and
water retention by the distal renal tubules. The increased min-
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Table 3.2 Blood volume changes in five women

Nonpregnant Normal pregnancy  Eclampsia
Blood volume(mL) 3,035 4,425 3,530
Change (%)* — +47 +16
Hematocrit (%) 38.2 347 40.5

Blood volume estimation (chromium 51) during antepartum eclampsia,
again when non-pregnant, and finally at a comparable time in a second
pregnancy uncomplicated by hypertension.

* Change in blood volume (%) as compared with non-pregnant women.
(Adapted by permission from Pritchard JA, Cunningham FG, Pritchard SA.
The Parkland Memorial Hospital protocol for treatment of eclampsia:
evaluation of 245 cases. Am J Obstet Gynecol 1984,148:951.)

eralocorticoid activity results primarily from extra-adrenal
conversion of progesterone to deoxycorticosterone (Winkel
etal., 1980). It is also possible that another as yet unidentified
vasodilator(s) may be responsible for the volume expansion,
since studies in pregnant baboons have demonstrated that
systemic vasodilation precedes the measured increase in
maternal blood volume (Phippard et al., 1986). The net result
of these two opposing mechanisms is an accumulation during



pregnancy of approximately 500-900mEq of sodium and
6-8L of total body water (Seitchik, 1967; Lindheimer & Katz,
1973).

There is also evidence to suggest that the fetus may con-
tribute to the increase in maternal plasma volume. Placental
estrogens are known to promote aldosterone production by
directly activating the renin-angiotensin system, and the ca-
" pacity of the placenta to synthesize estrogens is dependent in
large part on the availability of estrogen precursor (dehydro-
epiandrosterone) from the fetal adrenal. As such, the fetus
may regulate maternal plasma volume through its effect on
the placental renin-angiotensin system (Longo & Hardesty,
1984). In support of this mechanism, pregnancies complicated
by TUGR have lower circulating levels of aldosterone and
other vasodilator substances (prostacyclin, kallikrein) as com-
pared with pregnancies with well-grown fetuses (Salas et al.,
1993). However, the fetus is not essential for the development
of gestational hypervolemia, because it develops also in com-
plete molar pregnancies (Pritchard, 1965b).

Blood pressure

Blood pressure (BP) is the product of cardiac output and SVR,
and reflects the ability of the cardiovascular system to main-
tain perfusion to the various organ systems, including the feto-
placental unit. Maternal BP is influenced by several factors,
including gestational age, measurement technique, and
positioning.

Gestational age is an important factor when evaluating
BP in pregnancy. For example, a maternal sitting BP of
130/84 mmHg would be considered normal at term, but con-
cerningly high at 20 weeks of gestation. A sustained elevation
in BP of 2140/90 should be regarded as abnormal at any stage

CHAPTER 3 Pregnancy-induced physiologic alterations

of pregnancy. Earlier reports suggested that an increase in BP
of 230 mmHg systolic or 215 mmHg diastolic over first or early
second trimester BP should be used to define hypertension;
however, this concept is no longer valid since many women
exhibit such changes in normal pregnancy (Villar & Sibai,
1989; ACOG, 1996). :

BP normally decreases approximately 10% by the 7th week
of pregnancy (Clapp et al., 1988). This is likely due to sys-
temic vasodilatation resulting from hormonal (progesterone)
changes in early pregnancy. Indeed, studies in baboons have
shown that the fall in arterial BP that occurs very early in preg-
nancy is due entirely to the decrease in SVR (Phippard et al.,
1986). The resultant increase in cardiac output does not fully
compensate for the diminished afterload, thereby providing a
reasonable explanation for alower mean arterial BP during the
first trimester.

Systolic and diastolic BP continue to decrease until mid-
pregnancy, and then gradually recover to nonpregnant values
by term. A longitudinal study of 69 women during normal
pregnancy demonstrated that the lowest arterial BP occur at
around 28 weeks of gestation (Fig. 3.2) (Wilson et al., 1980). BP
measurements can be affected by maternal positioning. In this
same series, BP was lowest when measured with the patient in
the left lateral decubitus position, and increased by approxi-
mately 14 mmHg when patients were rotated into the supine
position (Wilson et al., 1980) (Fig. 3.3). Despite the difference in
absolute measurements, the pattern of BP change throughout
pregnancy was unaffected (Fig. 3.3) For the sake of consistency
and standardization, all BP measurements in pregnancy
should be taken with the patient in the sitting position.

BP measurements are also subject to change depending on
the technique used to attain the measurements. In a series of 70
pregnant women, Ginsberg and Duncan (1969) demonstrated
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that mean systolic and diastolic BP were lower (by -6 mmH
4 y 8  Heartrate

and -15mmHg, respectively) when measurements were
taken directly using a radial intra-arterial line as compared
with indirect measurements using a standard sphygmo-
manometer. Conversely, Kirshon and colleagues (1987) found
asignificantly lower systolic (but not diastolic) BP when using
an automated sphygmomanometer as compared with direct
radialintra-arterial measurements in a series of 12 postpartum
patients.
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Maternal heart rate increases as early as the 7th week of preg-
nancy and by late pregnancy is increased approximately 20%
as compared with postpartum values (Wilson et al., 1980)
(Fig.3.4).Itislikely that theincreasein heart rateis asecondary
(compensatory) effect resulting from the decline in SVR dur-
ing pregnancy (Duvekot et al., 1993). However, a direct effect
of hormonal factors cannot be entirely excluded. Although



human chorionic gonadotropin (hCG) is an unlikely candi-
date (Glinoer et al., 1990), free thyroxine levels increase by 10
weeks and remain elevated throughout pregnancy (Harada
et al., 1979; Glinoer et al., 1990). The possibility that thyroid
hormones may be responsible for the maternal tachycardia
warrants further investigation.

In addition to pregnancy-associated changes, maternal
tachycardia can also result from other causes (such as fever,
pain, blood loss, hyperthyroidism, respiratory insufficiency,
and cardiac disease) which may have important clinical
implications for critically ill parturients. For example, women
with severe mitral stenosis must rely on diastolic ventricular
filling to achieve satisfactory cardiac output. Because left
ventricular diastolic filling is heart rate dependent, maternal
tachycardia can severely limit the capacity of such women to
maintain an adequate BP, and can lead to cardiovascular
shock and fetal distress. As such, the management of patients
with severe mitral stenosis should include, among other pa-
rameters, careful control of maternal heart rate and cardiac
preload.

Cardiac output and stroke volume

Cardiac output is the product of heart rate and stroke volume,
and reflects the overall capacity of the left ventricle to maintain
systemic BP and thereby organ perfusion. Cardiac indexis cal-

Table 3.3 Cardiovascular parameters
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culated by dividing cardiac output by body surface area (Table
3.3). Although useful in nonpregnant women, cardiac index is
less useful in pregnant women, because thenormal correlation
between cardiac output and body surface area is lost in preg-
nancy (van Oppen et al., 1995). This may be explained, in part,
by the observation that the Du Bois and Du Bois (1916) body
surface area nomogram widely used to calculate cardiacindex
is based on nine nongravid subjects and, as such, may not
apply to pregnant women.

Linhard (1915) was the first to report a 50% increase in car-
diac output during pregnancy using the indirect Fick method.
Others have studied maternal cardiac output by invasive
catheterization (Hamilton, 1949; Palmer & Walker, 1949; Bader
etal.,, 1955; Clark et al., 1989), dye dilution (Walters et al., 1966;
Lees et al., 1967; Ueland et al., 1969a,b,c), impedance cardio-
graphy (Atkins et al, 1981a,b), and echocardiography or
Doppler ultrasound (Katz et al., 1978; Laird-Meeter et al.,
1979; Mashini et al., 1987; Easterling et al., 1990; van Oppen
et al., 1996). Despite controversy about the relative contribu-
tions of stroke volume and heart rate, maternal cardiac output
increases as early as 10 weeks’ gestation and peaks at 30-50%
over nonpregnant values by the latter part of the second
trimester. This rise, from 4.5 to 6.0L/min, is sustained for the
remainder of the pregnancy. Nulliparous women have a
higher mean cardiac output than multiparous women (van
Oppenetal., 1996).

Parameter Units

Comment/derivation

Measured directly using
minimally invasive techniques

Systolic blood pressure (SBP} mmHg

Diastolic blood pressure (DBP) mmHg

Heart rate beats/min (bpm})
Measured directly using

invasive techniques

Central venous pressure (CVP) mmHg Reflects right ventricular preload

Pulmonary artery SBP mmHg

Pulmonary artery DBP mmHg

Pulmonary capillary wedge pressure (PCWP) mmHg Reflects left ventricular preload
Derived from
measured values

Pulse pressure mmHg =SBP-DBP

Mean arterial pressure (MAP) mmHg =DB8P + (pulse pressure/3)

Systemic vascular resistance (SVR)
Peripheral vascular resistance (PVR)

dynes/sec/cm™>
dynes/sec/cm>

=(MAP-CVP)(80)/CO
=(MPAP - PCWP)(80)/CO

Cardiac output (CO) L/min =MAP/SVR

=HR (beats/min) x SV (mL/beat)
Stroke volume (SV) mU/beat =CO (Umin)yHR (beats/min)
Cardiac index (Cl) Umin/m?2 =CO (Umin)/body surface area (m?)
Stroke volume index (SVI) ml/beat/m? =SV (mU/beat)/body surface area (m?)

23



PARTN Pregnancy physiology

Beginning in the late 1940s, right heart catheterization pro-
vided a more refined, although invasive, method for studying
cardiac output. Hamilton (1949) measured cardiac output
in 24 nongravid and 68 normal pregnant women by this
technique. Cardiac outputaveraged 4.51 +0.38 L/ min in non-
pregnant women. In pregnancy, cardiac output began to in-
crease at approximately 10-13 weeks’ gestation, reached
a maximum of 5.73L/min at 26-29 weeks, and returned to
nonpregnant levels by term. These observations have
been confirmed by subsequent cross-sectional right heart
catheterization studies in pregnant women (Palmer &
Walker, 1949; Bader et al., 1955).

Longitudinal studies using Doppler and M-mode echocar-
diography to interrogate maternal cardiac output throughout
pregnancy report conflicting results about the relative contri-
butions of heart rate and stroke volume. Katz and colleagues
(1978) attributed the elevation in cardiac output (+59% by the
third trimester; 7 =19) to increases in both heart rate and stroke
volume, whereas the study by Mashini et al. (1987) showed
that the increase (+32% in the third trimester; n = 16) was due
almost exclusively to maternal tachycardia. Laird-Meeter et al.
(1979) have suggested that the initial increase in cardiac out-
put prior to 20 weeks’ gestation is due to maternal tachycardia,
whereas that observed after 20 weeks results from an increase
in stroke volume due primarily to reversible myocardial hy-
pertrophy. Mabie and colleagues (1994), on the other hand, at-
tributed the increase in cardiac output {from 6.7 + 0.9 L/min at
8-11 weeks to 8.7 + 1.4L/min at 36-39 weeks; n = 18) to aug-
mentation of both heart rate (+29%) and stroke volume (+18%)
(Fig. 3.5). The conflicting nature of these studies can be attrib-
uted, in part, to the positioning of the patient during examina-
tion (lateral recumbent versus supine position). It must also be
emphasized that, although M-mode echocardiographic esti-
mation of stroke volume correlates well with angiographic
studies in nongravid subjects, similar validation studies have
not been carried out during pregnancy (Pombo et al., 1971;
Murray etal., 1972). For this reason, ultrasound measurements
of maternal volume flow in pregnancy have been validated
only against similar measurements attained by thermodilu-
tion techniques (Easterling et al., 1987; Robson et al., 1987a,b,c;
Leeetal., 1988).

One criticism of the above studies is that the maternal hemo-
dynamic measurements in pregnancy are usually compared
with those from postpartum control subjects. This comparison
may not be valid, however, because cardiac output remains
elevated for many weeks after delivery (Robson et al., 1987c;
Capeless & Clapp, 1991). To address this issue, Robson et al.
(1989a) measured cardiac output by Doppler echocardiogra-
phy in 13 women before conception and again at monthly
intervals throughout pregnancy. Maternal heart rate was sig-
nificantly elevated by 5 weeks’ gestation, and continued to in-
crease thereafter, reaching a plateau at around 32 weeks (+17%
above midpregnancy values). Stroke volume was increased by
8 weeks, with maximal values (+32% over midpregnancy
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Fig. 3.5 Hemodynamic changes during pregnancy and postpartum.
(Reproduced by permission from Mabie W, DiSessa TG, Crocker LG, et al. A
longitudinal study of cardiac output in normal human pregnancy. AmJ
Obstet Gynecol 1994;170:849.)

levels) attained at 16-20 weeks. Overall, maternal cardiac out-
put increased from 4.88L/min at 5 weeks to 7.21L/min
(+48%) at 32 weeks.

The mechanisms responsible for the increase in maternal
cardiac output during pregnancy remain unclear. An increase
in circulating blood volume is unlikely to contribute signifi-
cantly to this effect, because hemodynamic studies in preg-
nant baboons have shown that the increase in cardiac output
develops much earlier than does the gestational hypervolemia
(Phippard et al., 1986). Burwell et al. (1938) noted that the in-
creasein plasma volume, cardiac output, and heart rate during
pregnancy was similar to that seen in patients with arterio-
venous shunting, and proposed that these hemodynamic
changes are the result of the low-pressure, high-volume
arteriovenous shunting that characterizes the uteroplacental
circulation. A third hypothesis is that hormonal factors (possi-
bly steroid hormones) may act directly on the cardiac muscu-
lature to increase stroke volume and hence cardiac output,
analogous to the mechanisms responsible for the decrease in



venous tone seen in normal pregnancy (McCalden, 1975) or
after oral contraceptive administration (Wook & Goodrich,
1964). In support of this hypothesis, high-dose estrogen ad-
ministration has been shown to increase stroke volume and
cardiac output in male transsexuals (Slater et al., 1986). To fur-
ther investigate this hypothesis, Duvekot and colleagues
(1993) studied serial echocardiographic, hormonal, and renal
electrolyte measurements in 10 pregnant women. The authors
propose that the inciting event may be the fall in SVR that
leads, in turn, to a compensatory tachycardia with activation
of volume-restoring mechanisms. In this manner, the in-
creased stroke volume may be a direct result of “normalized”
vascular filling in the setting of systemic afterload reduction.
These data support the conclusion of Morton and co-workers
(1984) that early stroke volume increases are caused by a “shift
to the right” of the left ventricular pressure-volume curve
(Frank-Starling mechanism).

Systemic vascular resistance

Systemic vascular resistance (SVR) is a measure of the imped-
ance to the ejection of blood into the maternal circulation (i.e.
afterload). Bader et al. (1995) used cardiac catheterization
to investigate the effect of pregnancy on SVR. They demon-
strated that SVR decreases in early pregnancy, reaching a nadir
at around 980 dynes/sec/ cm™ at 14-24 weeks. Thereafter,
SVR rises progressively for the remainder of pregnancy, ap-
proaching a prepregnancy value of around 1,240 dynes/sec/
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cm™ at term. These findings are consistent with subsequent
studies (Clark et al., 1989), which found a mean SVR of 1210 +
266 dynes/sec/cm™ during late pregnancy.

When describing the physiologic relationship between
pressure and flow, it is customary to report vascular imped-
ance as a ratio of pressure to flow (Table 3.3). The observed
decrease in SVR during pregnancy results primarily fromade-
crease in mean arterial pressure coupled with an increase in
cardiac output. It is important to recognize the inverse rela-
tionship between cardiac outputand SVR.

Peripheral arterial vasodilation with relative underfilling of
the arterial circulation is likely the primary event responsible
for the decrease in SVR seen in early pregnancy (Schrier, 1988;
1990). The factors responsible for this vasodilatation are not
clear, but likely include hormonal factors (progesterone) and
peripheral vasodilators such as nitric oxide (Seligman et al.,
1996). The existence of a pregnancy-specific vasodilatory sub-
stance has been postulated, but has yet to be characterized.
Cardiac afterload is further reduced by the progressive devel-
opment of the low-resistance uteroplacental circulation. The
decrease in SVR in early pregnancy leads to activation of
compensatory homeostatic mechanisms designed to maintain
arterial blood volume by increasing cardiac output and
promoting sodium and water retention (summarized in
Fig. 3.6). This is accomplished through activation of arterial
baroreceptors, upregulation of vasopressin, stimulation of the
sympathetic nervous system, and increased mineralocorti-
coid activity.
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Whether atrial natriuretic peptide (ANP) hasaroleto play in
the regulation of SVR in pregnancy is still unclear. ANP is a
peptide hormone produced by atrial cardiocytes, which pro-
motes renal sodium excretion and diuresis in nonpregnant
subjects (Brenner et al., 1990). In vitro, ANP has been shown to
promote vasodilatation in vascular smooth muscle pretreated
with angiotensin IL. Circulating ANP levels increase in preg-
nancy, suggesting that ANP may have arole to play in decreas-
ing maternal SVR (Cusson et al., 1985; Thomsen et al., 1988).
Earlier cross-sectional studies did not correlate ANP levels
with blood volume and hemodynamic measurements. In a
prospective longitudinal study, Thomsen et al. (1993) demon-
strated that plasma ANP levels were positively correlated
with Doppler ultrasound estimates of peripheral vascular re-
sistance. Although their results substantiate the physiologic
importance of ANP in the regulation of blood volume, the
authors conclude that ANP does not function as a significant
vasodilator during pregnancy.

Regional blood flow

Significant regional blood flow changes have been docu-
mented during pregnancy. For example, renal blood flow in-
creases by 30% over nonpregnant values by midpregnancy,
and remains elevated for the remainder of pregnancy
(Chesley, 1960; Gabert & Miller, 1985). As a result, glomerular
filtration rate increases 30-50% (Schrier, 1988). Similarly, skin
perfusion increases slowly to 18-20 weeks’ gestation, but rises
rapidly thereafter reaching a plateau at 20-30 weeks that per-
sists until approximately 1 week postpartum (Katz & Sokal,
1980). This is likely due to vasodilation of dermal capillaries
(Burt, 1949; Herbert et al., 1958), and may serve as a mecha-
nism by which the excess heat of fetal metabolismis allowed to
dissipate the maternal circulation. Pulmonary blood flow
increases during pregnancy from 4.88L/min in early preg-
nancy to 7.19L/min at 38 weeks, an increase of around 32%
(Kitabatake et al., 1983; Robson et al., 1991). A small decrease
in pulmonary vascular resistance was noted at 8 weeks with-
out any subsequent significant change thereafter. However,
both noninvasive (Kitabatake etal., 1983) and invasive studies
(Werko, 1954; Bader et al., 1955; Clark et al., 1989) have shown
that mean pulmonary artery pressure remains stable at
around 14mmHg, which is not significantly different from
the nongravid state.

The most dramatic change in regional blood flow in preg-
nancy occurs in the uterus. Uterine blood flow increases from
approximately 50 mL/min at 10 weeks to 500 mL/min at term
(Metcalfe et al., 1955; Assali et al., 1960). At term, therefore,
uterine blood flow accounts for over 10% of maternal cardiac
output. This increase in blood flow is likely related to hor-
monal factors, because animal studies have shown a signifi-
cant decrease in uterine vascular resistance in response to
exogenous administration of estrogen and progesterone
(Ueland & Parer, 1966; Caton et al., 1974).
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Effect of posture on maternal hemodynamics

Prior to the 1960s, clinical investigators did not fully appreci-
ate the effects of postural change on maternal hemodynamics
and patients were often studied in the supine position. The
unique angiographic studies of Bieniarz et al. (1966, 1968)
demonstrate that the gravid uterus can significantly impair
vena caval blood flow in >90% of women studied in the supine
position, thereby predisposing pregnant women to depend-
ent edema and varicosities of the lower extremities. Moreover,
impairment of central venous returnin the supine position can
resultin decreased cardiac output, a sudden drop in BP, brady-
cardia, and syncope (Kerr, 1968). These clinical features were
initially described by Howard et al. (1953), and are now com-
monly referred to as the “supine hypotensive syndrome.”
Symptomatic supine hypotension occurs in 8% (Holmes,
1960) to 14% (Calvin et al., 1988) of women during late preg-
nancy. It is likely that women with poor collateral circulation
through the paravertebral vessels may be predisposed to
symptomatic supine hypotension, because these vessels usu-
ally serve as an alternate route for venous return from the
pelvic organs and lower extremities (Kinsella & Lohmann,
1994). In addition to impairing venous return, compression by
the gravid uterus in the supine position can also result in par-
tial obstruction of blood flow through the aorta and its ancil-
lary branches leading, for example, to diminished renal blood
flow (Chesley, 1960; Lindheimer & Katz, 1972).

The clinical significance of supine hypotension is not clear.
Vorys et al. (1961) demonstrated an immediate 16% reduction
in cardiac output when women in the latter half of pregnancy
were moved from the supine to the dorsal lithotomy position,
likely due to the compressive effect of the gravid uterus on the
vena cava (Table 3.4). To investigate the effect of gestational
age on the maternal cardiovascular response to posture,
Ueland et al. (1969) measured changes in resting heart rate,
stroke volume, and cardiac output for 11 normal gravid
women in various positions (sitting, supine, and left lateral de-
cubitus) throughout their pregnancies (Fig. 3.7). Maternal
heart rate was maximal (range, +13% to +20% compared with

Table 3.4 Changes in cardiac output with maternal position

Late-trimester women (n=31) Change from supine (%)
Horizontal left side +14
Trendelenberg left side +13
Lithotomy -16
Supine Trendelenberg -18

(Reproduced by permission from Vorys N, Ullery JC, Hanusek GE. The cardiac
output changes in various positions in pregnancy. Am J Obstet Gynecol
1961;82:1312.)



postpartum values) at 28-32 weeks of pregnancy, and was fur-
ther elevated in the sitting position. Stroke volume increased
early in pregnancy, with maximal values by 20-24 weeks
(range, +21% to +33%), followed by a progressive decline to-
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Fig. 3.7 Effect of posture on maternal hemodynamics. PP, postpartum.
(Reproduced by permission from Ueland K, Metcalfe J. Circulatory changes in
pregnancy. Clin Obstet Gynecol 1975;18:41; modified from Ueland K, Novy
M, Peterson EN, et al. Maternal cardiovascular dynamics. V. The influence of
gestational age on the maternal cardiovascular response to posture and
exercise. Am J Obstet Gynecol 1969;104:856.)
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wards term that was most striking in the supine position. In-
deed, measurements of stroke volume and cardiac output in
the supine position at term were even lower than the corre-
sponding values in the postpartum period (Fig. 3.7). On an
optimistic note, Calvin and associates (1988) were able to
demonstrate that supine hypotension does not normally
result in significant oxygen desaturation.

To investigate the effect of standing on the maternal hemo-
dynamic profile, Easterling et al. (1988) measured cardiac out-
put and SVR in the recumbent, sitting, and standing positions
in women during early (11.1 + 1.4 weeks) and late (36.7 + 1.6
weeks) pregnancy. A change from the recumbent to standing
position resulted in a decrease in cardiac output of around
1.7L/min at any stage of gestation with a compensatory SVR
augmentation (Table 3.5). Of note, the compensatory increase
in SVR was significantly blunted in late pregnancy as com-
pared with nonpregnant subjects, which may be related to the
altered response to norepinephrine observed during preg-
nancy (Barron et al., 1986; Nisell et al., 1988). In addition to
confirming these findings, Clark et al. (1991) were able to
demonstrate that maternal BP was essentially unaffected by
standing in the third trimester of pregnancy, despite varying
effects on cardiac output (Table 3.6). The observed decrease in
left ventricular stroke work index on standing (-22%) was at-
tributed to the subject’s inability to compensate for the
decrease in stroke volume by heart rate alone as a result of
Starling forces. Intrapulmonary shunting is not affected by
maternal position (Hankins et al., 1996). Whether such postur-
al changes have any clinical significance in terms of placental
perfusion, birthweight, and /or preterm delivery is unclear at
this time (Naeye & Peters, 1982; Henriksen et al., 1995).

Central hemodynamic changes associated
with pregnancy

To establish normal values for central hemodynamics, Clark
and colleagues (1989) interrogated the maternal circulation by
invasive hemodynamic monitoring. Ten primiparous women
underwent right heart catheterization during late pregnancy

Table 3.5 Net change in hemodynamic parameters from recumbent to standing positions

Nonpregnant Early pregnancy Late pregnancy P*
MAP (mmHg) 78+8.3 3.7+7.7 50+11.3 NS
Heart rate (bpm) 15.5£9.2 257+11.8 16.7£11.2 NS
CO(Ymin) -1.8+0.84 -1.8+0.79 -1.7+1.2 NS
Stroke volume (mLU/beat) -41.1+15.8 -38.7+£13.5 -30.8+17.5 NS
SVR (dynes/sec/cm™3) 732+£363 588+ 246 3791214 0.005

Data are presented as mean + SD.
* Determined by analysis of variance.

CO, cardiac output; MAP, mean arterial pressure; NS, not significant; SVR, systemic vascular resistance.
(Reproduced by permission from the American College of Obstetricians and Gynecologists (Obstetrics and Gynecology 1988;72:550).)
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Table 3.6 Hemodynamic alterations in response to position change late in third trimester of pregnancy

Hemodynamic Position

parameter Leftlateral Supine Sitting Standing
MAP (mmHg) 9016 90+8 90+8 91114
CO(UYmin) 6.6+1.4 6.0+1.4* 6.2+2.0 54+2.0*
Heart rate (bpm) 82110 84+10 91+£11 107 £17*
SVR (dynes/sec/cm™3) 1,210+ 266 1,437+338 1,217 +£254 1,319+394
PVR (dynes/sec/cm™5) 76116 10145 102+35 117 £35*
PCWP (mmHg) 812 6+3 4+4 412
CVP (mmHg) 4+3 3+2 141 1+2
LVSWI (g/min/m=2) 43+9 40+9 44 +5 34+7*

* P<0.05, compared with left lateral position.

CO, cardiac output; CVP, central venous pressure; LVSWI, left ventricular stroke work index; MAP, mean arterial pressure; PCWP, pulmonary capillary wedge

pressure; PVR, pulmonary vascular resistance; SVR, systemic vascular resistance.

(Reproduced by permission from Clark SL, Cotton DB, Pivarnik JM, et al. Position change and central hemodynamic profile during normal third-trimester

pregnancy and postpartum. Am J Obstet Gynecol 1991;164:883.)

Table 3.7 Central hemodynamic changes associated with late pregnancy

Nonpregnant Pregnant Change (%)
MAP (mmHg) 868 90t6 NS
PCWP (mmHg) 612 8+2 NS
CVP(mmHg) 4+3 4+3 NS
Heart rate (bpm) 71+£10 83+10 +17
CO(/min) 43+09 6.2+1.0 +43
SVR (dynes/sec/em™>) 1,530£520 1,210+266 -21
PVR (dynes/sec/cm~>) 11947 78+22 -34
Serum COP (mmHg) 20.8+1.0 18015 -14
COP-PCWP gradient(mmHg) 14.5%£2.5 10.5+2.7 -28
LVSWI (g/min/m=2) 4118 4816 NS

Measurements from the left lateral decubitus position are expressed as mean
+5D (n=10). Significant changes are noted at the P< 0.05 level, paired
two-tailed t-test. '

CO, cardiac output; COP, colloid osmotic pressure; CVP, central venous
pressure; LVSWI, left ventricular stroke index; MAP, mean arterial pressure;
NS, non-significant; PCWP, pulmonary capillary wedge pressure; PVR,
pulmonary vascular resistance; SVR, systemic vascular resistance.

(Adapted by permission from Clark SL, Cotton DB, Lee W, et al. Central
hemodynamic assessment of normal term pregnancy. Am J Obstet Gynecol
1989;161:1439.)

(35-38 weeks) and again 11-13 weeks postpartum (Table 3.7).
When compared with postpartum values, late pregnancy was
associated with a significant increase in heart rate (+17%),
stroke volume (+23%), and cardiac output (+43%) as measured
in the left lateral recumbent position. Significant decreases
were noted in SVR (-21%), pulmonary vascular resistance
(-34%), serum colloid osmotic pressure (-14%), and the col-
loid osmotic pressure to pulmonary capillary wedge pressure
gradient (-28%). No significant changes were found in the
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pulmonary capillary wedge or central venous pressures
which confirmed prior studies (Bader et al., 1955).

Hemodynamic changes during labor

Repetitive and forceful uterine contractions (but not Braxton-
Hicks contractions) have a significant effect on the cardiovas-
cular system during labor. Each uterine contraction in labor
expresses 300-500 mL of blood back into the systemic circula-
tion (Adams & Alexander, 1958; Hendricks & Quilligan, 1958).
Moreover, angiographic studies have shown that the change
in shape of the uterus during contractions leads to improved
blood flow from the pelvic organs and lower extremities back
to the heart. The resultant increase in venous return during
uterine contractions leads to a transient maternal bradycardia
followed by an increase in cardiac output and compensatory
bradycardia. Indeed, using a modified pulse pressure method
for estimating cardiac output, Hendricks and Quilligan (1958)
showed a 31% increase in cardiac output with contractions as
compared with the resting state.

Other factors that may be responsible for the observed in-
crease in maternal cardiac output during labor included pain,
anxiety, valsalva, and maternal positioning (Winner &
Romney, 1966; Ueland et al., 1969a,b; 1976). Using the dye-
dilution technique to measure hemodynamic parameters in
23 pregnant women in early labor with central catheters
inserted into their brachial artery and superior vena cava,
Ueland and co-workers (1969a,b) demonstrated that changein
position from the supine to the lateral decubitus position was
associated with an increase in both cardiac output (+21.7%})
and stroke volume (+26.5%), and a decrease in heart rate
(=5.6%). Figure 3.8 summarizes the effect of postural changes
and uterine contractions on maternal hemodynamics during
the first stage of labor. Under these conditions, uterine contrac-
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tions resulted in a 15.3% rise in cardiac output, a 7.6% heart
rate decrease, and a 21.5% increase in stroke volume. These
hemodynamic changes were of less magnitude in the lateral
decubitus position, although cardiac output measurements
between contractions were actually higher when patients
were on their side.

The first stage of labor is associated with a progressive in-
crease in cardiac output. Kjeldsen (1979) found that cardiac
outputincreased by 1.10L/minin thelatent phase,2.46 L /min
in the accelerating phase, and 2.17L/min in the decelerating
phase as compared with antepartum values. Ueland and
Hansen (1969b) described a similar increase in cardiac output
between early and late first stages of labor. In a more detailed
analysis, Robson and colleagues (1987a) used Doppler ultra-
sound to measure cardiac output serially throughout labor in
15 women in the left lateral position under meperidine labor
analgesia. Cardiac output measured between contractions in-
creased from 6.99L/min to 7.88 L/min (+13%) by 8-cm cervi-
caldilation, primarily as a result of increased stroke volume. A
further increase in cardiac output was evident during contrac-
tions, due to augmentation of both heart rate and stroke vol-
ume. Of interest, the magnitude of the contraction-associated
augmentation in cardiac outputincreased as labor progressed:
LBam (+17%),4-7 cm (+23%), and 28 cm (+34%). Similar results
werereported by Leeetal. (1989b) using Dopplerand M-mode
echocardiography to study the effects of contractions on car-
diac output in women with epidural analgesia. Under epidur-
al analgesia, however, the effect of contractions on heart rate
was minimal. Although a detailed discussion of the effect of
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labor analgesia on maternal hemodynamics is beyond the
scope of this chapter and is dealt with in detail elsewhere in
this book, the increase in cardiac output during the labor was
not as pronounced in women with regional anesthesia as
compared with women receiving local anesthesia (paracervi-
cal or pudendal). These data suggest that the relative lack of
pain and anxiety in women with regional analgesia may limit
the absolute increase in cardiac output encountered at deliv-
ery. Alternatively, the fluid bolus required for regional anes-
thesia may itself affect cardiac output. Indeed, Robson and
co-workers (1989b) found that in fusion of 800 mL of Ringer’s
lactate prior to epidural anesthesia resulted in a 12% increase
in stroke volume and an overall augmentation of cardiac out-
put from 7.01 to 7.70L/min. It is likely that this change is
responsible, at least in part, for the altered response of the
maternal cardiovascular system to labor in the setting of
regional anesthesia.

Hemodynamic changes during the
postpartum period

The postpartum period is associated with significant hemody-
namic fluctuations, due largely to the effect of blood loss at
delivery. Using chromium-labeled erythrocytes to quantify
blood loss, Pritchard and colleagues (1962) found that the
average blood loss associated with cesarean delivery was
1,028 mL, approximately twice that of vaginal delivery (505
mL). They also demonstrated that healthy pregnant women
can lose up to 30% of their antepartum blood volume at deliv-
ery with little or no change in their postpartum hematocrit.
These findings were similar to those of other investigators
(Wilcox et al., 1959; Newton et al., 1961).

Ueland (1976) compared blood volume and hematocrit
changes in women delivered vaginally (n =6) with those deliv-
ered by elective cesarean (n =34) (Fig. 3.9). The average blood
loss at vaginal delivery was 610mL, compared with 1,030 mL
at cesarean. In women delivered vaginally, blood volume
decreased steadily for the first 3 days postpartum. In women
delivered by cesarean, however, blood volume dropped off
precipitously within the first hour of delivery, but remained
fairly stable thereafter. As a result, both groups had a similar
drop off in blood volume (~16.2%) at the third postpartum day
(Fig. 3.9). The differences in postpartum hematocrit between
women delivered vaginally (+5.2% on day 3) and those deliv-
ered by cesarean (-5.8% on day 5) suggests that most of the vol-
ume loss following vaginal delivery was due to postpartum
diuresis. This diuresis normally occurs between day 2 and day
5 postpartum, and allows for loss of the excess extracellular
fluid accumulated during pregnancy (Cunningham, 1993a)
with a resultant 3kg weight loss (Chesley et al., 1959). Failure
to adequately diurese in the first postpartum week may lead
to excessive accumulation of intravascular fluid, elevated
pulmonary capillary wedge pressure, and pulmonary edema
(Hankins etal., 1984).
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Significant changes in cardiac output, stroke volume, and
heart rate also occur after delivery (Kjeldsen, 1979). Ueland  Respiratory system

and Hansen (1969b) demonstrated a dramatic increase in car-
diac output (+59%) and stroke volume (+71%) within the first
10 minutes after delivery in 13 women who delivered vaginal-
ly under regional anesthesia. At 1 hour, cardiac output (+49%)
and stroke volume (+67%) in these women were still elevated,
with a 15% decrease in heart rate and no significant change in
BP. The increase in cardiac output following delivery likely re-
sults from increased cardiac preload due to the autotransfu-
sion of blood from the uterus back into the intravascular space,
the release of vena caval compression from the gravid uterus,
and the mobilization of extravascular fluid into the intravas-
cular compartment.

These changes in maternal cardiovascular physiology
resolve slowly after delivery. Using M-mode and Doppler
echocardiography, Robson et al. (1987c) measured cardiac out-
put and stroke volume in 15 healthy parturients at 38 weeks
(not in labor) and then again at 2, 6, 12, and 24 weeks post-
partum. Their results show a decrease in cardiac output from
7.42L/min at 38 weeks t04.96 L/ min at 24 weeks postpartum,
which was attributed to a reduction in both heart rate (-20%)
and stroke volume (-18%). By 2 weeks postpartum, there was
a substantial decrease in left ventricular size and contractility
as compared with term pregnancy. By 24 weeks postpartum,
however, echocardiographic studies demonstrated mild left
ventricular hypertrophy that correlated with a slight diminu-
tion in left ventricular contractility as compared with age-
matched nongravid control. Because the echocardiographic
parameters in the control subjects were similar to that in previ-
ously published reports, it is likely that this small diminution
in myocardial function 6 months after delivery is a real obser-
vation. This is an interesting finding, because patients with
peripartum cardiomyopathy usually develop their disease
within 5-6 months of delivery (Lee & Cotton, 1989).
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There are numerous changes in the maternal respiratory sys-
tem during pregnancy. These changes result initially from the
endocrine changes of pregnancy and, later, from the physical
and mechanical changes brought about by the enlarging
uterus. The net physiologic result of these changesis alowering
of the maternal Pco, to less than that of the fetus, thereby facili-
tating effective exchange of CO, from the fetus to the mother.

Changes in the upper airways

The elevated estrogen levels and increases in blood volume
associated with pregnancy may contribute to mucosal edema
and hypervascularity in the upper airways of the respiratory
system. Although a recent study failed to demonstrate an
increased prevalence or severity of upper airway sympto-
matology in pregnancy, this study was of modest numbers
(33 pregnant patients) and confined only to the first trimester
(Sobol etal.,2001). The weight of evidence in the literature sug-
gests that such changes do lead to an increased prevalence
of nasal stuffiness, rhinitis, and epistaxis during pregnancy.
Epistaxis can be severe and recurrent. Indeed, there are
several case reports of epistaxis severe enough to cause “fetal
distress” (Braithwaite & Economides, 1995) and to be life
threatening to the mother (Howard, 1985). The peculiar condi-
tion of “rhinitis of pregnancy” was recognized as far back as
1898 (MacKenzie, 1898). It has been reported to complicate up
to 30% of pregnancies (Mabry, 1986), although —since, in some
cases, the condition likely predated the pregnancy —the inci-
dence of rhinitis attributable to pregnancy is somewhat lower
at around 18% (Mabry, 1986). Symptoms of eustachian tube
dysfunction are also frequently reported in pregnancy (Schatz
& Zieger, 1988).



The factors responsible for the changes in the upper airways
are not clearly understood. Animal studies have reported
nasal mucosa swelling and edema in response to exogenous
estrogen administration (Mortimer et al., 1936; Taylor, 1961)
and in pregnancy (Taylor, 1961). Increased cholinergic activity
has been demonstrated in the nasal mucosa of pregnant
women (Toppozada et al., 1982) and following estrogen ad-
ministration to animals (Reynolds & Foster, 1940). Although
an estrogen-mediated cholinergic effect may explain the
maternal rhinitis seen in pregnancy, other factors such as
allergy, infection, stress, and/or medications may also be
responsible (Mabry, 1986). As such, the occurrence of rhinitis
in pregnancy should not be attributed simply to a normal
physiological process until other pathological mechanisms
have been excluded.

Changes in the mechanics of respiration

The mechanics of respiration change throughout pregnancy.
In early pregnancy, these changes result primarily from
hormonally-mediated relaxation of the ligamentous attach-
ments of the chest. In later pregnancy, the enlarging uterus
leads to changes in the shape of the chest. The lower ribs flare
outwards resulting in a 50% increase in the subcostal angle
from around 70 degrees in early pregnancy (Contreras et al.,
1991). Although this angle decreases after delivery, it is still
significantly greater (by approximately 20%) at 24 weeks post-
partum than that measured at the beginning of pregnancy
(Contrerasetal., 1991). The thoracic circumference increases by
around 8% during pregnancy and returns to normal shortly
after delivery (Contreras et al., 1991). Both the antero-posterior
and transverse diameters of the chest increase by around 2em
in pregnancy (Weinberger et al., 1980; Elkus & Popovich, 1992).
The end result of these anatomic changes is elevation of the di-
aphragm by approximately 5 cm (Elkus & Popovich, 1992) and
increase in excursion (Gilroy et al., 1988). On the other hand,
both respiratory muscle function and rib cage compliance are
unaffected by pregnancy (Contreras et al., 1991). The relative
contribution of the diaphragm and intercostal muscles to tidal
volume is also similar in late pregnancy and after delivery
(Macklem et al., 1978). As such, there is nosignificant difference
in maximum respiratory pressures before and after delivery
(Gilroy etal., 1988; Contreras et al., 1991).

In later pregnancy, abdominal distention and loss of
abdominal muscle tone may necessitate greater use of the
accessory muscles of respiration during exertion. The percep-
tion of increased inspiratory muscle effort may contribute toa
subjective experience of dyspnea (Nava et al., 1992). Indeed,
15% of pregnant women report an increase in dyspnea in the
first trimester as compared with almost 50% by 19 weeks and
76% by 31 weeks’ gestation (Milne et al., 1978). Labor is a con-
dition requiring considerable physical exertion with extensive
use of the accessory muscles. Acute diaphragmatic fatigue has
been reported in labor (Nava et al., 1992).
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Physiologic changes in pregnancy

Staticlung volumes change significantly throughout pregnan-
cy (Table 3.8; Fig. 3.10). There is a modest reduction in the total
lung capacity (TLC) (Elkus & Popovich, 1992). The functional
reserve capacity (FRC) also decreases because of a progressive
reduction in expiratory reserve volume (ERV) and residual
volume (RV) (Thomson & Cohen, 1938; Cugell et al., 1953;
Rubin et al., 1956; Gee et al.,, 1967; Baldwin et al., 1977;
Contreras et al., 1991; Elkus & Popovich, 1992). The inspirato-
ry capacity (IC) increases as the FRC decreases. It is important
to note that these changes are relatively small and vary consid-
erably between individual parturients as well as between re-
ported studies. In one report, for example, the only parameter
that consistently changed in all women studied was the FRC
(Cugell etal., 1953). Data from a recent review (Crapo, 1996) of
three large studies comparing static lung volumes is pregnant
and nonpregnant women (Cugell et al., 1953; Alaily & Carrol,
1978; Norregard et al., 1989) is summarized in Table 3.8.

It is commonly accepted that the decrease in ERV and FRC
results primarily from the upward displacement of the
diaphragm in pregnancy. It has also been suggested that this
displacement further reduces the negative pleural pressure
leading to earlier closure of the small airways, an effect that is
especially pronounced at the lung bases (Baldwin et al., 1977).
The modest change in TLC and lack of change in vital capacity
(VC) suggests that this upward displacement of the di-
aphragm in pregnancy is compensated for by such factors as
the increase in transverse thoracic diameter, thoracic circum-
ference, and subcostal angle (Contreras et al., 1991).

Respiratory rate and mean inspiratory flow are unchanged
in pregnancy (Contreras et al., 1991). On the other hand,
ventilatory drive (measured as mouth occlusion pressure) is
increased during pregnancy, leading to a state of hyperventila-
tion as evidenced by an increase in minute ventilation, alveo-
lar ventilation, and tidal volume (Contrerasetal., 1991; Crapo,
1996). Moreover, these changes are evident very early in preg-
nancy. Minute ventilation, for example, isalready increased by
around 30% in the first trimester of pregnancy as compared
with postpartum values (Pernoll et al., 1975; Alaily & Carrol,

Table 3.8 Changes in static lung volumes in pregnant women at term

Static lung volumes Change from nonpregnant state

1 200-400mL (-4%)

1 300-500mL (-17% t0-20%)
1 100-300 ML (-5% to—15%)
4 200-300 ML (-20% t0-25%)
T 100-300mL (+5% to +10%)
Unchanged

Total lung capacity (TLC)
Functional residual capacity (FRC)
Expiratory reserve volume (ERV)
Reserve volume (RV)

Inspiratory capacity (I1C)

Vital capacity (VC)

(Data from Baldwin GR, Moorthi DS, Whelton JA, MacDonnell KH. New lung
functions in pregnancy. Am J Obstet Gynecol 1977;127:235.)
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1978; Milne, 1979; Contreras et al., 1991). Overall, pregnancy is
associated with a 30-50% (approximately 3 L/min) increase in
minute ventilation, a 50-70% increase in alveolar ventilation,
and a 30-50% increase in tidal volume (Crapo, 1996). Although
ventilatory dead space may increase by approximately 50% in
pregnancy, the net effect on ventilation may be so small (ap-
proximately 60 mL) that it may not even be detectable (Crapo,
1996). Another reported change in ventilation during preg-
nancy is a decrease in airway resistance (Rubin et al., 1956),
while pulmonary compliance is thought to remain unchanged
(Geeetal., 1967; Contrerasetal., 1991). The hyperventilation of
pregnancy has been attributed primarily to a progesterone
effect. Indeed, minute ventilation had been shown to increase
in men following exogenous progesterone administration
(Zwillich et al., 1978). However, other factors—such as the
increased metabolic rate associated with pregnancy —may
also have arole to play (Bayliss & Millhorn, 1992).

Changes in maternal acid-base status

Pregnancy represents a state of compensated respiratory alka-
losis. CO, diffuses across membranes far faster than oxygen.
Assuch, itisrapidly removed from the maternal circulation by
the increased alveolar ventilation, with a concomitant reduc-
tionin the P,co, from a normal level of 35-45mmHg to a lower
level of 27-34 mmHg (Elkus & Popovich, 1992; Crapo, 1996).
This leads in turn to increased bicarbonate excretion by the
maternal kidneys, which serves to maintain the arterial blood
pH between 7.40 and 7.45 (as compared with 7.35-7.45 in the
nonpregnant state) (Weinberger et al., 1980; Elkus & Popovich,
1992; Crapo, 1996). As a result, serum bicarbonate levels de-
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Davis, 1962.)

crease to 18-21 mEq/L in pregnancy (Elkus & Popovich, 1992;
Crapo, 1996). The increased minute ventilation in pregnancy
leads to an increase in P,0, to 101-104mmHg as compared
with 80-100mmHg in the nonpregnant state (Weinberger
et al., 1980; Elkus & Popovich, 1992; Crapo, 1996) and a small
increase in the mean alveolar-arterial (A-a) O, gradient to
14.3mmHg (Aweet al., 1979). It should be noted, however, that
a change from the sitting to supine position in pregnant
women can decrease the capillary Po, by 13mmHg (Angetal.,
1969) and increase the mean (A-a) O, gradient to 20mmHg
(Aweetal., 1979).

Genitourinary system

Alterations in renal tract anatomy

Because of the increased blood volume, the kidneys increase
in length by approximately 1cm during pregnancy (Cietak &
Newton, 1985). The urinary collecting system also undergoes
marked changes during pregnancy, with dilation of the renal
calyces, renal pelvices, and ureters (Shulman & Herlinger,
1975). This dilation is likely secondary to the smooth muscle
relaxant effects of progesterone, which may explain how it is
that dilation of the collecting system can be visualized as early
as the first trimester. However, an obstructive component to
the dilation of the collecting system is also possible, due to the
enlarging uterus compressing the ureters at the level of the
pelvic brim (Dure-Smith, 1970). Indeed, the right-sided col-
lecting system tends to undergo more marked dilation
than the left side, likely due to dextrorotation of the uterus



(Hertzberg et al., 1993). These anatomic alterations may
persist for up to 4 months postpartum (Fried et al., 1983).

The end result of these anatomic changes is physiologic
obstruction and urinary stasis during pregnancy, leading toan
increased risk of pyelonephritis in the setting of asymptomatic
bacteriuria. Moreover, interpretation of renal tract imaging
studies needs to take into account the fact the mile
hydronephrosis and bilateral hydroureter are normal
feature of pregnancy, and do not necessarily imply pathologic
obstruction.

Alterations in renal physiology

The glomerular filtration rate (GFR), as measured by creati-
nine clearance, increases by approximately 50% by the end of
the first trimester to a peak of around 180 mL/min (Davison &
Hytten, 1975). Effective renal plasma flow also increases by
around 50% during early pregnancy, and remains at this level
until the final weeks of pregnancy at which time it declines
by 15-25% (Lindheimer & Barron, 1998). These physiologic
changes result in a decrease in serum blood urea nitrogen
(BUN) and creatinine levels during pregnancy, such that
a serum creatinine value of greater than 0.8 mg/dL may be an
indicator of abnormal renal function. An additional effect of
the increased GFR is an increase in urinary protein excretion.
Indeed, urinary protein loss of up to 260mg/day can be con-
sidered normal during pregnancy (Higby et al., 1994).

Renal tubular function is also significantly changed during
pregnancy. The filtered load of sodium increases significantly
due to the increased GFR and to the action of progesterone as
a competitive inhibitor of aldosterone. Despite this increased
filtered load of sodium, the increase in tubular reabsorption of
sodium results in a net retention of up to 1 g of sodium per day.
The increase in tubular reabsorption of sodium is likely a re-
sult of increased circulating levels of aldosterone and deoxy-
corticosterone (Barron & Lindheimer, 1984). Renin production
increases early in pregnancy in response to rising estrogen
levels, resulting in increased conversion of angiotensinogen
to angiotensin 1 and II and culminating in increased levels
of aldosterone. Aldosterone acts directly to promote renal
tubular sodium retention.

Loss of glucose in the urine (glycosuria) is a normal finding
during pregnancy, resulting from increased glomerular filtra-
tion and decreased distal tubular reabsorption (Davison &
Hytten, 1975). This observation makes urinalysis an unreliable
screening tool for gestational diabetes mellitus. Moreover,
glycosuria may be a further predisposing factor to urinary
tract infection during pregnancy.

Pregnancy is a period of marked water retention. During
pregnancy, intravascular volume expands by around 1-2L
and extravascular volume by approximately 4-7L (Lind-
heimer & Barron, 1998). This water retention results in a
decrease in plasma sodium concentration from 140 to 136
mmol/L (Davison et al., 1981) and in plasma osmolality from
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290 to 280 mosmol/kg (Davison et al., 1981). Plasma osmolali-
ty is maintained at this level throughout pregnancy due to a
re-setting of the central osmoregulatory system.

Gastrointestinal system

Alterations in gastrointestinal anatomy

Gingival hyperemia and swelling are common in pregnancy,
and the resultant pregnancy gingivitis often presents as an
increased tendency for bleeding gums during pregnancy.
The principal anatomic alterations of the gastrointestinal tract
result from displacement or pressure from the enlarging
uterus. Intragastric pressure rises in pregnancy, likely con-
tributing to heartburn and to an increased incidence of hiatal
hernia in pregnancy. The appendix is displaced progressively
superiorly and laterally as pregnancy advances, such that the
pain associated with appendicitis is localized to the right
upper quadrant and term (Baer et al., 1932). Another anatomic
alteration commonly seen in pregnancy is an increased
incidence of hemorrhoids, which likely results both from the
progesterone-mediated relaxation of the hemorrhoidal
vasculature and from the increased constipation associated
with pregnancy.

Alterations in gastrointestinal physiology

Many of the physiologic changes affecting gastrointestinal
physiology during pregnancy are the result of a progesterone-
mediated smooth muscle relaxant effect. Lower esophageal
sphincter tone is decreased, resulting in increased gastro-
esophageal reflux and symptomatic heartburn (Van Thiel
etal., 1977). Gastric and small bowel motility may also be de-
creased, leading to delayed gastric emptying and prolonged
intestinal transit times (Parry et al., 1970). Such effects may
contributed to pregnancy-related constipation by facilitating
increased large intestine water reabsorption, and may explain,
at Jeast in part, the increased risk of regurgitation and aspira-
tion with induction of general anesthesia in pregnancy. Of in-
terest, more recent studies have suggested that delayed gastric
emptying is only significant around the time of delivery and,
rather than a pregnancy-related phenomenon, may result
primarily from anesthetic medications given during labor
(Radberg et al., 1989).

Early studies suggested that the progesterone dominant
milieu of pregnancy resulted in a decrease in gastric acid
secretion and an increase in gastric mucin production
(Vasicka et al, 1957), and that these changes accounted for the
apparent rarity of symptomatic peptic ulcer disease during
pregnancy. However, more recent studies have shown no sig-
nificant change in gastric acid production during pregnancy
(Waldum etal., 1980). Itis possible that the apparent protective
effect of pregnancy on peptic ulcer disease may be a result of

33



PARTH Pregnancy physiology

underreporting, since dyspeptic symptoms may be attributed
to pregnancy-related heartburn without a complete
evaluation.

Hepatobiliary changes in pregnancy

Although the liver does not change in size during pregnancy,
its position is shifted upwards and posteriorly, especially
during the third trimester. Other physical signs commonly
attributed to liver disease in nonpregnant women (such as
spider nevi and palmar erythema) can be normal features of
pregnancy, and are likely due to increased circulating estro-
gen levels. Pregnancy is associated with dilation of the gall-
bladder and biliary duct system, which most likely represents
a progesterone-mediated smooth muscle relaxant effect
(Braverman et al., 1980).

Liver function tests change during pregnancy. Circulating
levels of transaminases, including aspartate transaminase
(AST) and alanine transaminase (ALT), as well as y-glutamyl
transferase (YGT) and bilirubin are normal or slightly dimin-
ished in pregnancy (Girling et la., 1997). Knowledge of the
normal range for liver function tests in pregnancy as com-
pared with nonpregnant patients is important, for example,
when evaluating patients with preeclampsia. Prothrombin
time (PT) and lactic acid dehydrogenase (LDH) levels are
unchanged in pregnancy. Serum albumin and protein levels
are decreased in pregnancy, most likely as a result of hemodi-
lution from the increased plasma volume. Serum alkaline
phosphatase (ALP) levels are markedly increased, especially
during the third trimester of pregnancy, and this is almost
exclusively as a result of the placental isoenzyme fraction.

Gallbladder function is considerably altered during preg-
nancy. This is due primarily to progesterone-mediated
inhibition of cholecystokinin, which results in decreased gall-
bladder motility and stasis of bile within the gallbladder
(Braverman et al., 1980). In addition, pregnancy is associated
with an increase in biliary cholesterol concentration and a
decrease in the concentration of select bile acids (especially
chenodeoxycholic acid), both of which contribute to the
increased lithogenicity of bile. Such changes serve to explain
why cholelithiasis is more common during pregnancy.

Hematologic system

The functions of the hematologic system include supplying
tissues and organ systems with oxygen and nutrients, removal
of CO, and other metabolic waste products, regulation of
temperature, protection against infection, and humoral com-
munication. In pregnancy, the developing fetus and placenta
impose further demands and the maternal hematologic
system must adapt in order to meet these demands. Such
adaptations included changes in plasma volume as well as
the numbers of constituent cells and coagulation factors. All of
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these changes are designed to benefit the mother and/or fetus.
However, some changes may also bring with them potential
risks. It is important for the obstetric care provider to have
a comprehensive understanding of both the positive and
negative effects of the pregnancy-associated changes to the
maternal hematologic system.

Changes in red blood cell mass

Red blood cell mass increase throughout pregnancy. In a land-
mark study using chromium (!Cr)-labeled red blood cells,
Pritchard (1965a) reported an average increase in red blood
cell mass of around 30% (450 mL) in both singleton and twin
pregnancies. Of note, the increase in red blood cell mass lags
significantly behind the change in plasma volume and, as
such, occurs later in pregnancy and continues until delivery
(Lund & Donovan, 1967; Pirani etal., 1973; Peck & Arias, 1979).
The difference in timing between the increase in red blood cell
mass and plasma volume expansion results in a physiologic
fall of the hematocrit in the first trimester (so-called physiol-
ogic anemia of pregnancy), which persists until the end of the
second trimester. Erythropoiesis is stimulated by erythropoi-
etin (which increases in pregnancy) as well as by human pla-
cental lactogen, a hormone produced by the placenta which is
more abundant in later pregnancy (Jepson & Lowenstein,
1968). There are different opinions as to what ought to be
regarded as the definition of anemia in pregnancy, but an
historical and widely accepted value is that of a hemoglobin
concentration <10.0g/dL (Pritchard, 1965a). The increase in
red blood cell mass serves to optimize oxygen transport to the
fetus, while the decrease in blood viscosity resulting from the
physiological anemia of pregnancy will improve placental
perfusion and offer the mother some protection from obstetric
hemorrhage.

Iron stores in healthy reproductive-age women are mar-
ginal, with two-thirds of such women having suboptimal iron
stores (Scott & Pritchard, 1967). The major reason for low iron
stores is thought to be menstrual blood loss. The total iron
requirement for pregnancy has been estimated at around 980
mg. This amount of iron is not provided by a normal diet.
As such, iron supplementation is recommended for all
reproductive-age and pregnant women.

Changes in white blood cell count

Serum white blood cell count increases in pregnancy due to a
selective bone marrow granulopoiesis (Peck & Arias, 1979).
This results in a “left shift” of the white cell count, with a gran-
ulocytosis and increased numbers of immature white blood
cells. The white blood cell count is increased in pregnancy, and
peaks ataround 30 weeks’ gestation (Pitkin & Witte, 1979; Peck
& Arias, 1979; Table 3.9). Although a white blood cell count of
5,000-12,000/mm? is considered normal in pregnancy, only
around 20% of women will have a white blood cell count of



Table 3.9 White blood cell count in pregnancy

White blood cell count (cells/mm?)

Mean Normal range
First trimester 8,000 5,110-9,900
Second trimester 8,500 5,600-12,200
Third trimester 8,500 5,600-12,200
Labor 25,000 20,000-30,000

(Data from Pitkin R, Witte D. Platelet and leukocyte counts in pregnancy.
JAMA 1979;242:2696.)

greater than 10,000/ mm? in the third trimester (Peck & Arias,
1979).

Changes in platelet count

Most studies suggest that platelet counts decrease in pregnan-
cy (Sejeny et al., 1975; O’Brien, 1976), although some studies
show no change (Fenton etal., 1977). Since pregnancy does not
appear to change the lifespan of platelets (Wallenburg & van
Kessel, 1978), it is likely that the decrease in platelet count with
pregnancy is primarily a dilutional effect. Whether there is in-
creased consumption of platelets in pregnancy is controver-
sial. Fay et al. (1985) reported a decrease in platelet count due
to both hemodilution and increased consumption that
reached a nadir at around 30 weeks’ gestation. This study,
along with the observation that the mean platelet volume in-
crease in pregnancy indicative of a younger platelet popula-
tion (Rakoczi et al., 1979), suggests that there may indeed be
some increased platelet consumption in pregnancy.

The lower limit of normal for platelet counts in pregnancy
is commonly accepted as the same as that for nonpregnant
women (i.e. 150,000/ mm?). A maternal platelet count less than
150,000/ mm?3 should be regarded as abnormal, although the
majority of cases of mild thrombocytopenia (i.e. 100,000
150,000/ mm3)will have no identifiable cause. Such cases are
thought to result primarily from hemodilution. This condition
hasbeen termed “gestational thrombocytopenia.” Itis evident
in around 8% of pregnancies (Burrows & Kelton, 1990) and
poses no apparent risk to either mother or fetus.

Changes in coagulation factors

Pregnancy is associated with changes in the coagulation and
fibrinolytic cascades that favor thrombus formation. These
changes include an increase in circulating levels of factors XII,
X, IX, VII, VIII, von Willebrand factor, and fibrinogen
(Hellgren, 1996). Factor XIIIL, high molecular weight kinino-
gen, prekallikrein, and fibrinopeptide A (FPA) levels are also
increased, although reports are conflicting (Hellgren, 1996).
Factor XI decreases, and levels of prothrombin and factor V are
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unchanged (Hellgren, 1996). In contrast, antithrombin I
and protein C levels are either unchanged or increased, and
protein S levels are generally seen to decreases in pregnancy
(Hellgren, 1996). The observed decrease in fibrinolytic activ-
ity in pregnancy is likely due to the marked increase in the
plasminogen activator inhibitors, PAI-I and PAI-2 (Davis,
2000). The net result of these changes is an increased predispo-
sition to thrombosis during pregnancy and the puerperium.
Genetic risk factors for coagulopathy may also be present.
Such factors include, among others, deletions or mutations of
genes encoding for protein C, protein S, antithrombin III, he-
parin co-factor II (HC-II), factor V Leiden, prothrombin
20210A, and methylenetetrahydrofolate reductase (a condi-
tion leading to hyperhomocysteinemia).

The hypercoagulable state of pregnancy helps to minimize
blood loss at delivery. However, these same physiological
changes also put the mother at increased risk of thromboem-
bolic events, both in pregnancy and in the puerperium.
In a recent large epidemiologic study, the incidence of
pregnancy-related thromboembolic complications was 1.3 per
1,000 deliveries (Lindqvist etal., 1999).

Endocrine system

The pituitary gland

The pituitary gland enlarges by as much as 135% during
normal pregnancy (Gonzalez et al., 1988). This enlargement is
generally not sufficient to cause visual disturbance from com-
pression of the optic chiasma, and pregnancy is not associated
with an increased incidence of pituitary adenoma.

Pituitary hormone function can vary considerably
during normal pregnancy. Plasma growth hormone levels
begin to increase at around 10 weeks’ gestation, plateau at
around 28 weeks, and can remain elevated until several
months postpartum (Kletzky et al., 1985). Prolactin levels in-
crease progressively throughout pregnancy, reaching a peak
at term. The role of prolactin in pregnancy is not clear, but
appears to be important in preparing breast tissue for lactation
by stimulating glandular epithelial cell mitosis and increasing
production of lactose, lipids, and certain proteins (Anderson,
1982).

The thyroid gland

A relative deficiency of iodide is common during pregnancy,
dueoften to arelative dietary deficiency and increased urinary
excretion of iodide. There are also increased demands on the
thyroid gland to increase its uptake of available iodide from
the circulation during pregnancy, leading to glandular hyper-
trophy. The thyroid gland also enlarges as a result of increased
vascularity and cellular hyperplasia (Glinoer et al., 1990).
However, evidence of frank goiter is not a feature of normal
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pregnancy, and its presence always warrants appropriate
investigation.

Thyroid-binding globulin increases significantly during
pregnancy under the influence of estrogen, and thisleadstoan
increase in the total and bound fraction of thyroxine (T,) and
triiodothyronine (T;). This increase begins as early as 6 weeks’
gestation and reaches a plateau at around 18 weeks (Glinoer
et al., 1990). However, the free fraction of T, and T, remain
relatively stable throughout pregnancy and are similar to non-
pregnant values. Thyroid-stimulating hormone (TSH) levels
fall slightly in early pregnancy as a result of the high circulat-
ing hCG levels, which have a mild thyrotropic effect (Ballabio
et al., 1991). TSH levels generally return to normal later in
pregnancy. These physiologic changes in thyroid hormone
levels have important clinical implications when selecting ap-
propriate laboratory tests for evaluating thyroid status during
pregnancy. As a general rule, total T, and T levels are unhelp-
ful in pregnancy. The most appropriate test to detect thyroid
dysfunction is the high-sensitivity TSH assay. If this is abnor-
mal, free T, and free T, levels should be measured.

The adrenal glands

Although the adrenal glands do not change in size during
pregnancy, there are significant changes in adrenal hormone
levels. Serum cortisol levels increase significantly in pregnan-
cy, although the vast majority of this cortisol is bound to
cortisol-binding globulin, which increases in the circulation in
response to estrogen stimulation. However, free cortisol levels
alsoincreasein pregnancy by around 30% (Nolten & Rueckert,
1981).

Serum aldosterone levels increase throughout pregnancy,
reaching a peak during the third trimester (Watanabe et al.,
1963). This increase likely reflects an increase in renin substrate
production, which results in increased levels of angiotensin II
that, in turn, stimulates the adrenal glands to secrete aldos-
terone. Aldosterone functions to retain sodium at the level of
the renal tubules, and likely acts to balance the natriuretic
effects of progesterone.

Circulating levels of adrenal androgens are also increased in
pregnancy. This is due in part to increased levels of sex-
hormone binding globulin, which serves to retard their clear-
ance from the maternal circulation. The conversion of adrenal
androgens (primarily androstenedione and testosterone) to
estradiol-17B by the placenta effectively protects the fetus
from androgenic side effects.

The endocrine pancreas

B-cells in the islets of Langerhans within the pancreas are re-
sponsible for insulin production. B-cells undergo hyperplasia
during pregnancy, resulting in increased insulin secretion.
This insulin hypersecretion is likely responsible for the fasting
hypoglycemia seen in early pregnancy. Peripheral resistance
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to circulating insulin increases as pregnancy progresses, due
primarily to the increased production of insulin antagonists
such as human placental lactogen. Such placental insulin
antagonists result in the normal postprandial hyperglycemia
seen in pregnancy (Phelps etal., 1981).

Immune system

One of the more interesting issues is not why some pregnan-
cies fail, but how is it that any pregnancies succeed? Immunol-
ogists would argue that the fetus acquires its genetic
information equally from both parents and, as such, repre-
sents a foreign tissue graft (hemi-allograft). It should therefore
beidentified as “foreign” by the maternalimmune system and
destroyed. This is the basis of transplant rejection. Successful
pregnancy, on the other hand, is dependent on maternal toler-
ance (immunononreactivity) to paternal antigen. How is it
that the hemi-allogeneic fetus is able to evade the maternal im-
mune system? In 1953, Medawar proposed that mammalian
viviparous reproduction represents a unique example of suc-
cessful transplantation (known colloquially as nature’s trans-
plant). Several hypotheses have been put forward to explain
this apparent discordance, which include the following;:
1 The conceptus is not immunogenic and, as such, does not
evoke an immunologic response.
2 Pregnancy alters the systemic maternal immune response to
prevent immune rejection.
3 The uterus is an immunologically privileged site.
4 The placenta is an effective immunological barrier between
mother and fetus.

The answer to this intriguing question likely incorporates a
little of each of these hypotheses (Norwitz et al., 2001). Preg-
nancy is not a state of non-specific systemic immunosuppres-
sion. In experimental animals, for example, mismatched tissue
allografts (including paternal skin grafts and ectopic fetal tis-
sue grafts) are not more likely to be accepted in pregnant as
compared with nonpregnant animals. However, there is evi-
dence to suggest that the intrauterine environment is a site of
partial immunologic privilege. For example, foreign tissue al-
lograft placed within the uterus will ultimately be rejected,
even in hormonally primed animals, but this rejection is often
slower and more protracted than tissue grafts at other sites
(Wilder, 1998).

Trophoblast (placental) cells are presumed to be essential to
this phenomenon of immune tolerance, because they lie at the
maternal-fetal interface where they are in direct contact with
cells of the maternal immune system. It has been established
that chorionic villous trophoblasts do not express classical
major histocompatibility complex (MHC) class II molecules
(Redman, 1983). Surprisingly, cytotrophoblasts upregulate
a MHC class Ib molecule, HLA-G, as they invade the uterus
(Kovats et al., 1990). This observation, and the fact that HLA-
G exhibits limited polymorphism (Bainbridge et al., 1999),



suggests functional importance. The exact mechanisms
involved are not known, but may include upregulation of
the inhibitory immunoglobulin-like transcript 4, an HLA-G
receptor that is expressed on macrophages and a subset of nat-
ural killer (NK) lymphocytes (Allan et al., 1999). Cytotro-
phoblasts that express HLA-G come in direct contact with
maternal lymphocytes that are abundant in the uterus during
early pregnancy. Although estimates vary, a minimum of
10-15% of all cells found in the decidua are leukocytes
(Starkey et al., 1988; King et al., 1998). Like invasive cytotro-
phoblasts, these maternal lymphocytes have unusual proper-
ties. Most are CD56+ NK cells. However, compared with
peripheral blood lymphocytes, decidual leukocytes have low
cytotoxic activity (Deniz et al., 1994). Trophoblast cells likely
help to recruit these unusual maternal immune cells through
the release of specific chemokines (Drake et al., 2001).
Cytotoxicity against trophoblast cells must be selectively
inhibited to prevent immune rejection and pregnancy loss.
The factors responsible for this localized immunosuppression
are unclear, but likely include cytotrophoblast-derived inter-
leukin-10, a cytokine that inhibits alloresponses in mixed
lymphocyte reactions (Roth et al., 1996). Steroid hormones,
including progesterone, have similar effects (Pavia et al.,
1979). The complement system may also be involved, since
deletion of the complement regulator, Crry, in mice leads to
fetal loss secondary to placental inflammation (Xu et al., 2000).
Finally, pharmacological data, also from studies in mice,
suggest that trophoblasts express an enzyme, indoleamine
2,3-dioxygenase, that rapidly degrades tryptophan, which is
essential for T-cell activation (Munn et al., 1998). Whether this
mechanism occurs in humans is not known, although human
syncytiotrophoblasts express indoleamine 2,3-dioxygenase
(Kamimura et al., 1991) and maternal serum tryptophan con-
centrations fall during pregnancy (Schrocksnadel et al., 1996).
Although pregnancy does not represent a state of general-
ized maternal immunosuppression, there is evidence of al-
tered immune function (Wilder, 1998). The major change in the
maternal immune system during pregnancy is a move away
from cell-mediated immune responses toward humoral or
antibody-mediated immunity. Absolute numbers and activity
of T-helper 1 cells and NK cells decline, whereas that of
T-helper 2 cells increase. Clinically, the decrease in cellular im-
munity during pregnancy leads to an increased susceptibility
to intracellular pathogens (including cytomegalovirus, vari-
cella, and malaria). The decrease in cellular immunity may
also explain why cell-mediated immunopathologic diseases
(such as rheumatoid arthritis) frequently improve during
pregnancy (Wilder, 1998). Although pregnancy is character-
ized by enhanced antibody-mediated immunity, the levels of
immunoglobulins A (IgA), IgG, and IgM all decrease in
pregnancy. This decrease in titers is due primarily to the
hemodilutional effect of pregnancy and has little, if any,
clinical implications (Baboonian & Griffiths, 1983). The pe-
ripheral white blood cell (leukocyte) count rises progressively
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during pregnancy (Pitkin & Witte, 1979; Table 3.9), primarily
because of increased numbers of circulating segmented neu-
trophils and granulocytes. The reason for this leukocytosis is
not clear, but is likely secondary to elevated estrogen and
cortisol levels. It probably represents the reappearance in
the circulation of leukocytes previously shunted out of the
circulation.

Although maternal IgM and IgA are effectively excluded
from the fetus, maternal IgG does cross the placenta (Gitlin
etal., 1972; Cunningham et al., 1993b). Fc receptors are present
on trophoblast cells, and the transport of IgG across the pla-
centa is accomplished by way of these receptors through a
process known as endocytosis. IgG transport from mother to
fetus begins at around 16 weeks’ gestation and increases as
gestation proceeds. However, the vast majority of IgG
acquired by the fetus from the mother occurs during the last 4
weeks of pregnancy (Gitlin et al., 1971; 1972). The human fetus
begins to produce IgG shortly after birth, but adult values are
not attained until approximately 3 years of age (Cunningham
etal., 1993b).

Conclusions

Physiologic adaptations occur in all maternal organ systems
during pregnancy; however, the quality, degree, and timing
of the adaptation vary from one organ system to another
and from one individual to another. Moreover, maternal
adaptations to pregnancy occur before they appear to be nec-
essary. Such physiologic modifications may be prerequisite for
implantation and normal placental and fetal growth. It is im-
portant that obstetric care providers have a clear understand-
ing of such physiologic adaptations, and how preexisting
variables (such as maternal age, multiple gestation, ethnicity,
and genetic factors) and pregnancy-associated factors (includ-
ing gestational age, labor, and intrapartum blood loss) interact
to affect the ability of the mother to adapt to the demands of
pregnancy. A better understanding of the normal physiologic
adaptations of pregnancy will improve the ability of clinicians
to anticipate the effects of pregnancy on underlying medical
conditions and to better manage pregnancy-associated com-
plications, such as preeclampsia, pulmonary edema, and
pulmonary embolism.
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Abnormalities in acid-base and respiratory homeostasis are
common among patients requiring intensive medical support,
but many clinicians find the physiology cumbersome. As a
result of both their illness and our therapeutic interventions,
critically ill patients frequently require assessment of meta-
bolic and respiratory status. An understanding and clinical
application of basic physiologic principles is therefore essen-
tial to the care of these patients. It is also important that
clinicians involved in the care of critically ill gravidas be famil-
iar with the metabolic and respiratory changes of pregnancy as
well as their effect on arterial blood gas interpretation.

The arterial blood gas provides information regarding
acid-base balance, oxygenation, and ventilation. A blood gas
should be considered when a patient has significant respira-
tory symptoms, experiences oxygen desaturation, or asa base-
linein the evaluation of preexisting cardiopulmonary disease.
In this chapter we focus on fundamental physiology, analyti-
cal considerations, effective interpretation of an arterial blood
gas, and acid-base disturbances.

Essential physiology

Acid-base homeostasis

Normal acid-base balance depends on production, buffering,
and excretion of acid. The delicate balance that is crucial for
survival is maintained by buffer systems, the lungs and kid-
neys. Each day, approximately 15,000mEq of volatile acids
(e.g. carbonic acid) are produced by the metabolism of carbo-
hydrates and fats. These acids are transported to and removed
via the lungs as carbon dioxide (CQO,) gas. Breakdown of pro-
teins and other substances results in 1-1.5mEq/kg/day of
nonvolatile or fixed acids (predominantly phosphoricand sul-
furic acids) that are removed by the kidney.

Buffers are substances that can absorb or donate protons
and thereby resist or reduce changes in H* ion concentration.
Acids produced by cellular metabolism move out of cells and
into the extracellular space where buffers absorb the protons.

Maternal-fetal blood gas physiology

These protons are then transported to the kidney and excreted
inurine. The intra- and extracellular buffer systems that main-
tain homeostasis in the human include the carbonic acid-
bicarbonate system, plasma proteins, hemoglobin, and bone.

The carbonic acid-bicarbonate system is the principal extra-
cellular buffer. Its effectiveness is predominantly due to the
ability of the lungs to excrete carbon dioxide. In this system, bi-
carbonate, carbonicacid, and carbon dioxide are related by the
equation:

CO, o H,0+CO, & H,CO, &  H*+HCO,”
Gaseous Dissolved Carbonic  Carbonic Bicarbonate
phase acid anhydrase

\A )

Lung Kidney

Carbon dioxide is produced as an end product of aerobic me-
tabolism and physically dissolves in body fluids. A portion of
dissolved CO, reacts with water to form carbonic acid, which
dissociates into bicarbonate and hydrogen ions. The concen-
tration of carbonic acid is normally very low relative to that of
dissolved CO, and HCO,". If the H* ion concentration in-
creases, however, the acid load is buffered by bicarbonate,
and additional carbonic acid is formed. The equilibrium of the
equation is then driven to the left, and excess acid can be ex-
creted as carbon dioxide gas.

The Henderson-Hasselbalch equation expresses the
relationship between the reactants of the carbonic acid-
bicarbonate system under conditions of equilibrium:

[HCO,] _
(s)Pco, respiratory

pH = pK + log metabolic

As the equation demonstrates, the ratio of [HCO;"1/Pco, de-
termines pH (H* ion concentration) and not individual or ab-
solute concentrations. This ratio is influenced to a large extent
by the function of the kidneys (HCO;") and lungs (Pco,). The
constant s represents the solubility coefficient of CO, gas in
plasma and relates Pco, to the concentration of dissolved CO,
and HCO;™. The value of sis 0.03 mmol/L/mmHgat 37°C. The

43



PART I Pregnancy physiology

dissociation constant (pK) of blood carbonic acid is equivalent
to6.1at37°C.

The lungs are the second component of acid-base regula-
tion. Alveolar ventilation controls Pco, independent of
bicarbonate excretion. When the bicarbonate concentration is
altered, respiratory changes attempt to return the ratio of
[HCO;1/ Pco, toward the normal 20:1. Thus, in the presence
of metabolic acidosis (decreased HCO;"), ventilation in-
creases, Pco, is lowered, and the ratio normalizes. In meta-
bolic alkalosis, the opposite occurs as Pco, rises in response
to the primary increase in HCO,™.

The kidney is the final element of acid-base regulation. The
main functions of the renal system are excretion of fixed acids
and regulation of plasma bicarbonate levels. Carbonic acid
that has been transported to the kidney dissociates into H* and
HCO," in renal tubular cells. Each H* ion secreted into the tu-
bular lumen is exchanged for sodium, and HCO," is passively
reabsorbed into the blood. Essentially all bicarbonate must be
reabsorbed by the kidney before acid can be excreted, because
the loss of one HCO;™ is equivalent to the addition of one H*
ion. Mono- and diphasic phosphates and ammonia are uri-
nary buffers that combine with H* ions in the renal tubulesand
are excreted. Under normal conditions, the amount of H*
excreted approximates the amount of nonvolatile acids
produced.

The buffer systems, the lungs and kidneys interact to main-
tain very tight control of the body’s acid—base balance. The se-
quence of responses to a H* ion load and the time required for
each may be summarized:

Extracellular —> Respiratory - Renal
buffering buffering exretion
by HCO,~ Pco,! of H*T
(immediate) (minutes to hours) (hours to days)

In contrast, when Pco, changes:

Intracellular buffering — Renal excretion of H* T

(minutes) (hours to days)

Unlike the response to an acid load, no extracellular buffering
occurs with a change in Pco,. Since HCO;™ is not an effective
buffer against H,CO,, the only protection against respiratory
acidosis or alkalosis is intracellular buffering (i.e. by hemoglo-
bin) and renal H* ion excretion.

Acid-base disturbances

Disturbances in acid-base balance are classified according to
whether the underlying process results in an abnormal rise or
fallin arterial pH. The suffix -osis refers to a pathologic process
that causes a gain or loss of acid or base. Thus, acidosis de-
scribes any condition that leads to a fall in blood pH if the
process continues uncorrected. Conversely, alkalosis charac-
terizes any process that will cause a rise in pH if unopposed.

a4

The terms acidosis and alkalemia do not require the pH to be
abnormal. The suffix -emia refers to the state of the blood, and
acidemia and alkalemia are appropriately used when blood pH
is abnormally low (<7.36) or high (>7.44), respectively (Kruse,
1993).

In addition, alterations in acid-base homeostasis are classi-
fied based upon whether the underlying mechanism is meta-
bolic or respiratory. If the primary abnormality is a net gain or
loss of CO,, this is respiratory acidosis or alkalosis, respec-
tively. Alternatively, a net gain or loss of bicarbonate results in
metabolic alkalosis or acidosis, respectively. If only one pri-
mary process is present, then the acid—base disturbance is sim-
ple, and bicarbonate and Pco, always deviate in the same
direction. A mixed disturbance develops when two or more
primary processes are present, and the changes in HCO;™ and
Pco, are in opposite directions.

The compensatory response attempts to normalize the
[HCO;"1/Pco, ratio and maintain pH. Renal and pulmonary
function must be adequate for these responses to be effective
and adequate time must be allowed for the complete response.
The compensatory response for a primary respiratory abnor-
mality is via the bicarbonate system or acid excretion by the
kidney and requires several days for a complete response.
Compensation for a metabolic aberration is through ventila-
tion changes and occurs quite rapidly.

Compensatory responses cannot, however, completely re-
turn the pH to normal, with the exception of chronic respira-
tory alkalosis. The more severe the primary disorder, the more
difficultitis for the pHto return tonormal. When the pHis nor-
mal but Pco, and HCO;™ are abnormal or the expected com-
pensatory responses do not occur, then a second primary
disorder exists. The four types of acid-base abnormalities and
the compensatory response associated with each are listed in
Table4.1.

Respiratory and acid-base changes
during pregnancy

A variety of physiologic changes occur during pregnancy, af-
fecting maternal respiratory function and gas exchange. As a
result, an arterial blood gas obtained during pregnancy must
be interpreted with an understanding of these alterations.
Since these changes begin early in gestation and persist into
the puerpurium, they must be taken into consideration re-
gardless of the stage of pregnancy (MacRae & Palavradii,
1967). In addition, the altitude at which a patient lives will af-
fect arterial blood gas values, and normative data for each in-
dividual population should be established (Hankins et al.,
1996a).

Minute ventilation increases by 30-50% during pregnancy
(Artal et al., 1986; Cruikshank & Hays, 1991) and alveolar and
arterial Pco, decrease. Normal maternal arterial Pco, levels
range from 26 to 32 mmHg (Andersen et al., 1969; Dayal et al.,
1972; Liberatore et al., 1984). Since the fetus depends upon the
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Table 4.1 Summary of acid—base disorders: the primary disturbance, compensatory response, and expected degree of compensation

Primary disturbance Compensatory response Expected degree of compensation
Metabolic acidosis Decreased HCO,~ Decreased Pco, P,co, =[1.5 x (serum bicarbonate)] + 8
P,co, =last two digits of pH
Metabolic alkalosis Increased HCO5~ Increased Pco, P.,co,=[0.7 x(serum bicarbonate)] + 20
Respiratory acidosis Increased Pco, Increased HCO~ Acute: pH A=0.08 x (measured P,co, —40)/10
Chronic: pH A=0.03 x(measured P,co, —40)/10
Respiratory alkalosis Decreased Pco, Decreased HCO;~ Acute: pH A =0.08 x(40 — measured P,co,)/10

Chronic: pH A=0.03 x (40 - measured P,co,)/10

maternal respiratory system for carbon dioxide excretion, the
decreased maternal Pco, creates a gradient that allows the
fetus to offload carbon dioxide. Nevertheless, fetal Pco, is ap-
proximately 10mmHg higher than the maternal level when
uteroplacental perfusion is normal.

Maternal alveolar oxygen tension increases as alveolar car-
bon dioxide tension decreases, and arterial Pco, levels rise as
high as 106 mmHg during the first trimester (Anderson et al.,
1969; Templeton & Kelman, 1976). Airway closing pressures
increase with advancing gestation, causing a slight fall in arte-
rial Pco, in the third trimester (101-104mmHg) (Anderson
et al., 1969; Pernoll et al., 1975; Templeton & Kelman, 1976).
The arterial Pco, level, however, is dependent upon the alti-
tude at which the patient resides. The mean arterial Pco, for
gravidas at sea level ranges from 95 to 102 mmHg (Templeton
& Kelman, 1976; Awe et al., 1979), while the average values re-
ported for those living at 1,388 m are 87mmHg (Hankins,
1996b) and 61 mmHg at 4,200m (Sobrevilla et al., 1971). As
with carbon dioxide transfer, the fetus depends upon the oxy-
gen gradient for continued diffusion across the placenta. Ma-
ternal arterial oxygen content, uterine artery perfusion, and
maternal hematocrit contribute to fetal oxygenation and com-
promise of any of these factors can cause fetal hypoxemia and
eventually acidemia (Novy & Edwards, 1967).

Despite the increased ventilation, maternal arterial pH re-
mains essentially unchanged during pregnancy (Anderson et
al., 1969; Weinberger et al., 1980). A slightly higher pH value
has been noted in women living at a moderate altitude, witha
reported mean of 7.46 at 1,388 m above sea level (Hankins,
1996a). Bicarbonate excretion by the kidney is increased dur-
ing normal pregnancy to compensate for the lowered Pco,,
and serum bicarbonate levels are normally 18-21mEq/L
(MacRae & Palavradji, 1967; Andersen etal., 1969; Luciusetal.,
1970; Dayal etal., 1972). Thus, the metabolic state of pregnancy
is a chronic respiratory alkalosis with a compensatory meta-
bolic acidosis (Table 4.2).

Oxygen delivery and consumption

All tissues require oxygen for the combustion of organic
compounds to fuel cellular metabolism. The cardiopul-

Table 4.2 Arterial blood gas values during pregnancy at mild to moderate
altitude. Normative data should be established for individual populations
residing at high altitude

Parameter Normal range
pH 7.40-7.46
Pco, 26-32 mmHg
Po, 75-106 mmHg
HCO;~ 18-21mEqg/L

monary system serves to deliver a continuous supply of oxy-
gen and other essential substrates to tissues. Oxygen delivery
isdependent on oxygenation of blood in the lungs, oxygen car-
rying capacity of the blood and cardiac output. Under normal
conditions, oxygen delivery (Do,) exceeds oxygen consump-
tion (Vo,) by about 75% (Cain, 1983). The amount of oxygen
delivered is determined by the cardiac output (CO L/min)
times the arterial oxygen content (C,0,mL/O,/dL):

Do, =CO x C,0, x10dL/L

Arterial oxygen content (C,0,) is determined by the amount of
oxygen that is bound to hemoglobin (5,0,) and by the amount
of oxygen that is dissolved in plasma (P,0, x 0.003):

C,0, =(1.39 x Hb x 5,0,) +(P,0, % 0.003)

It is clear from this formula that the amount of oxygen dis-
solved in plasma is negligible and, therefore, that arterial oxy-
gen is dependent largely on hemoglobin concentration and
arterial oxygen saturation. Oxygen delivery can be impaired
by conditions that affect either cardiac output (flow), arterial
oxygen content, or both (Table 4.3). Anemia leads to low arte-
rial oxygen content because of a lack of hemoglobin binding
sites for oxygen (Stock et al., 1986). The patient with hypox-
emic respiratory failure will not have sufficient oxygen avail-
able to saturate the hemoglobin molecule. Furthermore, it has
been demonstrated that desaturated hemoglobin is altered
structurally in such a fashion as to have a diminished affinity
for oxygen (Bryan-Brown et al., 1973). It must be kept in mind
that the amount of oxygen actually available to tissues also is
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Table 4.3 Commonly used formulas for assessment of oxygenation

Formula

Normal value

Est. alveolar oxygen tension
Pulmonary capillary oxygen content
Arterial oxygen content

Mixed venous oxygen content

P,0,=145-P co,

Oxygen delivery
Oxygen consumption
Shunt equation

Do,=Cao, xQ;x 10

,
%ch 0,-C,0,

Q, (co,-Cvo,
Estimated shunt

Vo, = Q;(C,0,— C,0,) = 13.8(Hb) Q) (5,0, 5,0,//100

€0, =[Hb](1.39) +(P,0,)(0.003)
C,0,={1.39xHb x S,0,)+(P,0, % 0.003)
CVo,=(1.39xHb x $V0,)+(PVv0,)0.003)

18-21 mL/dL

640-1,200mL O,/min
180-280mL O,/min
3-8%

,
Cco,-CL0,

Est. Q/Q,=

[Cco, - C0,]+{C,0,-CVo,]

P.co,, partial pressure of arterial carbon dioxide; P,0,, partial pressure of arterial oxygen; Pvo,, partial pressure of venous oxygen; Hb, hemoglobin; S,0,, arterial

oxygen saturation; S vo,, venous oxygen saturation; Q;, cardiac output.

affected by the affinity of the hemoglobin molecule for oxygen.
Thus, the oxyhemoglobin dissociation curve (Fig. 4.1) and
those conditions that influence the binding of oxygen either
negatively or positively must be considered when attempts
are made to maximize oxygen delivery (Perutz, 1978). An in-
crease in the plasma pH level, or a decrease in temperature or
2,3-diphosphoglycerate (2,3-DPG) will increase hemoglobin
affinity for oxygen, shifting the curve to the left and resulting
in diminished tissue oxygenation. If the plasma pH level falls,
or temperature or 2,3-DPG increases, hemoglobin affinity for
oxygen will decrease and more oxygen will be available to tis-
sues (Perutz, 1978).

In certain clinical conditions, such as septic shock and
adult respiratory distress syndrome (ARDS), there is mal-
distribution of flow relative to oxygen demand, leading to
diminished delivery and loss of vascular autoregulation,
producing regional and microcirculatory imbalances in blood
flow (Rakow, 1991). This mismatching of blood flow with
metabolic demand causes excessive blood flow to some
areas, with relative hypoperfusion of other areas, limiting
optimal systemic utilization of oxygen (Rackow & Astiz,
1991).

The patient with diminished cardiac output secondary to
hypovolemia or pump failureis unable to distribute oxygenat-
ed blood to tissues. Therapy directed at increasing volume
with normal saline, or with blood if the hemoglobin level is
less than 10g/dL, increases oxygen delivery in the hypo-
volemic patient. The patient with pump failure may benefit
from inotropic support and afterload reduction in addition to
supplementation of intravascular volume.

Relationship of oxygen delivery to consumption

Oxygen consumption (Vo,}is the product of the arteriovenous
oxygen content difference (C,,_,,0,) and cardiac output. Under
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Fig. 4.1 The oxygen binding curve for human hemoglobin A under
physiologic conditions (middie curve). The affinity is shifted by changes in pH,
diphosphoglycerate (DPG) concentration, and temperature, as indicated. Py,
represents the oxygen tension at half saturation. (Reproduced by permission
from Bunn HF, Forget BG. Hemoglobin: molecular, genetic, and clinical
aspects. Philadelphia: WB Saunders, 1986.)

normal conditions, oxygen consumption is a direct function of
the metabolic rate (Shoemaker et al., 1989).

Vo, =C,,_,,0, xCO x10dL/L

(a-v

The oxygen extraction ratio (OER) is the fraction of delivered
oxygen that is actually consumed:

OER = Vo, /Do,



Thenormal OER is about 0.25. Arise in the OER is a compensa-
tory mechanism employed when oxygen delivery is inade-
quate for the level of metabolic activity. An OER less than 0.25
suggests flow maldistribution, peripheral diffusion defects, or
fractional shunting (Shoemaker et al., 1989). As the supply of
oxygen is reduced, the fraction extracted from blood increases
and oxygen consumption is maintained. If a severe reduction
in oxygen delivery occurs, the limits of oxygen extraction are
reached, tissues are unable to sustain aerobic energy produc-
tion, and consumption decreases. The level of oxygen delivery
at which oxygen consumption begins to decrease has been
termed the “critical Do,” (Shibutani et al., 1983). At the critical
Do,, tissues begin to use anaerobic glycolysis, with resultant
lactate production and metabolic acidosis (Shibutani et al.,
1983). If this oxygen deprivation continues, irreversible tissue
damage and death ensue.

Oxygen delivery and consumption in pregnancy

The physiologic anemia of pregnancy results in a reduction in
the hemoglobin concentration and arterial oxygen content.
Oxygendelivery is maintained at or above normal despite this
because cardiac output increases 50%. It is important to re-
member, therefore, that the pregnant woman is more depend-
enton cardiac output for maintenance of oxygen delivery than
the nonpregnant patient (Barron & Lindheimer, 1991). Oxygen
consumption increases steadily throughout pregnancy and is
greatest at term, reaching an average of 331 mL/min at rest
and 1,167 mL/min with exercise (Pernoll et al., 1975). During
labor, oxygen consumption increases by 40-60%, and cardiac
output increases by about 22% (Gemzell et al., 1957; Ueland &
Hansen, 1969). Because oxygen delivery normally far exceeds
consumption, the normal pregnant patient usually is able to
maintain adequate delivery of oxygen to herself and her fetus,
even during labor. When a pregnant patient’s oxygen delivery
decreases, however, she very quickly can reach the critical
Do,, especially during labor, compromising both herself and
her fetus. The obstetrician, therefore, must make every effort
to optimize oxygen delivery before allowing labor to begin in
the compromised patient.

Blood gas analysis

The accuracy of a blood gas determination relies upon many
factors, including blood collection techniques, specimen
transport, and laboratory equipment. Up to 16% of specimens
may be improperly handled, diminishing diagnostic utility in
a number of cases (Walton et al., 1981). Factors that can influ-
ence blood gas results include excessive heparin in the collec-
tion syringe, catheter dead space, air bubbles in the blood
sample, time delays to laboratory analysis as well as other less
common causes. This section highlights considerations for ob-
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taining a blood sample and potential sources of error, and
briefly describes laboratory methods.

Sample collection

The collection syringe typically contains heparin to prevent
clotting of the specimen. Excessive heparin in the syringe prior
to blood collection, however, can significantly decrease the
Pco, and bicarbonate of the sample. The spurious Pco, level
results in a falsely lowered bicarbonate concentration when
calculated using the Henderson-Hasselbalch equation. Al-
though sodium heparin is an acid, pH is minimally affected
because whole blood is an adequate buffer. Expelling all he-
parin except that in the dead space of the syringe and needle
and ensuring adequate dilution by obtaining a minimum of
3mL of blood will help avoid anticoagulant-related errors
(Bloom et al., 1985).

In the intensive care setting, an arterial catheter is often
placed when frequent blood sampling is anticipated. Dilution-
al errors occur when a blood sample is contaminated with flu-
ids in the catheter (Ng et al., 1984). An adequate volume of
maintenance fluid or flush solution must be withdrawn from
the catheter and discarded prior to obtaining the sample for
analysis, but estimating the appropriate amount can be diffi-
cult. Although a 2.5 mL discard volume has been suggested, it
has also been recommended that each intensive care unit es-
tablish its own policy based upon individual catheter and con-
nection systems (Al-Ameri et al., 1986; Bhaskaran & Lawler,
1988; Kruse, 1993).

Air bubbles in the collection syringe cause time-dependent
changes in the arterial blood gas. Air trapped as froth acceler-
ates these changes because of their increased surface area
(Biswas et al., 1982). The degree of change in Po, depends
upon theinitial Po, of the sample. Since an air bubble hasa Po,
of 150 mmHg (room air), the bubble will cause a falsely elevat-
ed Po, if the sample Po, is <150 mmHg. The opposite occurs if
the sample has an initial Po, >150mmHg (Mueller & Lang,
1982; Kruse, 1993). Oxygen saturation is most significantly af-
fected when the sample Po, is <60mmHg since saturation
changes rapidly with changes in Po,, as predicted by the oxy-
hemoglobin dissociation curve. Pco, in the sample decreases
within several minutes of exposure to ambient air (Biswas et
al., 1982; Harsten et al., 1988).

When a blood sample remains at room temperature follow-
ing collection, Po, and pH may decrease while Pco, increases.
Specimens analyzed within 10-20 min of collection give accu-
rate results even when transported at room temperature
(Madiedo et al., 1980; Nanji & Whitlow, 1984). In most clinical
settings, however, the time between sampling and laboratory
analysis of the specimen exceeds this limit. Therefore, the sy-
ringe should be placed into an ice bath immediately after sam-
ple collection. The combination of ice and water provides
better cooling of the syringe than ice alone, and a sample may
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be stored for up to 1 hour without adversely affecting blood
gas results (Harsten et al., 1988).

Several additional factors can influence blood gas results
(Urbina & Kruse, 1993). Insufficient time between an adjust-
ment in fractional inspired oxygen or mechanical ventilator
settings and blood gas analysis may not accurately reflect the
change. Equilibration is quite rapid, however, and has been re-
ported to occur as soon as 10 min after changing ventilator set-
tings of postoperative cardiac patients (Schuch & Price, 1986).
General anesthesia with halothane will falsely elevate Po, de-
termination as it mimics oxygen during sample analysis (Dent
& Netter, 1976; Douglas et al., 1978; McHugh et al., 1979;
Maekawa et al., 1980). Finally, severe leukocytosis causes a
false lowering of Po, due to consumption by the cells in the col-
lection syringe (Hess et al., 1979). The effect of the white blood
cells may be minimized, but not necessarily eliminated, by
cooling the sample immediately after it is obtained.

The blood gas analyzer

Theblood gas analyzeris designed to simultaneously measure
the pH, Po,, and Pco, of blood. An aliquot of heparinized
blood is injected into a chamber containing one reference and
three measuring electrodes. Each measuring electrode is con-
nected to the reference electrode by a Ag/ AgCl wire. The elec-
trodes and injected sample are kept at a constant 37°C by a
warm water bath or heat exchanger. The accuracy of the meas-
urements depends upon routine calibration of equipment,
proper sample collection, and constant electrode temperature.

Blood pH and Pco, are potentiometric determinations,
with the potential difference between each electrode and the
reference electrode quantitated. The pH electrode detects
hydrogen ions, and the electrical potential developed by the
electrode varies with the H* ion activity of the sample. The po-
tential difference between the pH and reference electrode is
measured by a voltmeter and converted to the pH. The Pco,
electrodeis actually amodified pH electrode. A glass electrode
is surrounded with a weak bicarbonate solution and enclosed
in a silicone membrane. Carbon dioxide in the sample diffuses
through this membrane that is permeable to CO, but not water
and H*ions. As CO, diffuses through the membrane, the pH of
the bicarbonate solution changes. Thus, the pH measured by
the electrode is related to CO, tension.

The measurement of Po, is amperometric, as the current
generated between an anode and cathode estimates the partial
pressure of oxygen. The Po, electrode surrounds a membrane
permeable to oxygen but not other blood constituents. The
electrode consists of an anode and a cathode, and constant
voltage is maintained between them. An electrolytic process
that occurs in the presence of oxygen produces current, and
the magnitude of the current is proportional to the partial pres-
sure of oxygen in the sample. As oxygen tension increases, the
electrical current generated between the anode and cathode
increases.

Bicarbonate concentration as reported on a blood gas
result is not directly measured in the blood gas laboratory.
Once pH and Pco, are determined, bicarbonate concen-
tration is calculated using the Henderson-Hasselbalch equa-
tion or determined from a nomogram. In contrast, the total
serum CO, (tCO,) content is measured by automated
methods and reported with routine serum electrolyte
measurements.

Oxygen saturation (S0,) is the ratio of oxygenated hemoglo-
bin to total hemoglobin. It can be plotted graphicaily once Po,
is determined, calculated using an equation that estimates
the oxyhemoglobin dissociation curve, or determined spec-
trophotometrically by a co-oximeter. The latter is the most
accurate method since saturation is determined by a direct
reading.

Pulse oximetry

The oximetry system determines arterial oxygen saturation by
measuring the absorption of selected wavelengths of light in
pulsatile blood flow (New, 1985). Oxyhemoglobin absorbs
much less red and slightly more infrared light than reduced
hemoglobin. Oxygen saturation is therefore the ratio of red to
infrared absorption.

Red and infrared light from light-emitting diodes are pro-
jected across a pulsatile tissue bed and analyzed by a photo-
detector. The absorption of each wavelength of light varies
cyclically with pulse. The patient’s heart rate, therefore, is also
determined. When assessing the accuracy of the arterial satu-
ration measured by the pulse oximeter, correlation of the
oximeter-determined heart rate and the patient’s actual pulse
rate indicates proper electrode placement. The oximetry probe
is usually placed on a nail bed or ear lobe. Under ideal circum-
stances, most oximeters measure saturation (Spoz) to within
2% of 5,0, (New, 1985).

Pulse oximetry is ideal for noninvasive arterial oxygensatu-
ration monitoring near the steep portion of the oxyhemoglo-
bin dissociation curve, namely at a P,0, less than or equal to 70
mmHg (Demling & Knox, 1993). P,0, levels greater than or
equal to 80 mmHg result in very small changes in oxygen satu-
ration, namely 97-99%. Large changes in the P,0, from 90
mmHg to 60 mmHg can occur without significant change in
arterial oxygen saturation. This technique, therefore is useful
as a continuous monitor of the adequacy of blood oxygenation
and not as a method to quantitate the level of impaired gas ex-
change (Huch etal., 1988).

Poor tissue perfusion, hyperbilirubinemia, and severe ane-
mia may cause inaccurate oximetry readings (Demling &
Knox, 1993). Carbon monoxide poisoning leads to an overesti-
mation of the P,0,. When methemoglobin levels exceed 5%,
the pulse oximeter cannot reliably predict oxygen saturation.
Methylene blue, the treatment for methemoglobinemia, will
also lead to inaccurate oximetry readings. Normal values for
maternal pulse oximetry readings (5,0,) are dependent upon



gestational age, position, and altitude of residence (Dildy
etal., 1998, 1999; Richlin et al., 1998).

Mixed venous oxygenation

The mixed venous oxygen tension (P,0,) and mixed venous
oxygen saturation (S 0,) are parameters of tissue oxygenation
(Shoemaker et al., 1989). P 0, is 40 mmHg with a saturation of
73%. Saturations less than 60% are abnormally low. These pa-
rameters can be measured directly by obtaining a blood sam-
ple from the distal port of the pulmonary artery catheter. The
$,0, also can be measured continuously with a fiberoptic pul-
monary artery catheter. Mixed venous oxygenation is a reli-
able parameter in the patient with hypoxemia or low cardiac
output, but findings must be interpreted with caution. When
the 5,0, is low, oxygen delivery can be assumed to be low.
However, normal or high does not guarantee that tissues are
well oxygenated. In conditions such as septic shock and
ARDS, the maldistribution of systemic flow may lead to
abnormally high S 0, in the face of severe tissue hypoxia
(Rackow & Astiz, 1991). The oxyhemoglobin dissociation
curve must be considered when interpreting the 5 0, as an in-
dicator of tissue oxygenation (Bryan-Brown et al., 1973). Con-
ditions that result in a left shift of the curve cause the venous
oxygen saturation to be normal or high, even when the mixed
venous oxygen content is low. The S0, is useful for monitor-
ing trends in a particular patient, because a significant de-
crease will occur when oxygen delivery has decreased
secondary to hypoxemia or a fall in cardiac output.

Blood gas interpretation

The processes leading to acid-base disturbances are well de-
scribed, and blood gas analysis may facilitate identification of
the cause of a serious illness. Since many critically ill patients
have metabolic and respiratory derangements, correct
interpretation of a blood gas is fundamental to their care.
Misinterpretation, however, canresultin treatment delaysand
inappropriate therapy. Several methods of acid-base interpre-
tation have been devised, including graphic nomograms and
step-by-step analysis. Each method is detailed in this section
to aid in rapid and correct diagnosis of disturbances in
acid-base balance.

Blood gas results are not a substitute for clinical evaluation
of a patient, and laboratory values do not necessarily correlate
with the degree of clinical compromise. A typical example is
the patient with an acute exacerbation of asthma who experi-
ences severe dyspnea and respiratory compromise prior to de-
veloping hypercapnea and hypoxemia. Thus, a blood gasisan
adjunct to clinical judgment, and decision making should not
be based on a single test.
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Graphicnomogram

Nomograms are a graphic display of an equation and have
been designed to facilitate identification of simple acid-base
disturbances (Arbus, 1973; Goldberg et al., 1973; Davenport,
1974; Cogan, 1986). Figure 4.2 is an example of a nomogram
with arterial blood pH represented on the x-axis, HCO,™ con-
centration on the y-axis, and arterial Pco, on the regression
lines. Nomograms are accurate for simple acid—base distur-
bances, and a single disorder can be identified by plotting
measured blood gas values. When blood gas values fall be-
tween labeled areas, a mixed disorder is present and the nomo-
gram does not apply. These complex disorders must then be
characterized by quantitative assessment of the expected com-
pensatory changes (Table 4.1).

A systematic approach to an acid-base
abnormality

Several different approaches for blood gas interpretation have

been devised (Haber, 1991; Tremper & Barker, 1992). A six-step

approach modified from Narins and Emmett provides a sim-
ple and reliable method to analyze a blood gas, particularly
when a complicated mixed disorder is present (Narins &

Emmett, 1980; Morganroth, 1990a, b). This method, adjusted

for pregnancy, is as follows (Fig. 4.3):

1 Is the patient acidemic or alkalemic? If the arterial blood pH
is <7.36, the patient is acidemic, while a pH >7.44 defines
alkalemia.

2 Is the primary disturbance respiratory or metabolic? The pri-
mary alteration associated with each of the four primary
disorders is shownin Table4.1.

3 Ifarespiratory disturbance is present, is it acute or chronic? The
equations listed in Table 4.1 are used to determine the acute-
ness of the disturbance. The expected change in the pH is
calculated and the measured pH is compared to the pH that
would be expected based on the patient’s Pco,.

4 If a metabolic acidosis is present, is the anion gap increased?
Metabolic acidosis is classified according to the presence or
absence of an anion gap.

5 Ifametabolicdisturbance s present,is the respiratory compensa-
tion adequate? The expected Pco, for a given degree of meta-
bolic acidosis can be predicted by Winter’s formula
(Table 4.1), since the relationship between Pco, and
HCO;" is linear. Predicting respiratory compensation for
metabolic alkalosis, however, is not nearly as consistent as
with acidosis.

6 If the patient has an anion gap metabolic acidosis, are additional
metabolic disturbances present? The excess anion gap repre-
sents bicarbonate concentration before the anion gap acid-
osis developed. By calculating the excess gap, an otherwise
undetected nonanion gap acidosis or metabolic alkalosis
may be detected.
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Respiratory components of the arterial blood gas

Partial pressure of arterial oxygen (P,0,)

The P,0, reflects the lung's ability to provide adequate arterial
oxygen. Normal arterial oxygen tension during pregnancy
ranges from 87 to 106 mmHg, depending upon the altitude at
which a patient lives. Although P,0, has been reported to de-
crease by 25% when samples are obtained from gravidas in the
supine position (Awe et al., 1979), arterial blood gas values
were recently shown to be unaffected by a change in maternal
position (Hankins etal., 1996a). Abnormal gas exchange, inad-
equate ventilation or both canlead toa fallin P,0,. Hypoxemia
is defined as a P,0, below 60 mmHg or a saturation less than
90%. At this level, the oxygen content of blood is near its maxi-
mum for a given hemoglobin concentration and any addi-
tional increase in arterial oxygen tension will increase oxygen
content only a small amount.

The amount of oxygen combined with hemoglobin is relat-
ed to the P,0, by the oxyhemoglobin dissociation curve and in-
fluenced by a variety of factors (Fig. 4.4). The shape of the
oxyhemoglobin dissociation curve allows P,0, to decrease
faster than oxygen saturation until the P,0, is approximately
60mmHg. A left shift of the curve increases hemoglobin’s

affinity for oxygen and oxygen content, but decreases
release of O, in peripheral tissues. The fetal or neonatal
oxyhemoglobin dissociation curve is shifted to the left as a
result of fetal hemoglobin and lower levels of 2,3-DPG
(Fig. 4.4). The increased affinity of hemoglobin for oxygen
allows the fetus to extract maximal oxygen from maternal
blood. A shift to the right has the opposite effect, with de-
creased oxygen affinity and content but increased release in
the periphery.

Assessment of lung function

Impairment of lung function can be estimated using an oxygen
tension- or oxygen content-based index. Oxygen tension-
based indices include: (i) expected P,0, for a given fraction of
inspired oxygen (F,0,); (ii) P,0,/F,0, ratio; and (iii) alveolar-
arterial oxygen gradient (P ,_,,0,). These methods are quick
and easy to use but have limitations in the critically ill patient
(Caneetal., 1988). The shunt calculation (Q,/ Q) isan oxygen
content-based index and is the most reliable method of deter-
mining the extent to which pulmonary disease is contributing
to arterial hypoxemia. The need for a pulmonary artery blood
sample is a disadvantage, however, as not all patients require
invasive monitoring. The estimated shunt calculation (est.
Q,p/ Qp is derived from the shunt equation and is the optimal
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Determine:

Metabolic
acidosis
(HCOS_ < 20)

Metabolic
alkalosis
(HCO4™ > 20)

Respiratory
acidosis
(Pco, > 30)

Respiratory
alkalosis
(Pco, < 30)

Measure: Serum Na*,CI‘,CO-;’\

Calculate: Anion gap = Is respiratory Is it
Na* - (CI" + HCOy") compensation acute or chronic?
adequate?
<20 >20 Expected pH
v
Calculate:

Excess anion gap =
Measured bicarb + (anion gap —-12)

See Table 4.1

>24

Fig. 4.3 Asystematic approach to the
interpretation of an arterial biood gas during

Coexisting primary
metabolic acidosis

Coexisting nongap
metabolic acidosis

pregnancy.

method to estimate lung compromise when a pulmonary
artery catheter is not in place.

The expected P,0, is an oxygen tension-based calculation
and can be quickly estimated by multiplying the actual per-
centage of inspired oxygen by 6 (Wilson, 1992a). Thus, a
patient receiving 50% oxygen has an expected Po, of (50 x 6) or
300mmHg. Alternatively, the F,0, (e.g. 0.50 in a patient receiv-
ing 50% oxygen) may be multiplied by 500 to estimate the
minimum Po, (Shapiro & Peruzzi, 1992). The P,0,/F,0, ratio
has been used to estimate the amount of shunt. The normal
ratio is 500-600 and correlates with a shunt of 3-5% while a
shunt of 20% or more is present when the ratio is less than 200.

Calculation of the alveolar-arterial oxygen gradient is also
an oxygen tension calculation. The A-a gradient is most reli-
able when breathing room air and is normally less than 20. An
increased gradient indicates pulmonary dysfunction. A-a
gradient values, however, can change unpredictably with
changes in F,0, and vary with alterations in oxygen saturation
and consumption. Thus, the utility of this measurementin crit-
ically ill patients has been questioned since these patients
often require a high F,0, and have unstable oxygenation
(Nearman & Sampliner, 1982). Additionally, the A-a gradient

appears to be unreliable in the assessment of lung impair-
ment during pregnancy (Awe et al., 1979).

Oxygen content-based indices include the shunt equation
and estimated shunt as derived from the shunt equation (Table
4.3) The estimated shunt has been shown to be superior to the
oxygen tension-based indices described above (Cane et al,,
1988). The patient is given 100% oxygen for at least 20min
prior to determining arterial and venous blood gases and he-
moglobin. Since the estimated shunt equation does not require
a pulmonary artery blood sample, the C,,_,,0, difference is
assumed to be 3.5mL/dL. A normal shunt in nonpregnant
patients is less than 10%, while a 20-29% shunt may be life-
threatening in a patient with compromised cardiovascular or
neurologic function, and a shunt of 30% and greater usually
requires significant cardiopulmonary support.

Intrapulmonary shunt values during normal pregnancy,
however, have been reported to be nearly three times above
the mean for nonpregnant individuals (Hankins, 1996b). The
mean Q,/Q, in normotensive primiparous women at 36-38
weeks’ gestation ranges from 10% in the knee—chest position
to 13% in the standing position and 15% in the lateral position.
The increased Q./Q, can be explained by the physiologic
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changes of pregnancy as follows. Lung volumes decrease dur-
ing gestation and the amount of shunt increases. In addition,
pulmonary blood flow increases secondary to increased car-
diac output. The combined effect of decreased lung volumes
and increased pulmonary flow results in a higher intrapul-
monary shunt during pregnancy.

Oxygenation of peripheral tissues

An adequate P,0, is only the initial step in oxygen transport,
however, and it does not guarantee well-oxygenated tissues.
The degree of intrapulmonary shunt, oxygen delivery, and
oxygen consumption all contribute to adequate tissue oxy-
genation. Accurate assessment of peripheral oxygenation re-
quires measurement of arterial and venous partial pressures of
oxygen, arterial and venous oxygen saturation, hemoglobin,
and cardiac output (Table 4.3).

The amount of O, (mL) contained in 100 mL of blood defines
oxygen content. Oxygen delivery (Do,) is the volume of O,
brought to peripheral tissues in 1 min and consumption (Vo,)
is the volume used by the tissues in 1 min. Under normal con-
ditions, delivery of oxygen is 34 times greater than consump-
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tion. Oxygen extraction measures the amount of O, trans-
ferred to tissues from 100 mL of blood and can be thought of as
C,0,—Cv0,. Thus, an O, extraction of 34 mL/dL suggests ad-
equate cardiac reserve to supply additional oxygen if demand
increases. Inadequate cardiac reserve is indicated by an O, ex-
traction of 5mL/dL or greater, and tissue extraction must be
increased to meet changing metabolic needs (Shapiro & Pe-
ruzzi, 1995).

Mixed venous oxygen tension (P, 0,) and saturation (5,0,)
are measured from pulmonary artery blood. These measure-
ments are better indicators of tissue oxygenation than arterial
values since venous blood reflects peripheral tissue
extraction. Normal arterial oxygen saturation is 100% and
venous saturation is 75%, yielding a normal arteriovenous
difference (5,0, - 5,0,) of 25%. An increased 5,0, (>80%) can
occur when oxygen delivery increases, oxygen consumption
decreases (or some combination of the two), cardiac output in-
creases, or the pulmonary artery catheter tip is in a pulmonary
capillary instead of the artery. A decrease in §,0, (<50-60%)
may be due to increased oxygen consumption, decreased car-
diac output or compromised pulmonary function. The venous
oxygen saturation may not change at all, however, even with
significant cardiovascular changes.

Partial pressure of arterial carbon dioxide (P co,)

The metabolic rate determines the amount of carbon dioxide
that enters the blood. Carbon dioxide is then transported to the
lung as dissolved CO,, bicarbonate, and carbamates. It diffus-
es from blood into alveoli and is removed from the body by
ventilation, or the movement of gas into and out of the pul-
monary system. Measurement of the arterial pressure of
carbon dioxide allows assessment of alveolar ventilationinre-
lation to the metabolic rate.

Ventilation (V) is theamount of gas exhaled in 1 minuteand
is the sum of alveolar and dead space ventilation (Vg =V, +
Vpg)- Alveolar ventilation (V) is that portion of the lung that
removes CO, and transfers O, to the blood while dead space
(Vpg) has no respiratory function. As dead space increases,
ventilation must increase to maintain adequate alveolar venti-
lation. Dead space increases with a high ventilation—perfusion
ratio (V/Q) (i.e. an acute decrease in cardiac output, acute
pulmonary embolism, acute pulmonary hypertension, or
ARDS) and positive pressure ventilation.

Because P,co, reflects the balance between production
and alveolar excretion of carbon dioxide, accumulation of
CO, indicates failure of the respiratory system to excrete the
products of metabolism. The primary disease process may
be respiratory or a process outside the lungs. Extrapulmonary
processes that increase metabolism and CO, production
include fever, shivering, seizures, sepsis, or physiologic
stress. Parenteral nutrition with glucose providing more
than 50% of nonprotein calories can also contribute to high
CO, production.



Recognizing respiratory acid-base imbalance is important
because of the need to assist in CO, elimination. As V increas-
es, the work of breathing can cause fatigue and respiratory fail-
ure. It is important to recognize that the P,co, may initially be
normal, but rises as the work of breathing exceeds a patient’s
functional reserve. Ventilatory failure occurs when the pul-
monary system can no longer provide adequate excretion of
CO,. Clinically, this is recognized as tachypnea, tachycardia,
intercostal muscle retraction, accessory muscle use, diaphore-
sis and paradoxical breathing.

The metabolic component of the arterial blood
gas: bicarbonate

Measurement of bicarbonate reflects a patient’s acid—base
status. The bicarbonate concentration reported with a blood
gas is calculated using the Henderson-Hasselbalch equation
and represents a single ionic species. tCO, content is measured
with serum electrolytes and is the sum of the various forms of
CO, inserum. Bicarbonate is the major contributor to tCO,,and
additional forms include dissolved CO,, carbamates, carbon-
ate, and carbonic acid. The calculated bicarbonate concentra-
tion does not include carbonicacid, carbonate, and carbamates.

Frequently, arterial and venous blood samples are obtained
simultaneously, making arterial blood gas bicarbonate and ve-
nous serum tCO, measurements available. Venous serum
tCO, content is 2.5-3mEq/L higher than arterial blood gas bi-
carbonate, since CO, content is higher in venous than arterial
blood and all species of carbon dioxide are included in the
determination of tCO,. If the blood sample is arterial, the tCO,
content reported on the electrolyte panel should be 1.5-
2mEq/L higher than the calculated bicarbonate. the tCO,
measured directly with serum electrolytes will be higher be-
cause it includes the different forms of CO,. Since both blood
gas bicarbonate and electrolyte tCO, determinations are usu-
ally available, the clinical utility of one compared with the
other has been a subject of controversy (Kruseetal., 1989). Are-
cent review, however, concludes that calculated and measured
bicarbonate values are close enough in most cases that eitheris
acceptable for clinical use (Kruse, 1995).

Disorders of acid-base balance

Metabolic acidosis

Metabolic acidosis is diagnosed on the basis of a decreased
serum bicarbonate and arterial pH. The baseline bicarbonate
concentration during pregnancy should, of course, be kept in
mind when interpreting bicarbonate concentration. Metabolic
acidosis develops when fixed acids accumulate or bicarbonate
islost. Accumulation of fixed acid occurs with overproduction
as in diabetic ketoacidosis or lactic acidosis, or with decreased
acid excretion as in renal failure. Diarrhea, a small bowel fistu-
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la, and renal tubular acidosis can all result in loss of extracellu-
lar bicarbonate.

Although the clinical signs associated with metabolicacido-
sis are not specific, multiple organ systems may be affected.
Tachycardia develops with the initial fall in pH, but bradycar-
diausually predominates as the pH drops below 7.10. Acidosis
causes venous constriction and impairs cardiac contractility,
increasing venous return while cardiac output decreases.
Arteriolar dilation occurs at pH < 7.20. Respiratory rate and
tidal volume increase in an attempt to compensate for the aci-
dosis. Maternal acidosis can result in fetal acidosis as H* ions
equilibrate across the placenta, and fetal pH is generally 0.1
PH units less than the maternal pH.

The compensatory response to metabolic acidosis is an in-
crease in ventilation that is stimulated by the fall in the pH. Hy-
perventilation lowers Pco, as the body attempts to return the
[HCO;3] / Pco, ratio toward normal. The respiratory response
is proportional to the degree of acidosis and allows calculation
of the expected Pco, for a given bicarbonate level (Table 4.1).
When the measured Pco, is higher or lower than expected for
the measured serum bicarbonate, a mixed acid—-base disorder
must be present. This formula is ideally applied once the pa-
tient has reached a steady state, when Pco, nadirs 12-24 hours
after the onset of acidosis (Narins & Emmett, 1980).

The classification of metabolic acidosis as nonanion gap or
anion gap acidosis helps determine the pathologic process.
Onceametabolicacidosis is detected, serum electrolytes should
be obtained to calculate the anion gap. Frequently the clinical
history and a few additional diagnostic studies can identify the
underlying abnormality (Fig. 4.5) (Battle et al., 1998).

Electroneutrality in the body is maintained because the sum
of all anions equals the sum of all cations. Na*, K*, CI-, and
HCO; are the routinely measured serum ions while Mg*,
Ca**, proteins (particularly albumin), lactate, HPO,, and
SO, are the unmeasured ions. Na* and K* account for 95% of
cations while HCO™; and CI” represent 85% of anions (Preuss,
1993). Thus, unmeasured anions are greater than unmeasured
cations. The anion gap is the difference between measured
plasma cations (Na*) minus measured anions (CI-, HCO;)
and is derived:

Total anions =Total cations

Measured = Unmeasured _Measured + Unmeasured
anions anions cations cations
4
(ICI1+[tCO, D + Umeasured =[Na 1 Un.measured
nions cations
Unmeast%red B Un@easured=[N3+]_ (ICH]+[tCO; )
anions cations

Anion gap=[Na*]-([CF]+[tCO,])

A normal anion gap is 8-16mEq/L. Potassium may be in-
cluded as a measured cation, although it contributes little to
the accuracy or utility of the gap. If K* is included in the calcu-
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Salicylate toxicity
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Fig. 4.5 Etiology and evaluation of metabolic
acidosis.

lation, however, the normal range becomes 12-20mEq/L
(Kruse, 1994).

A change in the gap involves a change in unmeasured
cations or anions. Anelevated gap is most commonly due toan
accumulation of unmeasured anions that include organic
acids (i.e. ketoacids or lactic acid), or inorganic acids (i.e.
sulfate and phosphate) (Oh & Carroll, 1977). A decrease in
cations, i.e. magnesium and calcium, will also increase the
gap, but the serum level is usually life-threatening.

The following example demonstrates use of the anion gap in
a patient who had been experiencing dysuria, polyuria, and
polydypsia of several days duration. Initial evaluation of this
19-year-old gravida at 24 weeks gestation was notable for a
serum glucose level of 460mg/dL and 4+ urinary ketones.
Further investigation revealed: arterial pH of 7.30 and HCO,
of 14mEq/L, serum Na* of 133mEq/L, K* of 4.1mEq/L,
tCO, of 15mEq/L, and CI” of 95mEq/L. The anion gap was
determined:

Anion gap =[Na*]-[CI"]+[tCO,"]
=133mEq/L - (95mEq/L +15mEq/L)
=133mEq/L-110mEq/L

Anion gap =23mEq/L

The elevated anion gap is the result of unmeasured organic an-
ions or ketoacids that have accumulated and decreased serum
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bicarbonate. As this patient with type I diabetes mellitus
receives insulin therapy, the anion gap will normalize, reflect-
ing disappearance of the ketoacids from serum.

The limitations of the anion gap, however, should be recog-
nized. Various factors can lower the anion gap, but its impor-
tance is not so much in the etiology of the decrease as in its
ability to mask an elevated gap. Since albumin accounts for the
majority of unmeasured anions, the gap decreases as albumin
levels fall. For each 1g decrease in albumin, the gap may be
lowered by 2.5-3mEq/L. The most common cause of a low-
ered gap is decreased serum albumin. Other less common
causes include markedly elevated levels of unmeasured
cations (K*, Mg*, and Ca*), hyperlipidemia, lithium carbon-
ate intoxication, multiple myeloma, and bromide or iodide
intoxication.

Although an elevated anion gap is traditionally associated
with metabolic acidosis, it may also occurin the presence of se-
vere metabolic alkalosis. The ionicactivity of albumin changes
with increasing pH and protons are released. The net negative
charge on each molecule increases, thereby increasing unmea-
sured anions. Volume contraction leads to hyperproteinemia
and augments the anion gap.

If an anion gap acidosis is present, the ratio of the change
in the anion gap (the delta gap) to the change in HCO,
can be helpful in determining the type of disturbances
present:



Agap  Aniongap-12
AHCO,”  24-[HCO,]

Insimple anion gap metabolic acidosis, the ratio approximates
1.0, since the decrease in bicarbonate equals the increase in an-
ions. The delta gap for the patient with diabetes and ketoaci-
dosis previously described is calculated as follows:

Agap  Aniongap-12
AHCO,”  24-[HCO,]
_23-12
T 24-14

1

"10

=11

The delta gap is 0 when the acidosis is a pure nonanion gap
acidosis. A delta gap of 0.3-0.7 is associated with one of two
mixed metabolic disorders: (i) a high anion gap acidosis and
respiratory alkalosis; or (ii) high anion gap with a preexisting
normal or low anion gap. A ratio greater than 1.2 implies a
metabolic alkalosis superimposed on a high anion gap acid-
osis or a mixed high anion gap acidosis and chronic respirato-
ry acidosis. The use of the delta gap is, however, limited by the
wide range of normal values for the anion gap and bicarbon-
ate, and its accuracy has been questioned (Salem & Mujais,
1992).

When a normal anion gap metabolic acidosis is present, the
urinary anion gap may be helpful in distinguishing the cause
of the acidosis:

Urinary anion gap =[Urine Na*]+[Urine K*]—-[Urine Cl"]

The urinary anion gap is a clinically useful method to estimate
urinary ammonium (NH*,) excretion. Since the amount
of NH*, excreted in the urine cannot be directly measured,
the urinary anion gap helps determine whether the kid-
ney is responding appropriately to a metabolic acidosis
(Halperin, 1988). Normally, the urine anion gap is positive
or close to zero. A negative gap (CI” > Na* and K*) occurs
with gastrointestinal bicarbonate loss and NH", excretion by
the kidney increases appropriately. In contrast, a positive gap
(CI"<Na*and K*) in a patient with acidosis suggests impaired
distal urinary acidification with inappropriately low NH*,
excretion.

A variety of processes can lead to metabolic acidosis and
therapy will depend on the underlying condition. Adequate
oxygenation should be ensured and mechanical ventilation in-
stituted for impending respiratory failure. The use of bicar-
bonate solutions to correct acidosis has been suggested when
arterial pH is less than 7.10 or bicarbonate is lower than 5
mEq/L. Bicarbonate solutions must be administered with
caution since an “overshoot” alkalosis can lower seizure
threshold, impair oxygen availability to peripheral tissues,
and stimulate additional lactate production.
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Metabolic alkalosis

Metabolic alkalosis is characterized by a rise in serum bicar-
bonate concentration and an elevated arterial pH. The most im-
pressive clinical effects of metabolic alkalosis are neurologic
and include confusion, obtundation, and tetany. Cardiac
arrhythmias, hypotension, hypoventilation, and various meta-
bolic aberrations may accompany these neurologic changes.

Metabolic alkalosis results from a loss of acid or the addition
of alkali. The development of metabolic alkalosis occurs in two
phases, with the initial addition or generation of HCO, fol-
lowed by the inability of the kidney to excrete the excess
HCO™,. The two most common causes of metabolic alkalosis
are excessive loss of gastric secretions and diureticadministra-
tion. Once established, volume contraction, hypercapnea,
hypokalemia, glucose loading, and acute hypercalcemia pro-
mote HCO~; reabsorption by the kidney and sustain the
alkalosis.

The degree of respiratory compensation for metabolic alka-
losis is more variable than with metabolic acidosis, and formu-
las to estimate the expected P,co, have not proven useful
(Narins & Emmett, 1980). Alkalosis tends to cause hypoventi-
lation but P,co, rarely exceeds 55 mmHg (Narins & Emmett,
1980; Wilson, 1992b). Tissue and red blood cells attempt to
lower HCO™, by exchanging intracellular H* ions for extracel-
lular Na*and K*.

Once metabolic alkalosis is diagnosed, determination of
urinary chloride concentration can be helpful in determining
the etiology (Fig. 4.6). Urinary chloride is a more reliable indi-
cator of volume status than urinary sodium concentration in
this group of patients. Sodium is excreted in the urine with bi-
carbonate to maintain electroneutrality and occurs independ-
ently of volume status. Therefore low urinary chloride in
patients with volume contraction accurately reflects sodium
chloride retention by the kidney.

Aurinary chloride concentration <10mEq/L that improves
with sodium chloride administration is a chloride-responsive
metabolic alkalosis. In contrast, a urine chloride >20mEq/L
indicates the alkalosis will not improve with saline adminis-
tration and is a chloride-resistant alkalosis. Urine chloride
levels must be interpreted with caution since levels are falsely
elevated when obtained within several hours of diuretic
administration.

Treatment of metabolic alkalosis is aimed at eliminating ex-
cess bicarbonate and reversing factors responsible for main-
taining the alkalosis. If the urinary chloride level indicates a
responsive disorder, infusion of sodium chloride will correct
the abnormality. Conversely, saline administration will not
correct a chloride-resistant disorder and canbe harmful. Treat-
ment of the primary disease will concurrently correct the alka-
losis. Although mind alkalemia is generally well tolerated,
critically ill surgical patients with a pH 2 7.55 have increased
mortality (Rimmer & Gennari, 1987; Wilson et al., 1992b).
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Medications
Carbenicillin
Penicillin
Sulfates
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Fig. 4.6 Etiology and evaluation of metabolic alkalosis.

Respiratory acidosis

Respiratory acidosis is characterized by hypercapnea (arise in
Pco,) and a decreased arterial pH. The development of respi-
ratory acidosis indicates the failure of carbon dioxide excre-
tion to match CO, production. A variety of disorders can
contribute to this acid-base abnormality (Table 4.4). It is
important to remember that the normal Pco, in pregnancy is
30mmHg, and normative data for nonpregnant patients do
not apply to the gravida.

The clinical manifestations of acute respiratory acidosis are
particularly evident in the central nervous system. Since
carbon dioxide readily penetrates the blood-brain barrier
and cerebrospinal fluid buffering capacity is not as great as
blood, Pco, elevations quickly decrease the pH of the brain.
Thus, neurologic compromise may be more significant
with respiratory acidosis than metabolic acidosis (Wilson,
1992b). Acute hypercapnia also decreases cerebral vascular
resistance, leading to increased cerebral blood flow and
intracranial pressure.

The compensatory response depends on the duration of
the respiratory acidosis. In acute respiratory acidosis, the res-
piratory center is stimulated to increase ventilation. Carbon
dioxide is neutralized in erythrocytes by hemoglobin
and other buffers, and bicarbonate is generated. An acute dis-
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Table 4.4 Causes of respiratory acidosis

Airway obstruction
Aspiration
Laryngospasm

Severe bronchospasm

Impaired ventilation
Pneumothorax

Hemothorax

Severe pneumonia

Pulmonary edema

Adult respiratory distress syndrome

Circulatory collapse
Massive pulmonary embolism
Cardiac arrest

CNS depression
Medication
Sedatives
Narcotics
Cerebral infarct, trauma or encephalopathy
Obesity-hypoventilation syndrome

Neuromuscular disease
Myasthenic crisis
Severe hypokalemia
Guillain-Barré
Medication

turbance implies that renal compensation is not yet complete.
Sustained respiratory acidosis (longer than 6-12 hours)
stimulates the kidney to increase acid excretion, but this
mechanism usually requires 3-5 days for full compensation
(Narins, 1994).

The primary goal in the management of respiratory acidosis
is to improve alveolar ventilation and decrease arterial Pco,.
Assessment and support of pulmonary function are para-
mount when a patient has respiratory acidosis. Carbon diox-
ide accumulates rapidly, and Pco, rises 2-3mmHg/min in a
patient with apnea. The underlying condition should be rap-
idly corrected and may include relief of an airway obstruction
or pneumothorax, administration of bronchodilator therapy,
narcotic reversal, or a diuretic.

Adequate oxygenation is crucial because hypoxemia is
more life-threatening than hypercapnia. In the pregnant
patient, hypoxemia also compromises the fetus. Uterine per-
fusion should be optimized and maternal oxygenation en-
sured since the combination of maternal hypoxemia and
uterine artery hypoperfusion profoundly affects the fetus.
When a patient cannot maintain adequate ventilation despite
aggressive support, endotracheal intubation and mechanical
ventilation should be performed without delay.



Respiratory alkalosis

Respiratory alkalosis is characterized by hypocapnea (de-
creased Pco,) and an increased arterial pH. Acute hypocapnea
frequently is accompanied by striking clinical symptoms, in-
cluding paresthesias, circumoral numbness, and confusion.
Tachycardia, chest tightness, and decreased cerebral blood
flow are some of the prominent cardiovascular effects. Chronic
respiratory alkalosis, however, is usually asymptomatic.

Respiratory alkalosis is the result of increased alveolar ven-
tilation (Table 4.5). Hyperventilation can develop from stimu-
lation of brainstem or peripheral chemoreceptors and
nociceptive lung receptors. Higher brain centers can override
chemoreceptors and this occurs with involuntary hyperventi-
lation. Respiratory alkalosis is commonly encountered in
critically ill patients in response to hypoxemia or acidosis,
or secondary to central nervous system dysfunction.

The compensatory response is divided into acute and
chronic phases. In acute alkalosis, there is an instantaneous
decrease in H* ion concentration due to tissue and red blood
cell buffer release of H* ions. If the duration of hypocapnea is
greater than a few hours, renal excretion of bicarbonate is in-
creased and acid excretion is decreased. This response requires
at least several days to reach a steady state. Chronic respira-
tory alkalosis is the only acid-base disorder in which the com-
pensatory response can return the pH to normal.

Table 4.5 Causes of respiratory alkalosis

Pulmonary disease
Pneumonia
Pulmonary embolism
Pulmonary congestion
Asthma

Drugs
Salicylates
Xanthines
Nicotine

CNS disorders
Voluntary hyperventilation
Anxiety
Neurologic disease
Infection
Trauma
Cerebrovascular accident
Tumor

Other causes

Pregnancy

Pain

Sepsis

Hepatic failure

latrogenic mechanical hyperventilation

CHAPTER 4 Maternal-fetal blood gas physiology

Respiratory alkalosis may be diagnostic of an underlying
condition and is usually corrected with treatment of the pri-
mary problem. Hypocapnea itself is not life-threatening but
the disease causing the alkalosis may be. The presence of respi-
ratory alkalosis should always raise suspicion for hypoxemia,
pulmonary embolism, or sepsis. These conditions, however,
can be overlooked if the only concern is correction of the alka-
losis. Mechanical ventilation may lead to iatrogenic respira-
tory alkalosis and the Pco, can usually be corrected by
lowering the machine-set respiratory rate.
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William E. Scorza
Anthony Scardella

The physiologic effects of pregnancy on
normal fluid dynamics and renal function

The infusion of fluid remains a cornerstone of therapy when
treating critically ill pregnant women with hypovolemia. An
understanding of the distribution and pharmacokinetics of
plasma expanders, as well as knowledge of normal renal func-
tion and fluid dynamics during pregnancy, is needed to allow
for prompt resuscitation of patients in various forms of shock,
as well as to provide maintenance therapy for other critically
ill patients.

The total body water (TBW) ranges from 45% to 65% of total
body weight in the human adult. TBW is distributed between
two major compartments, the intracellular fluid (ICF) space
and the extracellular fluid (ECF) space. Two-thirds of the TBW
resides in the ICF space and one-third in the ECF space.
The ECF is further subdivided into the interstitial and intra-
vascular spaces in a ratio of 3:1. Regulation of the ICF
is mostly achieved by changes in water balance, whereas
the changes in plasma volume are related to the regulation of
sodium balance. Because water can freely cross most cell
membranes, the osmolalities within each compartment
are the same. When water is added into one compartment, it
distributes evenly throughout the TBW, and the amount of
volume added to any given compartment is proportional toits
fractional representation of the TBW. Infusions of fluids that

are isotonic with plasma are distributed initially within the

ECF; however, only one-fourth of the infused volume remains
in the intravascular space after 30 minutes. Because most
fluids are a combination of free water and isotonic fluids, one
can predict the space of distribution and thus the volume
transfused into each compartment.

During pregnancy, the ECF accumulates 68 L of extra fluid,
with the plasma volume increasing by 50% (Gallery & Brown,
1987). Both plasma and red cell volumes increase during preg-
nancy. The plasma volume increases slowly but to a greater ex-
tent than the increase in total blood volume during the first 30
weeks of pregnancy and is then maintained at that level until
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term (Wittaker & Lind, 1993). The plasma volume to ECF ratio
isalsoincreased in pregnancy (Brown etal., 1992). Plasma vol-
ume is increased by a greater fraction in multiple pregnancies
(MacGillivray et al., 1971; Thomsen et al., 1993), with the in-
crease being proportional to the number of fetuses (Fullerton
et al., 1965). Reduced plasma volume expansion has been
shown to occur in pregnancies complicated by fetal growth re-
striction (Hytten & Paintin, 1973; Salas et al., 1993), hyperten-
sive disorders (Arias, 1965; MacGillivray etal., 1971; Gallery et
al., 1979; Goodlin et al., 1981; Sibai et al., 1983; Brown et al.,
1992), prematurity (Raiha, 1964; Goodlin et al., 1981), oligohy-
dramnios (Goodlin et al., 1981; 1983), and maternal smoking
(Pirani & MacGillivray, 1978). In pregnancy-induced hyper-
tension the total ECF is unchanged (Brown et al., 1989; 1992),
supporting an altered distribution of ECF between the two
compartments, possibly secondary to the rise in capillary per-
meability. A similar mechanism may occur in other conditions
in which the plasma volume is reduced; the clinician needs to
be cognizant of this when choosing fluids for resuscitation.
Blood volume decreases over the first 24 hours post-
partum (Ueland, 1976), with nonpregnant levels reached at
6-9 weeks postpartum (Lund & Donovan, 1967). With
intrapartum hemorrhage, ICF can be mobilized to restore the
plasma volume (Ueland, 1976).

Red cell mass is increased by 24% during the course of preg-
nancy (Thomsen et al., 1993), resulting in physiologic hemodi-
lution and relative anemia. The decrease in the hematocrit is
characterized by a gradual fall until week 30, followed by a
gradual rise afterward (Peeters & Buchan, 1989). This is also
associated with a decrease in whole blood viscosity, which
may be beneficial for intervillous perfusion (Peeters et al.,
1987). With hemorrhagic shock and mobilization of fluid from
the ICF, the hematocrit, and thus oxygen-carrying capacity,
would be further reduced, requiring replacement with appro-
priate fluids.

The glomerular filtration rate (GFR) increases during preg-
nancy, and peaks approximately 50% above nonpregnant
levels by 9-11 weeks’ gestation. This level is sustained until the
36th week (Dafinis & Sabatini, 1992). The cause of this increase



in GFR is unknown. Postulated mechanisms include an in-
creased plasma and ECF volume, a fall in intrarenal oncotic
pressure due to decreased albumin and an increased level of
a number of hormones including prolactin (Chesley, 1978a;
Baylis, 1980; Walker & Garland, 1985).

Several aspects of tubular function are affected during preg-
nancy. Sodium retention occurs throughout pregnancy. The
total amount of sodium retained during the course of preg-
nancy is approximately 950mEq. A number of factors may
contribute to the enhanced sodium reabsorption seen in preg-
nant patients. Increased levels of aldosterone, deoxycortisone,
progesterone, and plactental lactogen as well as decreased
plasma albumin have all been implicated (Dafinis & Sabatini,
1992). The tendency to retain sodium is offset in part by factors
that favor sodium excretion in pregnancy, among which the
most important is a higher GFR. Heightened levels of proges-
terone favor sodium excretion by competitive inhibition of
aldosterone (Oparil et al., 1975). Increased calcium absorption
from the small intestine occurs in order to meet the increased
needs of the pregnant woman for calcium. Calcium excretion
does increase during pregnancy, serum calcium and albumin
are both decreased, but total ionized calcium remains un-
changed. During the first and second trimester plasma uric
acid levels decrease but gradually reach prepregnancy values
in the third trimester.

The effects of pregnancy on acid-base balance are well
known. There is a partially compensated respiratory alkalosis
that begins early in pregnancy and is sustained throughout.
The expected reduction in arterial Pco, is to about 30 mmHg
with a concomitant rise in the arterial pH to approximately
7.44 (Elkus & Popovich, 1992). The pH is maintained in this
range by increased bicarbonate excretion that keeps serum
bicarbonate levels between 18 and 21mEq/L (Elkus &
Popovich, 1992). The chronic hyperventilation seen in preg-
nancy is thought to be secondary to increased levels of circu-
lating progesterone, which may act directly on brainstem
respiratory neurons (Skatrud etal., 1978).

Fluid resuscitation

Controversy exists as to the appropriate intravenous (IV) solu-
tions to use in the management of hypovolemic shock. Aslong
as physiologic endpoints are used to guide therapy and

Table 5.1 Characteristics of various volume-expanding agents
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adjustments are made based on the individual’s needs, side
effects associated with inadequate or overaggressive resusci-
tation can be avoided. In most types of critical illness,
intravascular volume is decreased. Hemorrhagic shock has
been shown to deplete the ECF compartment with an increase
in intracellular water secondary to cell membrane and
sodium-potassium pump dysfunction (Skillman et al., 1967,
1975, 1976; Carrico et al., 1976). After trauma, surgical patients
are found to have an expanded ECF, while the intravascular
volume is depleted (Shoemaker et al., 1973). Most available
studies of fluid balance have been conducted in patients in the
nonpregnant state; very little data exist documenting
these changes in pregnant women. Whatever the underlying
pathology, intravascular volume is decreased in many types
of critical illness. Successful resuscitation thus remains
dependent on the prompt restoration of intravascular
volume.

Crystalloid solutions

The most commonly employed crystalloid products for fluid
resuscitation are 0.9% saline and lactated Ringer’s solutions.
The contents of normal saline and Ringer’s lactate solutions
are shown in Table 5.1. These are isotonic solutions that dis-
tribute evenly throughout the extracellular space but will not
promote ICF shifts.

Isotonic crystalloids

Isotonic crystalloid solutions are generally readily available,
easily stored, nontoxic, and reaction-free. They are an inexpen-
sive form of volume resuscitation. The infusion of large vol-
umes of 0.9% saline and Ringer’s lactate is not a problem
clinically; when administered in large volumes to patients
with traumatic shock, acidosis does not occur (Lowery et al.,
1971). The excess circulating chloride ion resulting from saline
infusion is excreted readily by the kidney. In a similar manner,
the lactate load in Ringer’s solution does not potentiate the
lactacidemia associated with shock (Trudnowski et al., 1967),
nor has it been shown to effect the reliability of blood lactate
measurements (Lowery etal., 1971).

Using the Starling-Landis-Staverman equation for fluid
flux across a microvascular wall, one can predict that crystal-

Na* cl- Lactate Osmolarity Oncotic pressure
Agent (mEq/L) (mEg/L) (mEqg/L) (mosmol/L) (mmHg)
Ringer’s lactate 130 109 28 275 0
Normal saline 154 154 0 310 0
Albumin (5%) 130-160 130-160 0 310 20
Hetastarch (6%) 154 154 0 310 30
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loids will distribute rapidly between the ICF and ECFE. Equili-
bration within the extracellular space occurs within 20-30
minutes after infusion. In healthy nonpregnant adults, ap-
proximately 25% of the volume infused remains in the
intravascular space after 1 hour. In the critically ill or injured
patient, however, only 20% or less of the infusion remains in
the circulation after 1-2 hours (Carey et al., 1970; Hauser et al.,
1980). The volemic effects of various crystalloid solutions com-
pared with albumin and whole blood are shown in Table 5.2.
At equivalent volumes, crystalloids are less effective than col-
loids for expansion of the intravascular volume. Two to 12
times the volume of crystalloids are necessary to achieve simi-
lar hemodynamic and volemic endpoints (Hanshiro & Weil,
1967; Skillman et al., 1976; Hauser et al., 1980; Dawidson et al.,
1981; Moss et al., 1981; Dawidson & Eriksson, 1982). The rapid
equilibration between the ICF and ECF seen with crystalloid
infusion reduces the incidence of pulmonary edema (Virgilio,
1979; Virgilio et al., 1979a), whereas exogenous colloid admin-
istration promotes the accumulation of interstitial fluid (Siegel
etal.,, 1970; Lucas et al., 1988).

Indications

Shock

Crystalloids —either normal saline or Ringer’s lactate—are
used toreplenish plasma volume deficits and replace fluid and
electrolyte losses from the interstitium (Takaori & Safer, 1967;
Mossetal.,1971;1981; Shoemakeretal., 1973; Loweetal., 1977;
Virgilio et al., 1979b). Patients in shock from any cause should
receive immediate volume replacement with crystalioid solu-
tion during the initial clinical evaluation. Aggressive adminis-
tration of crystalloid may promptly restore BP and peripheral
perfusion. Given in a quantity of 34 times the amount of
blood lost, they can adequately replace an acute loss of up to
20% of the blood volume, although 3-5 L of crystalloid may be
required to replace a 1-L blood loss (Baue et al., 1967; Siegel

Table 5.2 Typical volemic effects of various resuscitative fluids after 1L

infusion

Fluid* ICV (mL) ECV(mL) WW(mL) PV(mL)
0.5% Dextrose/water 660 340 255 85
Normal saline or lactated -100 1,100 825 275
Ringer's

Albumin 0 1,000 500 500
Whole blood 0 1,000 0 1,000

* Based on infusion of 1L volumes.

ECV, extraceliular volume; IV, interstitial volume; IVC, intracellular volume; PV,
plasma volume.

(From Carlson RW, Rattan S, Haupt M. Fluid resuscitation in conditions of
increased permeability. Anesth Rev 1990;17(suppl 3):14.)
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et al., 1970; Virgilio et al., 1979b; Waxman et al., 1989; Singh
etal.,, 1992). After the initial resuscitation with crystalloid, the
selection of fluids becomes controversial, especially if mi-
crovascular integrity is not preserved (as in sepsis, burns, trau-
ma, and anaphylaxis). Further fluid resuscitation should be
guided by continuous bedside observation of urine output,
mental status, heart rate, pulse pressure, respiratory rate, BP,
and temperature monitoring, together with serial measure-
ments of hematocrit, serum albumin, platelet count, pro-
thrombin, and partial thromboplastin times. More aggressive
monitoring is required in patients who remain in shock or fail
to respond to the initial resuscitatory efforts and in patients
with poor physiologic reserve who are unlikely to tolerate im-
precisions in resuscitation efforts.

Diagnosis of oliguria

In critically ill patients, it is often extremely difficult to distin-
guish volume depletion from congestive heart failure (CHF).
Because prerenal hypoperfusion resulting in a urine output of
less than 0.5mL/kg/hr can result in renal failure, it is extreme-
ly important to separate the two conditions and treat accord-
ingly. An adequate fluid challenge consists of at least 500 mL of
Ringer’s lactate or normal saline administered over 5-10 min-
utes. Increasing the patient’s IV infusion rate to 200mL/hr or
giving the bolus over 30 minutes or longer will not expand the
intravascular volume sufficiently to help differentiate the etiol-
ogy or treat the volume depletion. If there is no response from
the initial fluid challenge, one may repeat it. If no increase
in urine output occurs, one is probably not dealing with intra-
vascular depletion, and further fluid management should be
guided by invasive monitoring with a pulmonary artery
catheter or repetitive echocardiograms. Patients with CHF do
not experience a prolonged increase in vascular volume be-
cause crystalloid fluids distribute out of the intravascular space
rapidly with only a transient increase in intravascular volume.

Side effects

Crystalloid solutions are generally nontoxic and free of side
effects. However, fluid overload may result in pulmonary,
cerebral, myocardial, mesenteric, and skin edema; hypopro-
teinemia; and altered tissue oxygen tension.

Pulmonary edema

Isotonic crystalloid resuscitation lowers the colloid oncotic
pressure (COP) (Lewis, 1980; Haupt & Rackow, 1982), al-
though it is uncertain whether such alterations in COP actu-
ally worsen lung function (Skillman et al., 1967; Virgilio 1979;
Virgilio etal., 1979a; Hauser et al., 1980). The lung has a variety
of mechanisms that act to prevent the development of
pulmonary edema. These include increased lymphatic flow,
diminished pulmonary interstitial oncotic pressure, and in-



creased interstitial hydrostatic pressure. Together they limit
the effect of the lowered COP (Lewis, 1980). In patients with
intact microvascular integrity, studies have failed to de-
monstrate an increase in extravascular lung water after appro-
priate crystalloid loading (Miller et al., 1971). Irrespective of
the amount of fluid administered, strict attention to physio-
logic endpoints and oxygenation is essential in order to pre-
vent pulmonary edema.

Peripheral edema

Peripheral edema is a frequent side effect of fluid resuscitation
but can be limited by appropriate monitoring of the resuscita-
tory effort. Excess peripheral edema may result in decreased
oxygen tension in the soft tissue, promoting complications
such as poor wound healing, skin breakdown, and infection
(Myersetal., 1967; Hohn et al., 1976; Kaufman et al., 1984). De-
spite this, burn patients have shown improvement in survival
after massive crystalloid resuscitation (Barone & Snyder,
1991).

Bowel edema

Edema of the gastrointestinal system seen with aggressive
crystalloid resuscitation may result in ileus and diarrhea,
probably secondary to hypoalbuminemia (Granger et al.,
1984). This may be limited by monitoring of the COP and cor-
rection of hypo-oncotic states.

Central nervous system

Under normal circumstances, the brain is protected from
volume-related injury by the blood-brain barrier and cerebral
autoregulation. However, a patient in shock may have a pri-
mary or coincidental CNS injury, which may damage either or
both of these protective mechanisms. In this situation, the COP
and osmotic gradients should be monitored closely to prevent
edema.

Colloid solutions

Colloids are large-molecular-weight substances to which cell
membranes are relatively impermeable. They increase COP
resulting in the movement of fluid from the interstitial com-
partment to the intravascular compartment. Their ability tore-
main in the intravascular space prolongs their duration of
action. The net resultis alower volume of infusate necessary to
expand the intravascular space when compared with crystal-
loid solutions.

Albumin

Albumin is the colloidal agent against which all others are
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judged (Tullis, 1977). Albumin is produced in the liver and rep-
resents 50% of hepatic protein production (Rothschild et al.,
1972). It contributes to 70-80% of the serum COP (Thompson,
1975; Lewis, 1980). A 50% reduction in the serum albumin
concentration will lower the COP to one-third of normal
(Thompson, 1975).

Albumin is a highly water-soluble polypeptide with a
molecular weight ranging from 66,300 to 69,000 daltons
(Thompson, 1975) and is distributed unevenly between the
intravascular (40%) and interstitial (60%) compartments
(Thompson, 1975). The normal serum albumin concentration
is maintained between 3.5 and 5 g/dL and is affected by albu-
min secretion, volume of distribution, rate of loss from the
intravascular space, and degradation. The albumin level also
is well correlated with nutritional status (Grant et al., 1981).
Hypoalbuminemia secondary to diminished production
(starvation) or excess loss (hemorrhage) results ina decreasein
itsdegradation and a compensatory increase in its distribution
in the interstitial space (Rothschild et al., 1972; Rosenoer et al.,
1980). In acute injury or stress with depletion of the intravas-
cular compartment, interstitial albumin is mobilized and
transported to the intravascular department by lymphatic
channels or transcapillary refill (Moss et al., 1966). Albumin
synthesis is stimulated by thyroid hormone (Rothschild et al.,
1958) and cortisol (Rothschild etal., 1957) and decreased by an
elevated COP (Liljedahl & Rieger, 1968).

The capacity of albumin tobind water is related to theamount
of albumin given as well as to the plasma volume deficit (Roth-
schild et al., 1957; Lamke & Liljedahl, 1976a). One gram of albu-
min increases the plasma volume by approximately 18mL
(Molcroft & Trunkey, 1974; Granger et al., 1978; Lewis, 1980). Al-
bumin is available as a 5% or 25% solution in isotonic saline.
Thus, 100 mL of 25% albumin solution increases the intravascu-
lar volume by approximately 450mL over 30-60 minutes
(Hauser et al., 1980). With depletion of the ECFE this
equilibration is not sufficiently brisk or complete unless
supplementation with isotonic fluids is provided as part of the
resuscitation regimen (Lewis, 1980). A 500-mL solution of 5%
albumin containing 25 g of albumin will increase the intravascu-
lar space by 450mL. In this instance, however, the albumin is
administered in conjunction with the fluid to be retained.

Infused albumin has an initial plasma half-life of 16 hours,
with 90% of the albumin dose remaining in the plasma 2 hours
after administration (Berson & Yalow, 1957; Lewis, 1980). The
albumin equilibrates between the intravascular and intersti-
tial compartments over a 7-10-day period (Sterling, 1951),
with 75% of the albumin being absent from the plasma in 2
days. In patients with shock, the administration of plasma
albumin has been shown to significantly increase the COP for
atleast 2 days after resuscitation (Haupt & Rackow, 1982).

Indications

Albumin is used primarily for the resuscitation of patients
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with hypovolemic shock. In the United States, 26% of all albu-
min administered to patients is given to treat acute hypo-
volemia (surgical blood loss, trauma, hemorrhage) while an
additional 12% is given to treat hypovolemia due to other
causes, such as infection (Boldt, 2000). A major goal in the re-
suscitation of a patient in acute shock is to replace the intravas-
cular volume in order to restore tissue perfusion. In patients
with acute blood loss of greater than 30% of blood volume, it
probably should be used early in conjunction with a crystal-
loid infusion to maintain peripheral perfusion. Treatment
goals are to maintain a serum albumin of greater than2.5g/dL
in the acute period of resuscitation. With nonedematous
patients, 5% albumin and crystalloid can be used, but with
edematous patients, 25% albumin may assist the patient in
mobilizing her own interstitial volume. In patients with sus-
pected loss of capillary wall integrity (especially in the lung in
patients at risk for the subsequent development of acute respi-
ratory distress syndrome), the use of albumin should be
limited, because it crosses the capillary wall and exerts an
oncotic influence in the interstitial space, worsening pul-
monary edema. Albumin may be used in patients with burns
(Rothschild et al., 1972) once capillary integrity is restored,
approximately 24 hours after the initial event.

The use of albumin in patients with volume depletion re-
gardless of the cause is not without controversy. In one meta-
analysis of 30 relatively small randomized clinical trials
comparing the use of albumin or plasma protein fraction with
no administration or the administration of crystalloids in
critically ill patients with hypovolemia or burns, the authors
found no evidence that albumin decreased mortality
(Cochrane Injuries Group, 1998). A later meta-analysis of
randomized clinical trials of albumin use found that in many
trials included for analysis, problems with randomization
were present. In addition there was significant heterogeneity
among the various studies (Ferguson et al., 1999). The
authors of this study concluded that there was no hard evi-
dence that albumin was beneficial. They surmised that albu-
min and large volume crystalloid infusions were equivalent in
terms of mortality in critically ill patients. Finally, given the
lack of data supporting a beneficial effect of albumin on
mortality in critically ill patients, the cost of this therapy also
becomes a factor. One study projected that compared to albu-
min, the use of the least expensive, fully approved colloid
would save nearly $300 million per year in the United States
(Boldt, 2000).

Side effects

Anumber of potential adverse effects of albumin have been re-
ported. This agent may accentuate respiratory failure and con-
tribute to the development of pulmonary edema. However,
the presence or absence of infection, together with the method
of resuscitation and volumes used, affect respiratory function

far more than the type of fluid infused (Vito etal., 1974; Virgilio
etal., 1979a,c; Shoemaker et al., 1981; Poole et al., 1982). Albu-
min may lower the serum ionized calcium concentration, re-
sulting in a negative inotropic effect on the myocardium
(Weaver et al., 1978; Lucas et al., 1980; Kovalik et al., 1981;
Lucas et al., 1988), and it may impair immune responsiveness.
Infusion of albumin results inmoderate to transient abnormal-
ities in prothrombin time, partial thromboplastin time, and
platelet counts (Cogbill et al., 1981). However, the clinical
implications of these defects, if any, are unknown. Albumin-
induced anaphylaxis is reported in 0.47-1.53% of recipients
(Rothschild et al., 1972). These reactions are short lived and
include urticaria, chills, fever and rarely, hypertension.
Although albumin is derived from pooled human plasma,
there is no known risk of hepatitis or acquired immune defi-
ciency syndrome. This is because it is heated and sterilized by
ultrafiltration.

Hetastarch

Hetastarch is a synthetic colloid molecule that closely resem-
bles glycogen. It is prepared by incorporating hydroxyethyl
ether into the glucose residues of amylopectin (Solanke et al.,
1971). Hetastarch is available clinically as a 6% solution in nor-
mal saline. The molecular weight of the particles is 480,000
daltons, with 80% of the molecules in the range of
30,000-2,400,000 daltons. Hetastarch is metabolized rapidly in
the blood by alpha-amylase (Farrow et al., 1970; Yacobi et al.,
1982; Ferber et al., 1985), with the rate of degradation depend-
enton thedoseand the degree of glucose hydroxyethylation or
substitution (Thompson et al., 1962; Mishler et al., 1980; Ferber
etal., 1985).

There is an almost immediate appearance of smaller-
molecular-weight particles (molecular weight, 50,000 daltons
or less) in the urine after IV infusion of hetastarch (Mishler
et al., 1977). Forty percent of this compound is excreted in
the urine after 24 hours, with 46% excreted by 2 days and
64% by 8 days (Puri et al., 1981; Yacobi et al., 1982). Bilirubin
excretion accounts for less than 1% of total elimination in
humans (Ring & Messmer, 1977). The larger particles are me-
tabolized by the reticuloendothelial system (Bogan etal., 1969;
Metcalf et al., 1970; Thompson et al., 1970) and remain in the
body for an extended period (Mishler et al., 1979, 1980).
Blood alpha-amylase also degrades larger particles to smaller
starch polymers and free glucose. The smaller particles
eventually are cleared through the urine and bowel. The
amount of glucose thus produced does not cause significant
hyperglycemia in a diabetic animal model (Hofer & Lanier,
1992). The half-life of hetastarch represents a composite of the
half-lives of the various-sized particles. Ninety percent of a
single infusion of hetastarch is removed from the circulation
within 42 days, with a terminal half-life of 17 days (Yacobi
etal., 1982).



Indications

Hetastarch is an effective long-acting plasma volume-
expanding agent that can be used in patients suffering from
shock secondary to hemorrhage, trauma, sepsis, and burns. It
initially expands plasma volume by an amount equal to or
greater than the volume infused (Ballinger, 1966; Kilian et al.,
1975; Lamke & Liljedahl, 1976a). The volume expansion seen
after the infusion of hetastarch is equal to or greater than that
produced by dextran 70 (Lee et al., 1968; Metcalf et al., 1970;
Khosropour et al., 1980) or 5% albumin. The plasma volume
remains 70% expanded for 3 hours after the infusion and 40%
expanded for 12 hours after the infusion (Metcalf et al., 1970).
At24 hours after infusion, the plasma volume expansion is ap-
proximately 28%, with 38% of the drug actually remaining in-
travascular (Laks et al., 1974a). The increase in intravascular
volume has been associated with improvement in hemody-
namic parameters in critically ill patients (Puri et al., 1981;
Diehl et al., 1982; Shatney et al., 1983; Kirklin et al., 1984). Het-
astarch also has been shown to increase the COP to the same
degree as albumin (Haupt & Rackow, 1982; Kirklin et al.,
1984). The maximum recommended daily dose for adults is
1,500mL/70kg of body weight.

Side effects

Starch infusions increase serum amylase levels two- to three-
fold. Peak levels occur 12-24 hours after infusion, with ele-
vated levels present for 3 days or longer (Boon et al., 1976;
Kohler et al., 1977; Mishler et al., 1977; Korttila et al., 1984). No
alterations in normal pancreatic function have been noted
(Kohler et al., 1977). Liver dysfunction with ascites secondary
to intrahepatic obstruction after hetastarch infusions has been
reported (Lucas et al., 1988).

Hetastarch does not seem to promote histamine release
(Lorenz et al, 1975) or to be immunogenic (Maurer &
Berardinelli, 1968; Ring et al., 1976). Anaphylactic reactions
occur in less than 0.1% of the population, with shock or car-
diopulmonary arrest occurring in 0.01% (Ring & Messmer,
1977). When given in doses below 1,500 mL/day, hetastarch
has not been associated with clinical bleeding, but minor alter-
ations in laboratory measurements may be seen (Lee et al,,
1968; Muller et al., 1977). There is a transient decrease in the
platelet count, prolonged prothrombin and partial thrombo-
plastin times, acceleration of fibrinolysis, reduced levels of fac-
tor VIII, a decrease in the tensile clot strength and platelet
adhesion, and an increased bleeding time (Solanke, 1968;
Weatherbee et al., 1974; Strauss et al., 1985; Mattox et al., 1991).
Hetastarch-induced disseminated intravascular coagulation
(Chang et al., 1980) and intracranial bleeding in patients
with subarachnoid hemorrhage have been documented
(Cully etal., 1987; Damon et al., 1987).
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Electrolyte disorders

Although almost any metabolic disorder can occur coinciden-

tally with pregnancy, there are a few electrolyte disturbances

of special importance that can specifically complicate preg-

nancy suchas:

e water intoxication (hyponatremia)

¢ hyperemesis gravidarum

¢ hypokalemia associated with betamimetic tocolysis

® hypocalcemia with magnesium sulfate treatment for
preeclampsia

¢ hypermagnesemia in treatment for preeclampsia.

Physiologic control of volume and
osmolarity

Under normal physiologic conditions sodium and water are
major molecules responsible for determining volume and
tonicity of the ECF. These are in turn controlled by the influ-
ence of the renin-angiotensin aldosterone system and the ac-
tion of antidiuretic hormone (ADH) otherwise known as
vasopressin.

A decrease in ECF volume for any reason causes the juxta-
glomerular complex in the kidney to sense a decrease in pres-
sure resulting in an outpouring of renin, which through
angiotensin I and angiotensin II, stimulates the adrenal cortex
to secrete aldosterone. This results in an increase in sodium re-
absorption in the renal collecting tubule. Water follows the
sodium, restoring the extracellular volume to normal.

When the osmolarity of the ECF increases above a predeter-
mined set point (usually 280-300mosmol/L), the posterior
pituitary is stimulated via the hypothalamus to release ADH
which acts at the level of the collecting tubule to maximally
stimulate the reabsorption of water into the circulation. The re-
absorbed water dilutes the plasma solute, restoring normal
tonicity. When osmolarity of the ECF decreases, ADH secre-
tion is shut down and water reabsorption is inhibited. There-
fore, normal tonicity is once again restored. Although this is
the main regulatory mechanism for the control of osmolarity,
there are other physiologic stimuli for controlling the secretion
of ADH. Decreased blood pressure and decreased blood vol-
ume are problems commonly encountered in obstetric hemor-
rhage. These stimuli result in an increase in ADH. In addition,
vomiting is also a potent stimulus for the release of ADH (Guy-
ton & Hall, 1996). Pregnancy is associated with a decrease in
tonicity and plasma osmolarity beginning in early gestation
resulting in a new steady state. It appears that the osmotic
threshold for release of ADH and thirst (which stimulates
drinking and is another way of increasing ECF water) are
decreased. In general, this leads to a decrease of about
10mosmol/L below nonpregnant levels (Lindheimer &
Davison, 1995). The serum osmolarity can be measured in the
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laboratory but it can also be estimated for clinical purposes.
Sodium and the jons associated with it account for almost 95%
of the solute in ECE To estimate the plasma osmolarity the
following formula can be used (Guyton & Hall, 1996):

P . =2.1x plasma sodium concentration

Disturbances in sodium metabolism

Hyponatremia

Hyponatremia is defined as plasma sodium concentration of
less than 135mEq/L. Lowering the plasma osmolarity results
in water movement into cells, leading to cellular over hydra-
tion, which is responsible for most of the symptoms associated
with this disorder. Hyponatremia occurs when there is the ad-
dition of free water to the body or an increased loss of sodium.
After ingestion of the water load there is a fall in plasma osmo-
larity (P_,) resulting in decreased secretion and synthesis of
ADH. This leads to decreased water reabsorption in the col-
lecting tubule, the production of dilute urine and rapid excre-
tion of excess water. When the plasma sodium is less than
135mEq/Land/or the P is below 275 mosmol/kg, ADH se-
cretion generally ceases. A defect in renal water excretion will
thus lead to hyponatremia. A reduction in free water excretion
is caused by either decreased generation of free water in the
loop of Henle and distal tubule or enhanced water permeabil-
ity of the collecting tubules due to the presence of ADH (see
Table 5.3). Hyponatremia may occur with normal renal water
excretionin primary polydipsia and in conditions where there
is a resetting of the plasma osmostat, such as in psychosis and
malnutrition (Anderson et al., 1985). Levels of atrial natriure-
tic peptide (ANP) and aldosterone lead to significant alter-
ation in serum sodium excretion in twins as opposed to
singleton pregnancy (Thomsen et al., 1994). True hyponatrem-
ia may be accompanied by a normal plasma osmolality be-
cause of hyperglycemia, azotemia or after the administration
of hypertonic mannitol (Weisberg, 1989).

Etiology

Oxytocin is a polypeptide hormone secreted by the posterior
pituitary. It differs from the other posterior pituitary polypep-
tide hormone, ADH, by only two amino acids. Although oxy-
tocin serves an entirely different physiologic function, there is
some ADH effect exerted by oxytocin. When oxytocin is in-
fused at a rate of about 45mU/min the antidiuretic effect is
maximal and equal to the maximal effect of ADH. At a rate of
20mU/min, the antidiuretic effect is about half the maximal
effect of ADH (Abdul-Karim & Assali, 1961; Chesley, 1978b).
When oxytocin is infused in high concentrations or for pro-
longed periods of time in dextrose 5% water or hypotonic so-
lutions, oxytocin-induced water intoxication can occur. This
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Table 5.3 Common causes of decreased renal water excretion

Effective circulation volume depletion

Gastrointestinal losses (vomiting, diarrhea)

Renal losses (diuretics, hypoaldosteronism)

Skin losses (burns)

Edematous states (heart failure, nephrotic syndrome, cirrhosis)

Renal failure
Administration of diuretics

Syndrome of inappropriate ADH secretion

Drugs (e.g. indomethacin, chlorpropanamide, barbiturates)
Tumors

CNS diseases

Pulmonary diseases

Physical and emotional distress

Glucocorticoid deficiency

Adrenal insufficiency

Hypothyroidism

provides a classic example of the clinical presentation of hy-
ponatremia. The use of a balanced salt solution such as 0.9%
normal saline as the vehicle for administration of oxytocin vir-
tually eliminates the problem. Oxytocin infusion for the treat-
ment of stillbirth, and prolonged induction of labor still results
in this problem (Josey et al., 1969; Morgan et al., 1977; Wang
etal., 2000).

Hyperemesis is another example of a disorder unique to
pregnancy that can lead to severe electrolyte disturbance.
Hyperemesis gravidarum complicates between 0.3% and 2%
of all pregnancies. It can result in depletion of sodium, potas-
sium, chloride, and other electrolytes. Hyponatremia can
occur in severe cases causing lethargy, seizures, and rarely
Wernicke’s encephalopathy. Wernicke’s encephalopathy,
secondary to thiamin deficiency, is characterized by confu-
sion, ataxia, and abnormal eye movement. Over aggressive
treatment of hyponatremia in these patients can lead to central
pontine myelinolysis (Theunissen & Parer, 1994).

Clinical presentation

Patients initially complain of headache, nausea, and vomiting,
progressing to disorientation and obtundation, followed by
seizure and coma. Hyponatremia may result in cerebral
edema, permanent neurologic deficits, and death. The severi-
ty of the symptoms correlates with the degree of cerebral over
hydration together with the speed at which this occurs, as well
as the degree in reduction in the plasma sodium concentration
(Pollock & Arieff, 1980; Arieff, 1986). (See Table 5.4.)

The diagnosis of hyponatremia is established through a
good history and physical examination and appropriate labo-
ratory tests. The history should focus on fluid volume losses



Table 5.4 Neurologic symptoms associated with an acute reduction in
plasma sodium

Plasma sodium level (mEqg/L) Symptoms

120-125 Nausea, malaise

115-120 Headache, lethargy, obtundation
<115 Seizures, coma

such as vomiting and diarrhea and whether replacement
fluids were hypotonic or isotonic. Symptoms of renal failure
should be sought as well as diuretic use or other medications
including nicotine, tricyclic antidepressants, antipsychotic
agents, antineoplastic drugs, narcotics, nonsteroidal anti-
inflammatory medications, methylxanthines, chlorpropamide,
and barbiturates. Psychiatric history and an assessment of
physical and emotional status is also important because com-
pulsive water drinking may also cause hyponatremia. Labora-
tory evaluation should include serum electrolytes, BUN,
creatinine, urinalysis with urine electrolytes, and an estima-
tion of the serum osmolarity as described previously. The pres-
ence of a low plasma sodium and normal osmolarity suggests
pseudohyponatremia but does not confirm it. The cause of
pseudohyponatremia is investigated by examining the serum,
which may have a milky appearance in patients with hyper-
lipidemia, and measurement of the serum lipid profile, plasma
proteins, plasma sodium, osmolarity, and glucose. A urine
osmolarity below 100 mosmol/kg (specific gravity <1.003) is
seen with primary polydipsia or a reset osmostat. A urine os-
molarity of greater than 100mosmol/kg is seen in patients
with a syndrome of inappropriate ADH secretion (SIADH).
When evaluating hyponatremia associated with hypo-
osmolarity, one needs to distinguish between SIADH, effec-
tive circulating volume depletion, adrenal insufficiency, and
hypothyroidism. Urinary sodium excretion is less than
25mEq/Linhypovolemic states and greater than 40 mEq/Lin
SIADH, reset osmostat, renal disease, and adrenal insuffi-
ciency. ABUN <10mg/dL (Decaux et al., 1980), a serum creati-
nine <1 mg/dLand a serum urate <4.0mg/dL (Beck, 1979) are
all suggestive of normal circulating volume.

In the treatment of hyponatremia the plasma sodium con-
centration should be raised at a safe rate while treating the
underlying cause. Treatment involves the administration of
sodium to volume-depleted patients and restriction of water
intake in normal volemic and edematous patients. Water is re-
moved in hyponatremic states with normal or increased body
sodium content. Vigorous therapy with hypertonic saline is
required with acute hyponatremia (developing over 1-3 days)
when symptoms are present or the sodium concentration is
<110mEq/L.

Overly rapid correction of hyponatremia can be harmful,
leading to central demyelinating lesions (central pontine
myelinolysis). This is characterized by paraparesis or quadra-
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paresis, dysarthria, dysphagia, coma, and less commonly
seizures. It is best diagnosed by magnetic resonance imaging,
but it may not be detected radiologically for 4 weeks (Sterns,
1990). The risk of central pontine myelinolysis is lower in pa-
tients with acute hyponatremia who have cerebral edema. To
minimize this complication chronic hyponatremia should be
corrected at a speed of less than 0.5mEq/L per hour (Sterns,
1990). The degree of correction over the first day (<12mEq/L),
however, seems to be more important than the rate at which it
is corrected (Soupart et al., 1992). Rapid correction at a rate of
1.5-2mEq/L per hour for 34 hours should be restricted to
only those patients with acute symptomatic hyponatremia.
With concomitant hypokalemia, replacement potassium may
raise the plasma sodium at close to the maximum rate (Kamel
& Bear, 1993); therefore, the appropriate treatment is 0.45%
sodium chloride containing 40 mEq of potassium in each liter.
For rapid replacement of sodium depletion in patients with
symptomatic hypo-osmolality, the IV administration of
sodium as hypertonic saline will effectively correct the
hypo-osmolality. The sodium needed to raise the sodium con-
centration to a chosen level is approximated to 0.5 x lean body
weight (kg) x (Na) where Na is the desired serum sodium
minus the actual serum sodium. Sodium may be administered
as a 3% or 5% sodium chloride solution. With hyponatremia
secondary to the excessive water accumulation, the water may
be removed rapidly by administration of IV furosemide to-
gether with hypertonic saline. Furosemide results in the loss of
water and sodium but the latter is given back as hypertonic
saline with the net result being the loss of water only
(Hantman et al., 1973). In extreme cases peritoneal dialysis or
hemodialysis may be required. The usual adult starting dose
of furosemide for this purpose is 40 mg, IV. The same dose can
be repeated at 2—4 hour intervals while hypertonic saline is
being given. Potassium supplements are usually needed with
this therapy. Chronic hyponatremia may be treated by water
restriction or by an increase in renal water excretion. Water re-
striction may be difficult to achieve in patients with heart fail-
ure. In these and similar patients, administration of a loop
diuretic such as furosemide in conjunction with an an-
giotensin-converting enzyme inhibitor (Packer et al., 1984) is
effective. Recently, mannitol has been administered with
furosemide as a proposed alternative to 3% hypertonic saline
for the treatment of acute hyponatremia (<48 hours duration).
This therapy may be considered in the acute setting when
hypertonic saline is not available and significant neurologic
symptoms or seizures are present with acute hyponatremia
(Berl, 2000; Porzio et al., 2000).

Hypernatremia

Etiology

Hypernatremia is defined as an increased sodium concentra-
tion in plasma water. This is characterized by a serum sodium
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of >145mosmol/L and represents a hyperosmolar state. The
increased P, results in water moving extracellularly with
cellular dehydration occurring. However, the extracellular
volume in hypernatremia may be normal, decreased, or in-
creased (Ohetal., 1992). Hypernatremia represents water loss,
sodium retention, ora combination of both (see Table 5.5). Loss
of water is due to either increased loss or reduced intake and
gain of sodium is due to either increased intake or reduced
renal excretion. As shown in Table 5.5, there are numerous dis-
orders responsible for hypernatremia. However, there are two
important conditions specific to pregnancy that can result in
hypernatremia. The first is iatrogenic and caused by hyper-
tonic saline used for second trimester induced abortion.
Twenty percent hypertonic saline, which is infused into
the amniotic sac as an abortifacient, can gain access to the
maternal vascular compartment resulting in acute, profound
hypernatremia, hyperosmolar crisis, and disseminated in-
travascular coagulopathy. Fortunately, this method has most-
lybeen abandoned in the United States, but itis still performed
in other countries.

Transient diabetes insipidus of pregnancy (TDIP) has be-
come a well recognized, although unusual condition. It is
characterized by polyuria, polydipsia, and normal or in-
creased serum sodium. Most importantly, a majority of these
patients develop preeclampsia or liver abnormalities such as
acute fatty liver of pregnancy.

As noted previously, pregnancy is associated with a lower
threshold for thirst and a lower osmolarity threshold for ADH
release. In addition, the placenta produces vasopressinase,
which is a cysteine-aminopeptidase that breaks down the
bond between 1-cysteine and 2-tyrosine of vasopressin
(ADH), effectively neutralizing the antidiuretic effect of
the hormone (Sjoholm & Ymam, 1967; Krege et al., 1989). The
liver is believed to be the major site for degradation of

Table 5.5 Causes of hypernatremia

Water loss

Insensible loss: burns, respiratory infection, exercise

Gastrointestinal loss: gastroenteritis, malabsoption syndromes, osmotic
diarrhea

Renal loss: central diabetes insipidus (transient diabetes insipidus of
pregnancy, Sheehan'’s syndrome, cardiopulmonary arrest), nephrogenic
diabetes insipidus (X-linked recessive, sickle-cell disease, renal failure,
drugs—lithium, diuresis with mannitol, or glucose)

Decreased water intake

Hypothalamic disorders

Loss of consciousness )
Limited access to water or inability to drink

Sodium retention
Increased intake of sodium or administration of hypertonic solutions
Saline-induced abortion
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vasopressinase and active liver disease can decrease the
clearance of vasopressinase.

Women who are symptomatic or mildly symptomatic prior
to pregnancy develop progressively increasing polyuria and
polydipsia as the ability of endogenous ADH to effect reabsorp-
tion of water in the kidney is overwhelmed. There are probably
at least two subsets of women who develop TDIF. In the first
group women are minimally symptomatic prior to pregnancy
and have subclinical cranial diabetes insipidus (DI). The inabil-
ity to produce enough ADH, combined with increased vaso-
pressinase activity, leads to clinically evident DI. In this group
preeclampsiaand liver abnormalities donot seemtodevelop.In
the second subset, abnormal liver function leading to decreased
metabolism of vasopressinase causes increased inactivation of
ADH in clinical manifestations of DI (Williams et al., 1993). It is
in the second group that the incidence of preeclampsia and ab-
normal liver function seems to be increased. Interestingly, it ap-
pears that there is a higher preponderance of male infants in
mothers who develop TDIP. In one report, which reviewed 17
pregnancies with TDIP, 16 had abnormal liver function tests, 12
had diastolicblood pressures 290 mmHg and six had significant
proteinuria (Krege et al., 1989).

This form of TDIP tends not to recur in subsequent pregnan-
cies (Tur-Kasm et al.,, 1998). Patients who present with
polyuria and polydipsia must be evaluated for previously
unrecognized diabetes mellitus, preeclampsia, and liver dis-
ease. If these are excluded, serum electrolytes, creatinine,
liver enzymes, bilirubin, uric acid, complete blood count with
differential and peripheral smear, urinalysis for electrolytes,
specific gravity, osmolality, protein and 24-hour urine collec-
tion for total protein, and creatinine clearance should be or-
dered. The diagnosis of diabetes insipidus can be made
by a water deprivation test. Water is withheld and hourly
serum sodium and osmolality are determined as well as
urine osmolality and specific gravity. Normally, when water is
withheld, sodium and therefore osmolality, should rise as the
urine becomes more concentrated, urine osmolality increases
and urine volume decreases. In DI the urine osmolality fails to
rise and dilute urine continues to be produced. After exoge-
nous ADH is administered (DDAVP should be used in
pregnancy), patients with TDIP should respond by concen-
trating the urine. Failure to concentrate the urine suggests
ararer form of nephrogenic diabetes insipidus. Innephrogenic
diabetes insipidus the collecting tubule of the kidney is
unable to respond to ADH. Caution is advised if a water
deprivation test is performed in pregnancy because as plasma
volume decreases, uterine hypoperfusion could be of
consequence, especially in a patient who may have surrepti-
tious preeclampsia. Electronic fetal monitoring should be
performed during the test. Because osmolarity is reduced
in pregnancy, lower serum osmolarity criteria for the diagno-
sis of DI in pregnancy are recommended. Administration
of DDAVP will help differentiate nephrogenic DI from
cranial DL



DDAVP (1-desamino-8-p-argenine-vasopressin) is a syn-
thetic analog of ADH and is not subject to breakdown by vaso-
pressinase. Therefore, this is an ideal drug for the treatment of
TDIP. It can be administered by a nasal spray (10-20pg) or
subcutaneously (1-4pg). DDAVP has negligible pressor or
oxytoxic effects. Failure to respond to DDAVP suggests
nephrogenic DI.

Clinical presentation

The symptoms are primarily neurologic. The earliest findings
are lethargy, weakness, and irritability. These may progress to
seizures, coma, and death (Ross & Christie, 1969; Arieff &
Guisado, 1976). It is often difficult to discern whether the
symptoms are secondary to neurologic disease or hyperna-
tremia. Patients may also exhibit signs of volume expansion or
volume depletion. With DI the patient may complain of noc-
turia, polyuria, and polydipsia.

Diagnosis

Hypernatremia usually causes altered mental status; there-
fore, obtaining a good history is difficult. Physical examina-
tionshould help to evaluate the volume status of the patient as
well as demonstrate any focal neurologic abnormalities. A
urine specific gravity of less than 1.010 usually indicates dia-
betes insipidus. Administration of ADH in this situation will
differentiate central diabetes insipidus (ADH response is an
increase in specific gravity with a decrease in urine volume)
from nephrogenic diabetes insipidus (no change) (Miller etal.,
1970). A specific gravity greater than 1.023 is often seen with
excessive insensible or gastrointestinal water losses, primary
hypodipsia, and excessive administration of hypertonic
fluids. Urine volume should be recorded, because volumes
in excess of 5L/day are seen with lithium toxicity, primary
polydipsia, hypercalcemia, central diabetes insipidus, and
congenital nephrogenic diabetes insipidus. A water restriction
test may be the only way to differentiate the etiologies of CDI
and NDL

Management

Hypernatremia is treated by either the addition of water or
removal of sodium, the choice of which depends on the status
of the body’s sodium and water content. If water depletion is
the cause of hypernatremia, waterisadded. If sodium excess is
the cause, sodium needs to be removed. Rapid correction of
hypernatremia can cause cerebral edema, seizures, permanent
neurologic damage, and death (Pollock & Arieff, 1980). The
plasma sodium content should be lowered slowly to normal
unless the patient has symptomatic hypernatremia. Hyperna-
tremia of TDIP is generally mild because the thirst mechanism
is uninhibited. Hypernatremia secondary to other causes
tends to be more severe. When hypernatremia is secondary to
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water loss calculation of the water deficit is essential. The
water deficit can be estimated by the following equation:

Water deficit=body weight (kg) x0.55xNa/Na,

Where Na, is the desired sodium level and Na is the difference
between the desired and observed serum sodium. This rela-
tionship allows calculation of the volume of fluid replacement
necessary to reduce the sodium to the desired level. In acute,
symptomatic, hypernatremia sodium may be reduced by
6-8mEq/L in the first 4 hours. But thereafter, the rate of
decline should not exceed 0.5mEq/L/hr. As with hypona-
tremia, chronic hypernatremia usually does not cause CNS
symptoms and therefore does not require rapid correction. As
with hyponatremia, a safe rate of correction is 0.7mEq/L/hr
or 12mEq/L/day (Blum et al., 1986). The type of fluid admin-
istered to correct losses depends on the patient’s clinical state.
Dextrose in water, either orally or IV, can be given to patients
with pure water loss. If sodium depletion is also present, such
as in vomiting or diarrhea, 0.25mol/L saline is recommended.
In hypotensive patients, normal saline should be used until
tissue perfusion has been corrected. Thereafter, a more dilute
saline solution should be used.

In patients with excess sodium, the restoration of normal
volume usually initiates natriuresis, but if natriuresis does
not occur promptly, sodium may be removed with diuretics.
Furosemide with a dextrose 5% solution can be used in this
situation, but care must be taken not to allow serum sodium
concentration to decline too rapidly. Furosemide can be
administered at doses of up to 60mg, IV every 2—4 hours.
Patients with renal failure can be treated with dialysis.

Nephrogenic diabetes, which does not respond to ADH or
DDAVP, requires treatment with a thiazide diuretic combined
with a low sodium, low protein diet. Subjects with primary
hypodipsia should be educated to drink on schedule. Stimu-
lation of the thirst center with chlorpropamide has met with
some success in these patients (Bode etal., 1971).

Potassium metabolism

Total body potassium (K*) averages approximately
50mEq/kg body weight, or about 3,500mEq in a 70kg
nonpregnant individual, but only 2% of it is extracellular
(Lindeheimer et al., 1987). During pregnancy there is an
accumulation of 300-320mEq of potassium (Godfrey &
Wadsworth, 1970; Lindeheimer et al., 1987). Approximately
200mEq of it is in the products of conception. Serum plasma
levels change little from the nonpregnant state, with an
average decrease in serum potassium (K*) of approximately
0.2-0.3mEq/L. The serum K* level is determined by three fac-
tors: K* consumption, whether taken in by diet or adminis-
tered by parenteral solutions; K* loss through the kidney and
Gl tract; and the shifting between extracellular and intracellu-
lar compartments. Renal excretion of potassium is determined
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by the reabsorption of potassium and most importantly by the
secretion of potassium in the distal and collecting tubule of the
kidney. Aldosterone enhances the secretion of potassium in
the distal tubules and collecting ducts and also increases the
permeability of the luminal cellular membranes of the tubules,
further facilitating K* excretion (Guyton & Hall, 1996). Acute
acidosis decreases the kidneys’ ability to secrete K*, while al-
kalosis enhances the secretion of potassium into the distal
tubules. The shifting of K* between the extracellular space and
the intracellular space is controlled by the sodium potassium
ATP-ase pump (Na*-K* ATPase pump), which actively trans-
ports sodium (Na*) out of the cell and in turn moves K* into the
cell. Acid-base balance plays a critical role in the function of
the Na*-K* ATPase pump. In simple terms, acidosis inhibits
the function of the Na*-K* ATPase pump and alkalosis en-
hances it. Thus, acidosis will result in flux of K* out of the cell
and decreased secretion of K* into the distal renal tubules and
collecting ducts, leading to hyperkalemia. Alkalosis has the
opposite effect, resulting in hypokalemia.

Hypokalemia

Etiology

The causes of hypokalemia are listed in Table 5.6. One particu-
lar cause of hypokalemia of special interest in obstetrics is the
administration of intravenous B,-adrenergic agonists for the

Table 5.6 Causes of hypokalemia

Redistribution within the body

B,-agonists

Glucose and insulin therapy

Acute alkalosis or correction of acute acidosis
Familial periodic paralysis °

Barium poisoning

Reduced intake
Chronic starvation

Increased loss
Gastrointestinal loss
Prolonged vomiting or nasogastric suction
Diarrhea or intestinal fistula
Villous adenoma
Renal loss
Primary hypoaldosteronism
Secondary hypoaldosteronism {renal artery stenosis, diuretic therapy,
malignant hypertension)
Cushing's syndrome and steroid therapy
Bartter's syndrome
Carbenoxolone
Licorice-containing substances
Renal tubular acidosis
Acute myelocytic and monocytic leukemia
Magnesium deficiency
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treatment of preterm labor. B,-receptor stimulation by agents
such as terbutaline, ritodrine, and fenoterol has widespread
metabolic effects. Stimulation of the B,-receptors in the liver
results in glycogenolysis, gluconeogenesis, and causes an
elevation in serum glucose. The increase in glucose as well as
direct stimulation of P,-receptors in the pancreatic eyelet
cells causes secretion of insulin. Most importantly the Na*-K*
ATPase pump is directly stimulated by these agents. A signifi-
cant decrease in serum potassium occurs within minutes of in-
travenous administration of B,-agonists, even before glucose
and insulin levels increase. As glucose levels rise and insulin
secretion increases, K* levels fall even further as K* is shifted
into the cell (Braden et al., 1997). Although an intracellular
shift of K* caused by insulin-induced glucose uptake may con-
tribute to the hypokalemia, it seems that the most important
cause is the direct B,-adrenergicstimulation (Cano et al., 1985).
Renal excretion does not seem to be a factor in P,-agonist-
induced hypokalemia (Braden etal., 1997).

The severity of the hypokalemia is dependent upon the pre-
treatment concentration of serum K*. The effect is more pro-
nounced when the pretreatment K* concentration is high and
the effectis reduced in patients with preexisting hypokalemia.
Nevertheless, patients with preexisting hypokalemia may be
at greater risk of developing the complications of hy-
pokalemia (Hildebrandt et al., 1997). Since the hypokalemia
associated with intravenous administration of B,-agonists
represents an intracellular shift with unchanged total body K*
and side effects are uncommon, serum K* of 2.5mmol/L gen-
erally does not require K* replacement. At levels <2.5mmol/L
serious cardiac arrhythmias have been reported with B,-
agonist tocolysis and replacement of K* is recommended
(Bradenetal., 1997).

Bartter’s syndrome is an autosomal recessive disorder
characterized by hypokalemia, hyperaldosteronism, sodium
wasting, normal blood pressure, hypochloremic alkalosis,and
hyperplasia of the juxtaglomerular apparatus (O’Sullivan
etal., 1997). Increasing numbers of cases are being reported in
the literature (Johnson et al., 2000; Nohira et al., 2001). Hy-
pokalemia is responsible for most of the symptoms of Bartter’s
syndrome and therapy is directed toward increasing the K*
concentration with supplements and K* sparing diuretics.
Over one-third of patients with Bartter’s syndrome also suffer
magnesium wasting and increased magnesium supplementa-
tion may also be required for treatment.

Clinical presentation

Muscle weakness, hypotonia and mental status changes may
occur when the serum K* is below 2.5mmol/L. ECG changes
occur in 50% of patients with hypokalemia (Flakeb et al., 1986)
and involve a decrease in T-wave amplitude in addition to
the development of prominent U-waves. Hypokalemia can
potentiate arrhythmias due to digitalis toxicity (Flakeb et al.,
1986).



Diagnosis

After obtaining a history and physical examination, serumand
urine electrolytes plus serum calcium and magnesium should
be obtained. The urine potassium will help differentiate renal
from extrarenal losses. A urine potassium below 30 mEq /L sig-
nifies extrarenal losses, seen commonly in patients with diar-
rhea or redistribution within the body (see Table 5.6). A urine
potassium of greater than 30mEq/ L is seen with renallosses. In
this situation, a serum bicarbonate will help separate renal tu-
bular acidosis (<24 mEq/L) from other causes. A urine chloride
less than 10mEq/L is seen with vomiting, nasogastric suction-
ing, and overventilation. A level greater than 10mEq/L s seen
with diuretic and steroid therapy.

Management

Hypokalemia is treated either by the administration of potas-
sium or by preventing the renal loss of potassium. Once the
potassium falls below 3.5mEq/L, there is already a 200mEq
deficit in potassium; therefore, any additional decrease in
potassium is significant regardless of the magnitude (Marino,
1991c¢).

If the serum potassium level is below 2.5mEq/L, clinical
symptoms or ECG changes are generally present, and one
should initiate IV therapy. While it is theoretically useful to es-
timate the potassium deficit prior to initiating therapy, such
calculations are of limited value because they can vary consid-
erably secondary to transcellular shifts. As a rough estimate, a
serum potassium of 3.0mEq/L is associated with a potassium
deficit of 350 mEq, and a potassium level of 2.0 mEq/L with a
deficit of 700 mEq. The recommended IV replacement dose is
0.7mEq/kg lean body weight over 1-2 hours (Smith et al.,
1985). In obese patients, 30mEq/m? body surface area is ad-
ministered. The dose should not increase the serum potassium
by more than 1.0-1.5mEq/L unless an acidosis is present. In
life-threatening situations, a rate in excess of 100 mEq/hr may
be used (Smith et al., 1985). If aggressive replacement therapy
does not correct the serum potassium, magnesium depletion
should be considered and the magnesium then replaced.

With an underlying metabolic alkalosis, one should use
potassium chloride for replacement of hypokalemia. The chlo-
ride salt is necessary to correct the alkalosis, which otherwise
would result in the administered potassium being lost in the
urine. When rapidly replacing potassium chloride, glucose-
containing solutions should not be used because they will
stimulate release of insulin, which will drive potassium into
the cells. Potassium at concentrations exceeding 40mEq/L
may produce pain at the infusion site and may lead to sclerosis
of smaller vessels; thus, it is advisable to split the dosage and
administer each portion via a separate peripheral vein. One
should avoid central venous infusion of potassium at high
concentrations because this can produce life-threatening
cardiotoxicity.
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Renal loss of potassium is prevented either by treating its
cause or by the administration of potassium-sparing diuretics.
Spironolactone (25-150mg twice a day), triamterine
(50-100mg twicea day), or amiloride (5-20mg/day) is effective
in reducing potassium loss. Amiloride should be administered
with food to avoid gastric irritation. Mild potassium loss can be
replaced orally in the form of potassium chloride or KPO,.

Hyperkalemia

Hyperkalemia is defined as a serum potassium greater than
5.5mEq/L. Because of its potential for producing dysrhyth-
mias, hyperkalemia should be managed far more aggressively
than hypokalemia. Pseudohyperkalemia is defined as an
increase in potassium concentration only in the local blood
vessel or in vitro and has no physiologic consequences.
Hemolysis during venepuncture, thrombocytosis (greater
than 1 million/pL), and severe leukocytosis (over 50,000)
cause psuedohyperkalemia. Pseudohyperkalemia should
always be investigated immediately, with careful attention
paid to avoiding cell trauma during blood collection. Both
thrombocytosis and leukocytosis release potassium from the
platelets and WBC during blood clotting (Hartman et al., 1958;
Robertson, 1984). Suspected pseudohyperkalemia should be
investigated by obtaining simultaneous serum potassium
specimens from clotted and unclotted specimens. The
potassium in the clotted sample should be 0.3mEq/L higher
than in the unclotted specimen.

Etiology

The causes of hyperkalemia can be classified according to
three basic mechanisms: redistribution within the body, in-
creased potassium intake, or reduced renal potassium excre-
tion (Table 5.7). Severe tissue injury leads to direct release of
potassium due to disruption of cell membranes. Rhabdomyol-
ysis and hemolysis cause hyperkalemia only when causing
renal failure. Metabolic acidosis results in increased potas-
sium shift across membranes, with reduced renal excretion
of potassium. This can increase the serum potassium by up to
1mEq/L (Smith et al., 1985). Hyperkalemia is less predictable
with organic causes of acidosis, such as diabetic and lactic aci-
dosis, when compared with the inorganic causes of acidosis
(Oster et al., 1978). Respiratory acidosis does not often
produce hyperkalemia. Digitalis toxicity leads to disruption
of the membrane sodium-potassium pump, which normally
keeps potassium intracellular (Bismuth et al., 1973).
Diminished renal potassium excretion is due to renal fail-
ure, reduced aldosterone or aldosterone responsiveness, or
reduced distal delivery of sodium. Renal failure usually does
not cause hyperkalemia until the GFR is below 10mL/min or
urine output is less than 1 liter (Williams & Rosa, 1988). Defi-
ciency of aldosterone may be due to an absence of hormone,
such as occurs in Addison’s disease, or may be part of a selec-
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tive process, such as occurs in hyporeninemic hypoaldostero-
nism, which is the most common cause of chronic
hyperkalemia (Phelps et al., 1980). Heparin in a small dose
can reversibly inhibit aldosterone synthesis causing
hypokalemia. Angiotensin-converting enzyme inhibitors,
potassium-sparing  diuretics, and nonsteroidal anti-
inflammatory agents limit the supply of renin or angiotensin
II, resulting in decreased aldosterone and hyperkalemia. Se-
vere dehydration may result in the delivery of sodium to the
distal nephron being markedly reduced with the development
of hyperkalemia (Oh, 1982). Life-threatening arrhythmias and
cardiac arrest have been reported in patients treated for
preterm labor with prolonged bed rest intravenous magne-
sium sulfate infusion combined with B,-adrenergic agonists
who underwent induction of general anesthesia for cesarean
section with succinylcholine. Sudden increases in serum
potassium concentrations ranging from 5.7 to 7.2 occurred in
patients shortly after induction of anesthesia with the muscle
blocking agent succinylcholine. The administration of suc-
cinylcholine in immobilized patients may cause a hazardous
hyperkalemic response. In addition, patients with burns,
infections, or neuromuscular disease are at risk for massive
hyperkalemia after succinylcholine injection. It is speculated
that extrajunctional acetylcholine receptors develop in these
patients so that potassium is released from the entire muscle
instead of the neuromuscular junction alone. This increase of
potassium release is referred to as upregulation of acetyl-
choline receptors (Sato et al., 2000). Severe hyperkalemia has
also been reported in intravenous drug abusers treated with
prolonged parenteral magnesium sulfate in the absence of an
obvious cause (Spital & Greenwell, 1991).

Table 5.7 Causes of hyperkalemia

Redistribution within the body

Severe tissue damage (e.g. myonecrosis)
Insulin deficiency

Metabolic acidosis

Digitalis toxicity

Severe acute starvation

Hypoxia

Increased potassium intake
Overly aggressive potassium therapy
Failure to stop therapy when depletion corrected

Reduced renal excretion of potassium
Adrenal insufficiency
Drugs
Angiotensin-converting enzyme inhibitors
Potassium-sparing diuretics
Nonsteroidal anti-inflammatory agents
Heparin
Succinylcholine
Renal glomerular failure
Magnesium sulfate
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Clinical presentation

Skeletal muscle and cardiac conduction abnormalities are the
dominant features of clinical hyperkalemia. Neuromuscular
weakness may occur, with severe flaccid quadriplegia being
common (Villabona et al., 1987). ECG changes begin when the
serum potassium reaches 6.0mEq/Land are always abnormal
when a serum level of 8.0mEq/Lis reached (Williams & Rosa,
1988). The earliest changes are tall, narrow T-waves in precor-
dial leads V2—4. The T-wave in hyperkalemia has a narrow
base, which helps to separate it from other causes of tall T-
waves. As the serum potassium level increases, the P-wave
amplitude decreases with lengthening of the P-R interval
until the P-waves disappear. The Q-R-S complex may be
prolonged, resulting in ventricular asystole. Occasionally,
gastrointestinal symptoms occur.

Diagnosis

After obtaining a history and physical examination, serum
and urine electrolytes plus serum calcium and magnesium
should be obtained. The urine potassium will help differenti-
ate renal from extrarenal losses. A urine potassium above
30mEq/L suggests a transcellular potassium shift; below this
level, reduced renal excretion is suggested.

Management

Therapy always should be initiated when the serum potas-
sium exceeds 6.0 mEq/L, irrespective of ECG finding, because
ventricular tachycardia can appear without premonitory ECG
signs (Smith et al., 1985). Therapy should be monitored by
frequent serum potassium level sampling and ECG. The plan
is to acutely manage the hyperkalemia and then achieve and
maintain a normal serum level (Table 5.8).

Table 5.8 Management of hyperkalemia

Acute management
Calcium gluconate

10mL (10% solution) IV over 3 min; repeat in 5 min if no response
Insutin-glucose infusion

10 units regular insulin in 500 mL of 20% dextrose and infuse over 1 hour
Sodium bicarbonate

1-2 ampules (44-88 mEq) over 5-10 min
Furosemide

40mm iV
Dialysis

Chronic management
Kayexalate
Oral: 30gin 50mL of 20% sorbitol
Rectal: 50 g in 200 mL of 20% sorbitol retention enema




The mainstay of therapy for patients with acute and severe
hyperkalemia is administration of calcium. This may be a
life-saving medication in an emergency. Calcium directly
antagonizes the action of potassium and decreases excitation
potential at the membrane. Calcium gluconate is the preferred
agent because inadvertent extravasation of calcium chloride
into soft tissues can cause a severe inflammation and tissue
necrosis. Ten milliliters of a 10% solution of calcium gluconate
(approximately 1 g) can be infused over. 2-3 minutes. The ef-
fect is rapid, occurring over a few minutes, but is short lived,
lasting only about 30 minutes. If no effect is noted, character-
ized by changes in the ECG, the dose can be repeated once.
Measures must be taken to achieve a more prolonged effect to
lower potassium levels. Another time-honored, proven thera-
py is to effect a shift of potassium into the cells by infusing glu-
cose and insulin. Ten units of regular insulin can be mixed in
500ml of 20% dextrose in water (D20%W) and infused over
1 hour. Diluting standard D50%W can make 20% glucose. Al-
ternatively 10-20 units of regular insulin can be infused more
rapidly in D50%W. The onset of action should occur over
15-30 minutes and the duration of action is hours. The serum
glucose should fall by 1 mEq/L within about an hour. Sodium
bicarbonate has been recommended as a tertiary agent to
lower the serum potassium; however its efficacy for treatment
of patients with renal failure has been called into doubt (Allon
& Shanklin, 1996; Greenberg, 1998). It may be more efficacious
in patients suffering with concomitant metabolic acidosis. In
theory raising the pH of blood will increase uptake of
potassium by the cells. One to three ampules of NaHCO,,
44-1321Eq, can be mixed with D5% water and infused over
1 hour or 1-2 ampules can be administered over 10 minutes.
B,-adrenergic agents such as salbutamol and albuterol admin-
istered parenterally or by nebulizer have been shown to be ef-
ficacious in the treatment of hyperkalemia. The mechanism
of action has been described previously. B,-adrenergic agents
are familiar to most obstetricians and can be considered in the
less acute management of patients with hyperkalemia. A para-
doxical initial rise in serum potassium has been reported and
caution is advised if considering this in initial treatment
(Mandelberg et al., 1999). Dialysis may be necessary in
patients with acute or chronic renal failure if these measures
fail to return potassium to safe levels.

In less acute situations any offending agents contributing to
hyperkalemia should be stopped, potassium intake adjusted,
and therapy instituted. Removal of potassium may be accom-
plished by several routes including through the gastrointesti-
nal tract, through the kidneys, or by hemodialysis or
peritoneal dialysis. A potassium exchange resin, sodium poly-
styrene sulfonate (Kayexalate), may be administered either
orally or by enema. It is more effective when given with sor-
bitol or mannitol, which cause osmotic diarrhea. One table-
spoon of Kayexalate mixed with 100mL of 10% sorbitol or
mannitol can be given by mouth 2—4 times a day. Loop diuret-
ics, mineralocorticoids or increased salt intake enhance the
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urinary excretion of potassium. Finally, in cases of severe re-
fractory or life-threatening hyperkalemia, either hemodialysis
or peritoneal dialysis may be necessary.

Abnormalities in calcium metabolism

Calcium circulates in the blood in one of three forms. 40-50%
of calcium is bound to serum protein, mostly albumin, and
is nondiffusible. Approximately 10% is bound to other anions
such as citrate or phosphate and is diffusible. The remainderis
unbound ionized calcium, which is diffusible and the
most physiologically active form. The normal serum range for
the ionized fraction is between 1.1 and 1.3mmol/L (Marino,
1991a). The total serum calcium levels may not accurately
reflect the ionized calcium level. Alteration of the patient’s
serum albumin concentration can influence the protein bound
fraction, leading to an incorrect assessment of the ionized cal-
cium level. It is the ionized calcium that determines the nor-
malcy of the physiologic state. Therefore, measurement of the
ionized calcium is preferred for clinical decision making. If
the ionized calcium cannot be measured by the laboratory the
total calcium and serum albumin should be measured simul-
taneously and a correction factor used to estimate whether
hypocalcemia is present. The normal range of serum calcium
is 9-10.5mg/dL and the normal range for serum albumin is
3.5-5.5g/dL. One simply adds 0.8 mg/dL for every 1g/dLal-
bumin concentration below 4g/dL. For example, if the total
serum calcium is 7.8mg/dL and the serum albumin is
3.0g/dL, using the correction factor 1 x 0.8 + 7.8 = 8.6. There-
fore, this patient would not be in the hypocalcemic range. In
pregnancy, serum albumin concentration drops with a com-
pensatory increase in ionized calcium activity. In a condition
such as preeclampsia albumin levels may drop even further.
Calcium levels are also influenced by blood pH. Acidosis
leads to decreased binding of calcium to serum proteins and
an increase in the ionized calcium level. Alkalosis has the
opposite effect. Free fatty acids increase calcium binding to al-
bumin. Serum levels of free fatty acids are often increased dur-
ing critical illness as a result of iliness-induced elevations of
plasma concentrations of epinephrine, glucagon, growth hor-
mone, and corticotropin as well as decreases in serum insulin
concentrations.

Serum calcium levels are normally maintained within a
very narrow range. Calciferol, obtained either in the diet or
formed in the skin, is converted to 1a, 25-dihydroxycalciferol
by reactions in the liver and kidney and is commonly referred
to as 1,25-dihydroxyvitamin D. This substance enhances cal-
cium absorption in the gut. Parathyroid hormone (PTH) is se-
creted in accordance to a feedback relationship with calcium.
As calcium levels drift lower, PTH is secreted and as calcium
levels increase, PTH secretion is inhibited. Calcitonin stimu-
lates calcium entry into bone due to the action of osteoblasts
and its effect is less important in calcium control than PTH.
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PTH stimulates osteoclastic absorption of bone leading to re-
lease of calcium into the extracellular fluid. In addition, PTH
stimulates calcium reabsorption in the distal tubules of the
kidney.

Calcium imbalances

Hypocalcemia

The most commonly encountered derangement in calcium
homeostasis in pregnancy is hypocalcemia associated with
magnesium sulfate (MgSO,-7H,0) therapy used to treat
preeclampsia, eclampsia, and preterm labor. Magnesium
sulfate is usually administered as a 3-6g bolus over
15-30 minutes, followed by a 1-3g/hr continuous infusion
(ACOG Technical Bulletin, 1996). Within 1 hour of initiation of
intravenous magnesium sulfate infusion, both total and
ionized calcium levels decline rapidly. Serum ionized and
total calcium concentrations have been shown to decline 11%
and 22% respectively during infusion for the treatment of
preeclampsia. These levels are 4-6 standard deviations below
the mean normal serum calcium concentration (Cruikshank et
al., 1979,1993). Serum albumin is often significantly decreased
in preeclampsia and can contribute to thelower serum calcium
levels; however, other mechanisms are probably responsible
for this effect. Urinary calcium excretion increases 4.5-fold
during magnesium sulfate infusions at a rate three times
greater than observed in normal controls (Cruikshank et al,,
1981). Some have noted decreased PTH levels in response to
magnesium sulfate administration, an effect that would cause
decreased calcium reabsorption in the kidney and decreased
serum calcium levels (Cholst et al., 1984). Cruikshank demon-
strated not only increased levels of PTH, but also increased
levels of 1,25-dihydroxyvitamin D, during magnesium sulfate
infusions. It is hypothesized that magnesium ions compete
with calcium ions for common reabsorptive sites or mecha-
nisms in the nephron. The increased delivery of magnesium to
the distal tubule and collecting duct results in increased mag-
nesium reabsorption and less availability for resorptive sites
for calcium, leading to increased urinary calcium loss (Carney
etal., 1980; Cruikshank et al., 1981).

Etiology

Common nonobstetric causes of hypocalcemia include both
metabolic and respiratory alkalosis, sepsis, magnesium deple-
tion, and renal failure (Table 5.9). Magnesium deficiency is
common in critically ill patients and also may cause hypocal-
cemia (Anast et al., 1976; Zaloga et al., 1987). One cannot cor-
rect a calcium deficiency until the magnesium deficit has been
corrected.

Sepsis can lead to hypocalcemia, presumably as a result of
calcium efflux across a disrupted microcirculation (Zaloga &
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Table 5.9 Causes of hypocalcemia

Magnesium sulfate infusion
Massive blood transfusion
Acid-base disorders
Respiratory and metabolic alkalosis
Shock
Renal failure
Malabsorption syndrome
Magnesium depletion
Hypoparathyroidism
Surgically produced
Idiopathic
Pancreatitis
Fat embolism syndrome
Drugs
Heparin, aminogylcosides, cis-platinum, phenytoin, phenobarbitat, and
loop diuretics

Chernow, 1987). This effect may be linked to an underlying
respiratory alkalosis; this combination confers a poor progno-
sis. Hypocalcemia commonly is seen in patients with acute
pancreatitis and also is associated with a poor prognosis
(Zaloga & Chernow, 1985b). Renal failure leads to phosphorus
retention, which may cause hypocalcemia as a result of calci-
um precipitation, inhibition of bone resorption, and suppres-
sion of renal 1-hyroxylation of vitamin D (Chernow et al., 1981;
Zaloga, 1990). Thus, the treatment of hypocalcemia in this
setting is to lower the serum PO, level. Citrated blood
(massive blood transfusion), albumin, and radiocontrast dyes
are the most common chelators that cause hypocalcemia in
critically ill patients. Primary hypoparathyroidism is seen
rarely, whereas secondary hypoparathyroidism after neck
surgery isa common cause of hypocalcemia (Nagant De Deux-
chaisnes & Krane, 1978).

Clinical presentation

Hypocalcemia may present with a variety of clinical signs and
symptoms. The most common manifestations are caused by
increased neuronal irritability and decreased cardiac contrac-
tility (Zaloga & Chernow, 1985b). Neuronal symptoms in-
clude seizures, weakness, muscle spasm, paresthesias, tetany,
and Chvostek’s and Trousseau’s signs. Neither Chvostek’s
nor Trousseau’s signs are sensitive or specific (Zaloga &
Chernow, 1985a). Cardiovascular manifestations include
hypotension, cardiac insufficiency, bradycardia, arrhythmias,
left ventricular failure, and cardiac arrest. ECG findings
include Q-T and S-T interval prolongation and T-wave inver-
sion. Other clinical findings include anxiety, irritability, confu-
sion, brittle nails, dry scaly skin, and brittle hair.

Serum calcium levels may drop to very low levels during
continuous intravenous administration of magnesium. Al-
though hypocalcemic tetany has been reported during treat-



Table 5.10 Calcium preparations

Parenteral Rate

Calcium gluconate 1.0mL/min
Calcium chloride 0.5mL/min
Oral Contents
Calcium carbonate 500 mg calcium
Calcium gluconate 500 mg calcium

ment for preeclampsia, it is so rare that compensatory protec-
tive mechanisms must be acting (Monif & Savory, 1972).

Parathyroid hormone levels have been shown to rise
30-50% after infusion of magnesium sulfate and its associated
hypocalcemia. 1,25-dihydroxyvitamin D rises by more than
50% and the placenta is a significant source of this vitamin.
Such aresponse leads to increased calcium released from bone
and increased gastrointestinal absorption, perhaps limiting
the progressive decline in calcium concentration. It is not nec-
essary to replace depleted calcium in preeclamptic patients
with magnesium-induced hypocalcemia, unless the ionized
calcium levels fall dangerously low and obvious clinical signs
of hypocalcemia ensue. In the authors’ and editors’ collective
experience it has not been necessary to replace calcium in se-
verely preeclamptic or eclamptic patients. The administration
of calcium could interfere with the therapeutic effect of mag-
nesium sulfate.

Treatment

All patients with an ijonized calcium concentration below
0.8mmol/L should receive treatment. Life-threatening
arthythmias can develop when the ionized calcium level
approaches 0.5-0.65mmol/L. Acute symptomatic hypocal-
cemia is a medical emergency that necessitates IV calcium
therapy (Table 5.10). With acute symptoms, a calcium bolus
can be given at an initial dose of 100-200mg IV over 10 min-
utes, followed by a continuous infusion of 1-2mg/kg/h. This
will raise the serum total calcium by 1 mg/dL, with levels re-
turning to baseline by 30 minutes after injection. Intravenous
calcium preparations are irritating to veins and should be di-
luted (10mL vial in 100mL of D5W and warmed to body
temperature). If IV access is not available, calcium gluceptate
may be given intramuscularly (IM) (Haynes & Murad, 1985).

Anticonvulsant drugs, sedation, and paralysis may help
eliminate signs of neuronal irritability. Once the serum cal-
cium is in the low normal range, oral replacement with enteral
calcium is recommended.

Hypercalcemia

Etiology

The finding of hypercalcemia is a relatively rare occurrence in
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Table 5.11 Causes of hypercalcemia

Malignancy
Hyperparathyroidism
Chronic renal failure
Recovery from acute renal failure
Immobilization
Calcium administration
Hypocaiciuric hypercalcemia
Granulomatous disease
Sarcoidosis
Tuberculosis
Hyperthryroidism
AIDS
Drug-induced
Lithium, theophylline, thiazides, and vitamin D or A

women of the reproductive age group. The most common
cause of hypercalcemia in the general population is hyper-
parathyroidism secondary to a benign adenoma. Approxi-
mately 80% are single, benign adenomas, while multiple
adenomas or hyperplasia of the four parathyroid glands also
may cause hyperparathyroidism. In patients treated in the in-
tensive care unit hypercalcemia is more likely to be related to
malignancy. Ten to 20% of patients with malignancy develop
hypercalcemia because of direct tumor osteolysis of bone and
secretion of humoral substances that stimulate bone resorp-
tion (Benabe & Martinez-Maldonado, 1987; Mundy, 1989).
Other causes of hypercalcemia are listed in Table 5.11. There
are rare reports cases of parathyroid carcinoma in pregnancy
accounting for a minority of cases (Montoro et al., 2000).

Clinical presentation

Although women are twice as common as men to develop hy-
perparathyroidism, the peak incidence is in women over the
age of 45 years. In nonpregnant individuals the disorder is
generally asymptomatic and detected on screening metabolic
profiles. This is not the case in pregnancy, where approxi-
mately 70% of individuals exhibit symptoms of hypercal-
cemia (Mestamen, 1998). Constipation, anorexia, nausea, and
vomiting are common. Severe hypertension and arrhythmias
have been reported in patients with hypercalcemia during
pregnancy. Other symptoms include fatigue, weakness, de-
pression, cognitive dysfunction, and hyporeflexia. ECG
changes include Q-T segment shortening. Nephrolithiasis
may occur in a third of these patients and pancreatitis in 13%.
This is in contrast to nonpregnant individuals with hyper-
parathyroidism who have an incidence of 1.5% of pancreatitis
(Mestamen, 1998).

Diagnosis

Calcium derangements in neonates and infants may indicate
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disorders of maternal calcium metabolism. Hypocalcemic
tetany and seizures in infants have been reported in mothers
diagnosed with hypercalcemia. Therefore, serum calcium
levels should be measured in mothers whose infants are born
with metabolicbone disease or abnormal serum calcium levels
(Thomasetal., 1999). After a complete history and physical ex-
amination is obtained, serum electrolytes, total and ionized
calcium, magnesium, PO,, and albumin should be obtained.
Serum PTH, thyroid-stimulating hormone (TSH), T, and T,
should be obtained and an ECG performed. Renal function
should be assessed with a 24-hour urine collection for calcium,
creatinine, creatinine clearance, and total volume to help dis-
tinguish hypocalciuric from hypercalciuric syndromes.

Treatment

Surgical removal of the abnormal parathyroid gland is the
only long-term effective treatment for primary hyperparathy-
roidism. Surgery is optimally performed in the first and sec-
ond trimester on symptomatic patients with serum calcium
over 11mg/dL. The major complication from surgical treat-
ment is hypocalcemia, which can be treated with a calcium
gluconate infusion. Calcium gluconate can be diluted in 5%
dextrose and infused at a rate of 1mg/kg body weight per
hour (Mestamen, 1998). Medical therapy (Table 5.12) needs to
be initiated when the serum calcium reaches 13mg/dL or pa-
tients are symptomatic at levels greater than 11. Patients with
hypercalcemia are usually dehydrated. Hyperuricemia result-
ing from hypercalcemia compounds the volume deficit and
further elevates the serum calcium level. The first step in man-
agement of hypercalcemia is restoration of intravascular vol-
ume. Volume expansion will not only dilute the serum
calcium, but volume expansion with isotonic saline inhibits
sodium reabsorption and increases calcium excretion. After

Table 5.12 Acute management of hypercalcemia

Agent Dose Comments

0.9% Saline 300-500 mL/hr Adjust infusion to maintain urine
output at=200 mi/hr. Add

furosemide if volume overload

or CHF
Pamidronate 30-60mg in 500 mL Maximal effectin 2 days; lasts
of 0.9% saline or for weeks
D5%W over 4 hr
Caicitonin 41U/kgIMor Tachyphylaxis develops
subcutaneously
q12hr
Steroids Prednisone 20-50mg  Multiple myeioma, sarcoidosis,
b.i.d. vitamin D toxicity
Phosphates 0.5-1gp.o.tid. Requires normal renal function
Hemodialysis Severe hypercalcemia, renal

failure, CHF
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the intravascular volume is restored, furosemide or ethacrynic
acid, the loop diuretics, may be administered. Their major ef-
fect is in preventing volume overload in patients predisposed
to CHF. Although they may increase sodium and calcium ex-
cretion, the additional benefit is questionable and their admin-
istration necessitates vigilant monitoring and replacement of
potassium and magnesium. Thiazide diuretics inhibit renal
calcium excretion and are contraindicated in the treatment of
hypercalcemia. Bisphosphonates are medications that inhibit
osteoclast-mediated bone reabsorption. Pamidronate is most
commonly used and should be administered early in the ther-
apy of hypercalcemia after volume restoration with normal
saline has been accomplished. A single dose of 30—-60mg, di-
luted 500 mL of 0.9% saline or 5% dextrose in water can be in-
fused over 4 hours. However, for severe hypercalcemia 90mg
can be infused over 24 hours. The maximal hypocalcemic ef-
fect is observed in 1-2 days and its effect generally lasts for
weeks. Pamidronate has been used in pregnancy for the treat-
ment of malignant hypercalcemia with noill effect reported on
the fetus (Illidge et al., 1996). Animal studies have failed to
demonstrate a teratogenic effect of the medication (Graepel et
al., 1992). However, it does bind to fetal bone and limited expe-
rience with its use in pregnancy warrants caution. Calcitonin
inhibits bone resorption and increases urinary calcium
excretion. Its effect is rapid and can lower serum calcium
1-2 mg/dL within several hours. It can be administered sub-
cutaneously or intramuscularly in doses of 4-8IU/kg every
612 hours. Unfortunately, tachyphylaxis develops over days
and its effectiveness is decreased. Nevertheless, it is safe, rela-
tively free of side effects and compatible with use in renal fail-
ure. Glucocorticoids may be beneficial in hypercalcemia
secondary to sarcoidosis, multiple myelomaand vitamin Din-
toxication. They are generally considered a secondary or terti-
ary agent and require doses of 50-100mg of prednisone in
divided doses per day. Oral phosphate, which has been a
mainstay of therapy in the past, has fallen out of common
usage because of more effective medications noted above. It
can have a modest effect in decreasing calcium levels by in-
hibiting calcium absorption and promoting calcium deposi-
tioninbone. Mithramycin is another agent whose use hasbeen
supplanted by pamidronate. It is associated with serious side
effects such as thrombocytopenia, coagulopathy, and renal
failure.

Hemodialysis can be highly effective in the treatment of
severe hypercalcemia or hypercalcemia refractory to other
methods of treatment. It is generally reserved as a last line of
therapy.

Magnesium imbalances

Hypomagnesemia

Magnesium (Mg?*) is the second most abundant intracellular



cation in the body. It is a cofactor for all enzyme reactions in-
volved in the splitting of high-energy adenosine triphosphate
(ATP) bonds required for the activity of phosphatases.
Such enzymes are essential and provide energy for the
sodium-potassium ATPase pump, proton pump, calcium
ATPase pump, neurochemical transmission, muscle contrac-
tion, glucose—fat—protein metabolism, oxidative phosphory-
lation, and DN A synthesis (Quamme & Dirks, 1987; Zaloga &
Roberts, 1990; Salem et al., 1991). Magnesium is also required
for the activity of adenylate cyclase.

Magnesium is not distributed uniformly within the body.
Less than 1% of total body magnesium is found in the serum,
with 50-60% found in the skeleton and 20% in muscle
(Quamm & Dirks, 1987). Serum levels, thus, may not reflect
true intracellular stores accurately and may be normal in the
face of magnesium depletion or excess (Reinhart, 1988; Zaloga
& Roberts, 1990). In the blood, there are three fractions: an
ionized fraction (55%), which is physiologically active and
homeostatically regulated; a protein-bound fraction (30%);
and a chelated fraction (15%).

Magnesium can be viewed as a calcium-channel blocker.
Intracellular calcium levels rise as magnesium becomes
depleted. Many calcium channels have been shown to be mag-
nesium dependent and higher concentrations of magnesium
inhibit the flux of calcium through both intracellular, extra-
cellular channels and from the sarcoplasmatic reticulum.
Hypomagnesemia enhances the vasoconstrictive effect of
catecholemines and angiotensin II in smooth muscle
(Dacey, 2001).

Itis estimated that at least 65% of critically ill patients devel-
op hypomagnesemia. The normal magnesium concentration
is between 1.7 and 2.4mg/dL (1.4-2.0mEq/L); however, a
normal reading should not deter one from considering hypo-
magnesemia in the presence of a suggestive clinical presenta-
tion (Marino, 1991b).

Etiology

Hypomagnesemia results from at least one of three causes.
These are: decreased intake, increased losses from the
gastrointestinal tract or kidney, and cellular redistribution.
Hypomagnesemia is common in patients receiving TPN and
increased supplementation may be required to assure ade-
quate magnesium intake. Increase renal losses secondary to
the use of diuretics and amnioglycosides constitute the most
common cause of magnesium loss in a hospital setting (Table
5.13). Diuretics such as furosemide and ethacrynic acid and
amnioglycosides inhibit magnesium reabsorption in the loop
of Henle and also block absorption at this site, leading to in-
creased urinary losses (Ryan, 1987). Up to 30-40% of patients
receiving aminoglycosides will develop hypomagnesemia
(Zaloga et al., 1984; Elin, 1988).

Hypomagnesemia can result from internal redistribution
of magnesium. Following the administration of glucose or
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Table 5.13 Causes of hypomagnesemia

Drug-induced
Diuretics (furosemide, thiazides, mannitol)
Aminoglycosides
Neoplastic agents (cis-platinum, carbenicillin, cyclosporine)
Amphotericin B
Digoxin
Thyroid hormone
Insulin
Malabsorption, laxative abuse, fistulas
Malnutrition
Hyperalimentation and prolonged IV therapy
Renal losses
Glomerulonephritis, interstitial nephritis
Tubular disorders
Hyperthyroidsm
Diabetic ketoacidosis
Pregnancy and lactation
Sepsis
Hypothermia
Burns
Blood transfusion (citrate)

amino acids, magnesium shifts into cells (Berkelhammer &
Bear, 1985; Brauthbar & Massry, 1987). A similar effect is seen
with increased catecholemine levels, correction of acidosis,
and hungry bone syndromes. Lower gastrointestinal tract se-
cretions are rich in magnesium; thus, severe diarrhea leads to
hypomagnesemia.

Clinical presentation

The signs and symptoms of hypomagnesemia are very similar
to those of hypocalcemia and hypokalemia, and it is not en-
tirely clear whether hypomagnesemia alone is responsible for
these symptoms (Kingston et al., 1986; Zaloga, 1989). Most
symptomatic patients have levels below 1.0mg/dL. Cardio-
vascular symptoms include hypertension, heart failure, ar-
rhythmias, increased risk for digitalis toxicity, and decreased
pressor response (Iseri et al., 1975; Burch & Giles, 1977;
Berkelhammer & Bear, 1985; Rasmussen et al., 1986; Abraham
et al., 1987; Brauthbar & Massry, 1987). The ECG may demon-
strate a prolonged P-R and Q-T interval with 5-T depression.
Tall, peaked T-waves occur early and slowly broaden with
decreased amplitude together with the development of a
widened Q-R-S interval as the magnesium level falls. As
with hypocalcemia, there is increased neuronal irritability
with weakness, muscle spasms, tremors, seizures, tetany,
confusion, psychosis, and coma. Patients also complain of
anorexia, nausea, and abdominal cramps.

Diagnosis

Following a complete history, physical examination, and ECG,
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serum electrolyte, calcium, magnesium, and PO, levels should
be obtained. A 24-hour urine magnesium measurement is
helpfulin separating renal from nonrenal causes. Anincreased
urinary magnesium level suggests increased renal loss of mag-
nesium as the etiology of hypomagnesemia.

Treatment

Patients with life-threatening arrhythmias, acute symptomatic
hypomagnesemia, or severe hypomagnesemia are best treated
with IV magnesium sulfate (Flink, 1969; Mordes & Wacker,
1977; Heath, 1980; Rude & Singer, 1981; Cronin & Knochel,
1983; Whang et al., 1985). A 2g bolus of magnesium sulfate is
administered IV over 1-2 minutes, followed by a continuous
infusion at a rate of 2g/hr. After a few hours, this can be re-
duced to a 0.5-1.0g/hr maintenance infusion. Magnesium
chloride is used in patients with concurrent hypocalcemia, be-
cause sulfate can bind calcium and worsen hypocalcemia. Dur-
ing magnesium replacement, one should monitor the serum
levels of magnesium, calcium, potassium, and creatinine.
Blood pressure, respiratory status, and neurologic status (men-
tal alertness, deep tendon reflexes) should be assessed periodi-
cally. As magnesium sulfate is renally excreted, its dose should
be reduced in patients with renal insufficiency.

With moderate magnesium deficiency, 50-100mEq mag-
nesium sulfate per day (600-1,200 mg elemental magnesium)
can be administered in patients without renal insufficiency.
Mild asymptomatic magnesium deficiency can also be re-
placed with diet alone. It can take up to 3-5 days to replace
intracellular stores.

Magnesium is important for the maintenance of normal
potassium metabolism (Whang et al., 1985; Zaloga & Roberts,
1990). Magnesium deficiency can lead to renal potassium
wasting, resulting in a cellular potassium deficiency. Magne-
sium levels must, therefore, be adequate prior to successful
correction of potassium deficiency.

Hypermagnesemia

Hypermagnesemia, like hypomagnesemia, is difficult to de-
tect because of the unreliability of serum levels in predicting
clinical symptoms. New technology has been developed to
moreaccurately measureionized magnesium levels and thisis
gaining wider acceptance in practice. However, the clinical
utility of measuring serum ionized magnesium levels has not
been substantiated. Hypermagnesemia (serum magnesium
>3mg/dLor2.4mEq/Lor1.2mmol/L) occurs in up to 10% of
hospitalized patients (Iseri et al., 1975), most commonly sec-
ondary to iatrogenic causes (Mordes & Wacker, 1977; Stewart
etal., 1980; Rude & Singer, 1981; Zaloga & Roberts, 1990).

Etiology

The most common cause of hypermagnesemia in the critically
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ill obstetric population is treatment for preeclampsia/eclamp-
sia and preterm labor with magnesium sulfate infusion. Mag-
nesium sulfate remains the mainstay for the treatment of
preeclampsia and has been shown to be a better agent for the
prevention of eclampsia than phenytoin. The most common
medical illness associated with hypermagnesemia is renal
failure usually in combination with excess magnesium inges-
tion. The usual sources of excess magnesium ingestion are
magnesium-containing antacids and cathartics. Other causes
include diabetic ketoacidosis, pheochromocytoma, hypothy-
roidism, Addison’s disease, and lithium intoxication.

Clinical presentation

Hypermagnesemia can lead to neuromuscular blockade and
depressed skeletal muscle function. Conduction through the
cardiac conducting system is slowed, with ECG changes noted
at a serum concentration as low as 5mEq/L and heart block
seen at 7.5mEq/L (Reinhart, 1988). In patients not suffering
from preeclampsia, hypotension may be seen at levels between
3.0and 5.0mEq/L (Reinhart, 1988). Loss of deep tendon reflex-
es occurs at a serum concentration of 10mEq/L (12mg/dL),
with respiratory paralysis occurring at a serum concentration
of 15mEq/L (18mg/dL). Cardiac arrest occurs at a serum
concentration of greater than 25mEq/L (30mg/dL).

Diagnosis

A complete history and physical examination should be per-
formed. Special attention should be directed at soliciting a
history of concomitant calcium-channel blocker use with mag-
nesium sulfate for treatment of preterm labor. Neuromuscular
blockade, profound hypotension, and myocardial depression
have been associated with this practice (Waisman et al., 1988;
Snyder & Cardwill, 1989; Kurtzman et al., 1993). ECG, serum
electrolyte, calcium, magnesium, and PO, levels should be
obtained.

Treatment

Intravenous calcium gluconate (10mL of 10% solution over
3 minutes) is effective in reversing the physiologic effects of
hypermagnesemia (Fassler et al., 1985). Calcium gluconate
should not be administered to patients being treated for
preeclampsia/eclampsia with magnesium levels in the thera-
peutic range of 4-8mg/dL because this may counteract the
therapeutic effect of magnesium in the prevention of seizures.
In patients with other disorders hemodialysis is the recom-
mended therapy. In patients who can tolerate fluid therapy,
aggressive infusion of IV saline with furosemide may be effec-
tive in increasing renal magnesium losses. All agents contain-
ing magnesium should be discontinued.
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Over 300,000 Americans suffer from cardiac arrest each year.
Cardiopulmonary arrest occurs in 1 in 30,000 pregnancies,
contributing to nearly 10% of all maternal deaths (Syverson
et al,, 1991; Dildy & Clark, 1995). Consequently, obstetricians
in busy practices or tertiary referral centers will eventually
encounter a “peripartum code” and should, therefore, have
an understanding of current cardiopulmonary resuscitation
(CPR) techniques. A century ago, most maternal deaths
stemmed from chronic illnesses, not wholly unexpected as an
arrest is usually the endpoint of other serious medical prob-
lems. More recently, the leading causes of maternal death in-
clude embolism, intrapartum cardiac arrest, complications of
hypertensive disease, stroke, anesthetics, acute respiratory
failure, sepsis, tocolysis, and hemorrhage. The advent of
assisted reproduction and advanced pharmacologies have
enabled more women with advanced age or chronic disease to
conceive. Consequently, we may now have a larger popula-
tion atrisk for cardiopulmonary arrest during pregnancy.

Cardiopulmonary arrest is the abrupt cessation of sponta-
neous and effective ventilation and systemic perfusion. Car-
diopulmonary resuscitation provides artificial ventilation and
perfusion until advanced cardiac life support (ACLS) can be
initiated and spontaneous cardiopulmonary function re-
stored. Emergency cardiac care (ECC) in pregnancy includes
basic life support (BLS), ACLS, and neonatal resuscitation.
Preparation for successful CPR in the pregnant patient re-
quires the availability of ACLS equipment, cesarean section
instruments, and equipment for neonatal resuscitation. The
American Heart Association and the National Academy of
Sciences —National Research Council periodically review ad-
vances and research in ECC and publish texts in BLS, ACLS,
and neonatal resuscitation (American Heart Association,
2000).

Since the publication of the third edition of this text, the
International Guidelines 2000 conference on cardiopul-
monary resuscitation made several important changes in
managing CPR and ECC (Satin, 1997; Guidelines, 2000). The
primary purpose of CPR in a pregnant woman who has arrest-
ed is the improved survival of both the mother and the
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neonate. This chapter includes a markedly revised bibliogra-
phy, updated CPR recommendations, as well as a review of
maternal and fetal physiology and their unique relationship,
which require adjustment in both physical and pharmacologic
aspects of ECC. The new ACLS recommendations for treat-
ment of tachyarrhythmias and their effects on the fetus will be
reviewed. The issue of perimortem cesarean section and sur-
vival data for mother and infant will also be addressed.

Physiology and techniques of
cardiopulmonary resuscitation

The initial objective of ECC is to maintain adequate oxygena-
tion and vital organ perfusion. CPR has been shown to restore
hemodynamic stability in 40-60% of arrested patients; how-
ever, prolonged survival is lower with underlying illness and
postresuscitation syndrome (Thel & O’Connor, 1999). Overall
outcome, particularly full neurologicrecovery, is improved by
early initiation of CPR and defibrillation. There is usually
enough oxygen in the lungs and bloodstream to support life
for up to 6 minutes (American Heart Association, 1994). If
breathing stops first, the heart often continues to pump blood
for several minutes. When the heart stops, oxygen in the lungs
and bloodstream cannot be circulated to vital organs. The pa-
tient whose heart and breathing have stopped for less than 4
minutes has an excellent chance for recovery if CPR is admin-
istered immediately and is followed by ACLS within 4 min-
utes (Eisenberg, 1979). By 4-6 minutes, brain damage may
occur, and after 6 minutes, brain damage will almost always
occur. The initial goals of CPR, therefore, are: (i) delivery of
oxygen to the lungs; (ii) providing a means of circulation to the
vital organs (via closed-chest compression), followed by (iii)
ACLS, with restoration of the heart as the mechanism of circu-
lation. Practically speaking these goals are achieved by re-
membering the “A-B-C-Ds” of the primary and secondary
survey (Table 6.1).

The primary survey consists of airway management using
noninvasive techniques, breathing with positive pressure
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PART Il Procedures and interventions

Table 6.1 The systematic survey approach to emergency cardiac care

Primary Secondary

A Airway Open Intubate/Advanced

airway devices

B Breathing PPV Assess bilateral chest rise

and ventilation/PPV

C Circulation Chest compressions/ IV access, pharmacologic
Doppler FHT interventions, assess
rhythm
D Defibrillate Shock VF/pulseless VT Differential diagnosis

—treat reversible causes;
consider Delivery

FHT, fetal heart tones; IV, intravenous; PPV, positive pressure ventilation;
VF, ventricular fibrillation; VT, ventricular tachycardia.

Table 6.2 Potentially reversible causes of cardiac arrest

Hypovolemia

Hypoxia

Hydrogen ion —acidosis
Hyper-/hypokalemia, other metabolic
Hypothermia

Tablets (drug overdose, accidents)
Tamponade, cardiac

Tension pneumothorax

Thrombosis, coronary

Thrombosis, pulmonary

ventilations, and performing CPR untilan automated external
defibrillator (AED) arrives. Tools required include gloved
hands, a barrier device for CPR, and an AED for defibrillation.
The secondary survey requires the use of advanced, invasive
techniques as the rescuer attempts to resuscitate, stabilize, and
transfer the patient to a higher level of care (i.e. hospital or
intensive care setting). Potentially reversible causes of
cardiopulmonary arrest should also be considered and
addressed at this stage (Table 6.2).

Delivery of oxygen is achieved by positioning the patient,
opening the airway, and rescue breathing. In the absence of
muscle tone, the tongue and epiglottis frequently obstruct the
airway. The head-tilt with the chin-lift maneuver (Fig. 6.1) or
the jaw-thrust maneuver (Fig. 6.2) may provide airway access.
If foreign material appears in the mouth, it should be removed
either manually or with active suction if available. If air does
not enter the lungs with rescue breathing, reposition the head
and repeat the attempt at rescue breathing. Persistent obstruc-
tion may require the Heimlich maneuver (subdiaphragmatic
abdominal thrusts), chest thrusts, removal of foreign body if
now visualized, and rescue breathing (Table 6.3). Importantly,

Fig. 6.1 Opening the airway. Airway obstruction produced by the tongue
and epiglottis (top). Relief via head-tilt and chin-lift maneuvers (below).
(Reproduced by permission from Textbook of Basic Life Support for
Healthcare Providers, 1994. Copyright American Heart Association.)

Fig. 6.2 Jaw-thrust maneuver. Rescuer grasps the angles of the patient’s
lower jaw and lifts with both hands, one on each side, displacing the
mandible forward while tilting the head backward. (Reproduced by
permission from Textbook of Basic Life Support for Healthcare Providers,
1994. Copyright American Heart Association.)

the Heimlich maneuver cannot be used in the late stages of
pregnancy or in the obese choking victim. Airway obstruction
may occur ina choking victim as well as a patient experiencing
a cardiopulmonary arrest. The conscious woman with only
partial airway obstruction should be allowed to attempt to



Table 6.3 Management of a foreign-body obstruction

Conscious patient
1 Perform the Heimlich maneuver (chest thrusts if in latter half of gestation)
2 Repeat until the obstruction is relieved or the patient is unconscious

Unconscious patient

1 Activate emergency medical system (EMS)

2 Position the head, tongue—jaw lift

3 Perform a finger sweep, or use a Kelly clamp or Magill forceps if there is
direct visualization of the foreign body

4 Attempt ventilation, reposition the head, and repeat ventilation

5 Repeat the sequence of up to five abdominal thrusts (chest thrusts in
latter half of gestation), finger sweep, and attempt at ventilation until the
obstruction is relieved

clear the obstruction herself, and finger sweeps by the rescuer
are avoided. Finally, failure of nonsurgical procedures to
relieve the airway obstruction is an indication for emergency
cricothyroidotomy or jet-needle insufflation, if appropriate
equipment is available.

Abdominal thrusts are accomplished by wrapping your
hands around the victim’s waist, making a fist with one hand
and placing the thumb side of the fist against the victim’s ab-
domen in the midline slightly above the navel and well below
the top of the xiphoid process. The rescuer grasps the fist with
the other hand and presses the fist into the victim’s abdomen
with quick, distinct, upward thrusts. The thrusts are contin-
ued until the object is expelled or the victim is unconscious.
Abdominal thrusts may be impeded by the gravid uterus. The
unconscious victim is placed supine, and the heel of one hand
remains against the victim’s abdomen, in the midline slightly
above the navel but below the top of the xiphoid. The second
hand lies directly on top of the first, and quick upward thrusts
are administered.

The gravid uterus or obesity may necessitate the use of chest
thrusts instead of abdominal thrusts. Chest thrusts in a con-
scious sitting or standing victim require placing the thumb
side of the fist on the middle of the sternum, avoiding the
xiphoid and the ribs. The rescuer then grabs her or his own fist
with the other hand and performs chest thrusts until either the
foreign object dislodges or the patient loses consciousness
(Fig. 6.3). The unconscious patient is placed supine. The res-
cuer’s hand closest to the patient’s head is placed two finger
breadths above the xiphoid. The long axis of the heel of the
provider’s hand rests in the long axis of the sternum (Fig. 6.4).
The other hand lies over the first, with fingers either extended
or interlaced. The elbows are extended, and the chest is com-
pressed 1.5-2 inches. Up to five abdominal or chest thrusts are
given, followed by repetition of the jaw-lift, foreign body visu-
alization, and attempted ventilation. These steps are repeated
until effective.

If the patient is unresponsive, but now breathing sponta-
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Fig. 6.3 Chest thrusts administered to a standing conscious patient.
(Reproduced by permission from Textbook of Basic Life Support for
Healthcare Providers, 1994. Copyright American Heart Association.)

neously, she is placed in the recovery position to keep the air-
way open (American Heart Association, 2000). The pregnant
victim is placed on her left side. The left arm is placed ata right
angle to the victim’s torso, while the right arm is placed across
her chest with the back of her hand under the lower cheek. The
victim’s right thigh is flexed ata right angle to the torso, across
the left leg, with the right knee resting on the surface. The vic-
tim’s head is tilted back to maintain the airway, using the right
hand to maintain the head tilt. Breathing is monitored regul-
arly, and if breathing stops, the emergency medical system is
activated and the ABCDs of CPR are begun.

Rescue breathing may be facilitated by mouth-to-mouth,
mouth-to-nose, mouth-to-mask, or bag valve-to-mask resus-
citation, or ultimately by endotracheal intubation. Endotra-
cheal intubation by direct laryngoscopy is the preferred
method for maintaining airway patency for the gravid arrest
victim. Alternative techniques for airway management in-
clude endotracheal intubation by lighted stylet, esophageal
tracheal combitube, laryngeal mash airway, and transtracheal
ventilation. The reader is referred to the extensive review by
Reed (1995). Tracheal intubation offers several advantages, in-
cluding security and protection of the airway, as well as facili-
tation of oxygenation and ventilation, and it provides a route
for administration of drugs during a cardiac arrest.

If the patient undergoes endotracheal intubation, new
guidelines require immediate confirmation of the tracheal
tube using nonphysical examination techniques, such as end-
tidal carbon dioxide (ET CO,) indicators (European Resuscita-
tion Council, 2000). The presence of ET CO, is a reliable
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Fig. 6.4 The technique for chest thrusts for an unconscious supine
patient of foreign body airway obstruction is identical to closed
chest compressions for cardiac arrest. (Reproduced by permission
from Textbook of Basic Life Support for Healthcare Providers, 1994,
Copyright American Heart Association.)

measure of pulmonary perfusion and, therefore, can measure
the efficacy of CPR. Esophageal detector devices may also be
used to confirm tracheal tube position; however, a false nega-
tive result may be obtained in women late in gestation. False
negatives are due to decreased functional residual capacity
(FRC) and tracheal compression in late pregnancy. Conse-
quently, the gold standard for confirmation in the pregnant
woman is repeat direct visualization (Barnes et al., 2001).

In the absence of a spontaneous heartbeat, external chest
compressions provide a means of circulation, as originally
described by Kouwenhoven and colleagues in 1960. They be-
lieved that the chest compressions caused direct compression
of the heart between the sternum and the spine, leading to a
rise in ventricular pressure, a closure of the mitral and tricus-
pid valves, and a forcing of blood into the pulmonary artery
and aorta. Subsequently, fluctuations in intrathoracic pressure
and creation of an arteriovenous pressure gradient peripher-
ally have been implicated as the mechanism of circulation
with external chest compressions (Rudikoff et al., 1980). Exter-
nal chest compressions cause a rise in intrathoracic pressure,
which is distributed to all intrathoracic structures. Competent
venous valves prevent transmission of this pressure to ex-
trathoracic veins, whereas the arteries transmit the increased
pressure to extrathoracic arteries, creating an arterial venous
pressure gradient and forward blood flow (Fig. 6.5). Werner et
al. (1981), using echocardiography, showed that the mitral and
tricuspid valves remain open during CPR, supporting the con-
cept of the heart as a passive conduit rather than a pump
during CPR.

BLS guidelines call for a ratio of two ventilations to 15 com-
pressions in one or two person CPR, pausing for ventilation
with an unprotected airway. A one to five ratio is used with a
protected airway (American Heart Association, 2000). A chest
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Fig. 6.5 Hypothesized mechanism for circulation prompted by external
chest compressions.

compression rate of approximately 100 per minute is used in
both airway circumstances. ACLS involves the addition of
electrical and pharmacologic therapy, invasive monitoring,
and therapeutic techniques to correct cardiac arrhythmias,
metabolic imbalances, and other causes of cardiac arrest. A
defibrillator can be used without significant complications for
the fetus in a pregnant woman (Ogburn et al., 1992). The fetus
has arelatively high fibrillation threshold and the current den-
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¢ Person collapses
* Possible cardiac arrest
* Assess responsiveness

Unresponsive

Begin primary ABCD survey (begin BLS algorithm)

e Activate emergency response system

* Call for defibrillator

* Assess breathing (open airway, look, listen, and feel)

Not breathing

* B Give 2 slow breaths

¢ C Assess pulse, if no pulse

¢ C Start chest compressions

¢ D Attach monitor/defibrillator when available

No puise
* CPR continues
* Assess rhythm

Attempt defibrillation Non- VFNT
(up to 3 shocks if VF/VT persists) (asystole or PEA)
Secondary ABCD survey

e Airway: attempt to place airway device

¢ Breathing: confirm and secure airway device,
ventilation, oxygenation

¢ Circulation: gain intravenous access; give adrenergic
agent; consider antiarrhythmics, buffer agents, pacing

Non-VF/VT patients

R CPB for \ * Epinephrine 1 mg IV, repeat every 3-5 min CPB for up to
1min VFA/T patients 3min
¢ Vasopressin 40 U 1V, single dose, 1 time only
or

¢ Epinephrine 1 mg IV, repeat every 3-5 min

* (If no response after single dose of vasopressin, may
resume epinephrine 1 mg |V push; repeat every 3-5 min)

» Diffential diagnosis: search for and treat reversible causes

Fig. 6.6 Comprehensive ECC algorithm. BLS, basic life support; CPR, cardiopulmonary resuscitation; IV, intravenous; PEA, pulseless electrical activity; VF/VT,
ventricular fibrillationfventricular tachycardia. (Adapted from Guidelines 2000 for Cardiopulmonary Resuscitation and Emergency Cardiovascular Care.
Circulation 2000;102 (Suppl 1).)

sity reaching the fetus is small. Standard algorithms recom-  following emergency cesarean section in trauma patients pre-
mended by the American Heart Association are reviewed in ~ senting to nine Level I trauma centers nationwide. They sug-
Figs 6.6—6.15. Major changes in ECC recommended by the in- gested adding Doppler fetal heart tone (FHT) assessment to the
ternational guidelines conference in 2000 arelisted in Table 6.4. primary survey along with assessment of maternal circulation.

Morris and colleagues (1996) evaluated neonatal survival If FHTs were not present, the pregnancy would otherwise be
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Primary ABCD survey

(Focus: basic CPR and defibrillation)

» Check responsiveness

¢ Activate emergency response system
« Call for defibrillator

Airway: open the airway
Breathing: provide positive-pressure ventilations
Circulation: give chest compressions

Defibrillation: assess for and shock VF/pulseless VT, up to 3 times
(200 J, 200300 J, 360 J, or equivalent biphasic) if necessary

A 4

Rhythm after first 3 shocks?

A 4

Persistent or recurrent VF/VT

Secondary ABCD survey * Epinephrine 1 mg IV push, repeat every 3-5 min
. » or
fgﬁfgﬂ;’e advanced assessments and | «Vasopressin 40 U IV, single dose, 1 time only
Airway: place airway device as soon as
possible
Breathing: confirm airway device placement
by exam plus confirmation device Resume attempts to defibrillate
Breathing: secure airway device placement; 1 X 360 J (or equivalent biphasic) within 30-60s
purpose-made tube holders preferred
Breathing: confirm effective oxygenation
and ventilation " .
Circulation: establish IV access \ Fig. 6.7 Ventricular
Circulation: identify rhythm — monitor Consider antiarthythmics f'br'llét'on/ pulseless A
Circulation: administer drugs appropriate * Amidarone (for persistent or recurrent VF/pulseless VT) ventricular tachycarda.
for rhﬂhm _and copdltlon ¢ Lidocaine (indeterminate for persistent or recurrent Forexglahatlon of :
D|.fferepyal diagnosis: search for and treat VF/pulseless VT) abbreviations see Fig. 6.6.
identified reversible causes * Magnesium (if known hypomagnesemic state) (Adapted from Guidelines
* Procainamide (indeterminate for persistent VF/pulseless VT; 2000 for
for recurrent VF/pulseless VT) Cardiopulmonary
Resuscitation and
Emergency
Y Cardiovascular Care.
Resume attempts to defibrillate Circulation 2000;102
(Suppl 1).)

ignored and treatment directed toward maternal survival
alone. Delivery of the fetus can be considered in the secondary
survey if fetal distress is present, and more importantly, as a
means of improving effectiveness of maternal CPR efforts.

The effect of pregnancy on
cardiopulmonary resuscitation

Pregnancy produces physiologic changes that have a dramat-
ic effect on cardiopulmonary resuscitation (Table 6.5). Preg-
nancy represents a high-flow, low-resistance state with a high
cardiac output (CO) and low systemic vascular resistance
(SVR). CO increases to 150% of nonpregnant norms. The
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uterus, with minimum resistance, receives up to 30% of CO, as
compared with 2-3% in the nongravid patient. The increases
in CO satisfy the increase in oxygen demands of the growing
fetus, the placenta, and the mother.

Effective CPR in pregnancy is hindered by structural and
physiologic changes that occur. Enlarging breast tissue which
decreases chest wall compliance and increasing pharyngeal
edema make ventilation more difficult. The enlarging uterus
imposes changes on the respiratory system as well. Upward
displacement of the diaphragm leads to a decrease in the FRC
of the lungs. Maternal minute ventilation increases, probably
due to a central effect of progesterone (DeSwiet, 1999). The de-
creasein FRC combines with the increase in oxygen demand to
predispose the pregnant woman to a decrease in arterial and
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Pulseless electrical activity
(PEA = rhythm on monitor, without detectable pulse)

Primary ABCD survey

(Focus: basic CPR and defibrillation)

» Check responsiveness

¢ Activate emergency response system
o Call for defibrillator

Airway: open airway

Breathing: provide positive-pressure ventilations
Circulation: give chest compressions

Defibrillation: assess for and shock VF/pulseless VT

Secondary ABCD survey

(Focus: more advanced assessments and treatments)

Airway: place airway device as soon as possible

Breathing: confirm airway device placement by exam plus confirmation device
Breathing: secure airway device; purpose-made tube holders preferred
Breathing: confirm effective oxygenation and ventilation

Circulation: establish IV access

Circulation: identify rhythm — monitor

Circulation: administer drugs appropriate for rhythm and condition
Circulation: assess for occult blood flow (“pseudo-EMD”)

Differential diagnosis: search for and treat identified reversible causes

A 4

Hypoxia

Fig. 6.8 Pulseless electric activity (PEA)
algorithm. ACS, acute coronary syndrome;

Review for most frequent causes
Hypovolemia

Hydrogen ion acidosis
Hyper-/hypokalemia
Hypothermia

Tablets (drug OD, ingestions)
Tamponade, cardiac

Tension pneunothorax
Thrombosis, coronary (ACS)
Thrombosis, pulmonary (embolism)

EMD, electromechanical dissociation; OD,
overdose. For explanation of other

abbreviations, see Fig. 6.6. (Adapted from
Guidelines 2000 for Cardiopulmonary

. ) repeat every 3-5 min
Resuscitation and Emergency Cardiovascular P v

Epinephrine 1 mg IV push,

Atropine 1 mg IV (if PEA rate is slow),
repeat every 3-5 min as needed, to a total

Care. Circulation 2000;102 (Suppl 1).)

venous oxygen tension during periods of decreased ventila-
tion. Furthermore, the increase in ventilation in pregnancy
leads to a decline in arterial carbon dioxide tension. The
maternal kidney compensates for this respiratory alkalosis
by reducing serum bicarbonate concentration. Maternal
hypocapnia and respiratory alkalosis enhance renal excretion
of carbon dioxide by the fetus. Hence, increases in maternal
carbon dioxide may lead to fetal acidosis. The mother also
compensates for hypoxia by decreasing uteroplacental blood
flow. Therefore, during maternal cardiopulmonary arrest, the
physiologic changes of pregnancy and tendency toward hy-
poxiain the presence of apnea make it more difficult to resusci-
tate the mother. Superimposed on an already compromised

dose of 0.04 mg/kg

maternal circulation characterized by hypercarbia and hypox-
ia, normal physiologic compensatory mechanisms that de-
crease uteroplacental flow during the arrest lead to further
fetal acidosis.

For the patient in the latter half of pregnancy, aortocaval
compression by the gravid uterus renders resuscitation more
difficult than in her nonpregnant counterpart. It does so by de-
creasing venous return, causing supine hypotension, and
decreasing the effectiveness of thoracic compressions. The
pregnant uterus exerts pressure on the inferior vena cava,
iliac vessels, and abdominal aorta. In the supine position, such
uterine compression may lead to sequestration of up to 30%
of circulating blood volume (Lee, 1986). Furthermore, the en-
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Primary ABCD survey

(Focus: basic CPR and defibrillation)

* Check responsiveness

¢ Activate emergency response system
e Call for defibrillator

Airway: open airway

Breathing: provide positive-pressure ventilation
Circulation: give chest compressions

Confirm: true asystole

Defibrillation: assess for VF/pulselessness VT; shock if indicated

Secondary ABCD survey
(Focus: more advanced assessments and treatments)
Airway: place airway device as soon as possible

Breathing: confirm effective oxygenation and ventilation
Circulation: confirm true asystole

Circulation: establish IV access

Circulation: identify rhythm — monitor

Breathing: confirm airway device placement by exam plus confirmation device
Breathing: secure airway device; purpose-made tube holders preferred

Circulation: administer drugs appropriate for rhythm and condition
Differential diagnosis: search for and treat identified reversible causes

Transcutaneous pacing
If considered, perform immediately

'

Epinephrine 1 mg IV push, repeat
every 3-5min

l Asystole persists

Atropine 1 mg IV, repeat every 3-5min
to a total dose of 0.04 mg/kg

» Withhold or cease resuscitative effort?

» Consider quality of resuscitation?

* Atypical clinical features present?

» Support for cease-effort protocols in place?

Fig. 6.9 Asystole algorithm. For explanation of
abbreviations see Fig. 6.6. (Adapted from
Guidelines 2000 for Cardiopulmonary
Resuscitation and Emergency Cardiovascular

larged uterus poses an obstruction to forward blood flow, par-
ticularly when arterial pressure and volume are decreased, as
ina cardiacarrest. .

Changesin the gravid woman’s response to drugs and alter-
ations in the maternal gastrointestinal system also hinder
effective resuscitation. Vasopressors used in ACLS, especially
alpha-adrenergic or combined alpha and beta agents, are
capable of producing uteroplacental vasoconstriction, leading
to decreased fetal oxygenation and carbon dioxide exchange.
Decreases in gastrointestinal motility and relaxation of the
lower esophageal sphincter lead to an increased risk of aspira-
tion prior to or during endotracheal intubation. Thus, physio-
logic and anatomic changes of pregnancy involving the
cardiac, respiratory, and gastrointestinal systems; the enlarg-
ing uterus; and the patient’s response to pressors all ad versely
affect resuscitation of the pregnant patient.

94

Care. Circulation 2000;102 (Supp! 1).)

Modifications of basic life support and
advanced cardiac life support in pregnancy

The anatomic and physiologic changes of pregnancy require
several modifications in ECC (Table 6.6). Most important, to
effect an increase in venous return and reduce supine hy-
potension, the uterus must be displaced to the left. Left lateral
displacement can be achieved by: (i) manual displacement of
the uterus by a member of the resuscitation team; (ii) position-
ing the patient on an operating room table that can be tilted lat-
erally; (iii) positioning a wedge under the right hip; (iv) using a
Cardiff resuscitation wedge (Rees & Willis, 1988); or (v) using a
human wedge (Goodwin & Pearce, 1992). The human wedge
kneels on the floor with the victim’s back placed on the thighs
of the human wedge. The wedge uses one arm to stablilize the
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* Slow (absolute bradycardia = rate <60 bpm)

* Relatively slow (rate less than expected

Bradycardias

or

relative to underlying condition or cause)

Primary ABCD survey

* Assess ABCs

* Secure airway noninvasively

* Insure monitor/defibrillator is available

Secondary ABCD survey

* Assess secondary ABCs (invasive airway management needed?)
* Oxygen (IV access), monitor fluids

* Vital signs, pulse oximeter, monitor BP

* Obtain and review 12-lead ECG

* Obtain and review portable chest X-ray

* Problem-focused physical examination

* Consider causes (differential diagnoses)

Serious signs or symptoms?
Due to bradycardia?

@

or

Type 2 second-degree AV block

Third-degree AV block?

Intervention sequence
Atropine 0.5-1.0 mg
Transcutaneous pacing if available

Fig. 6.10 Bradycardia algorithm for patient
not in cardiac arrest. AV, arterioventricular; BP, No |-

d

Dopamine 5-20 pug/kg/min
Epinephrine 2-10 pg/min
Isoproterenol 2-10 pg/min

Yes

intravenous. (Adapted from Guidelines 2000
for Cardiopulmonary Resuscitation and
Emergency Cardiovascular Care. Circulation
2000;102 (Suppl 1).)

blood pressure; ECG, electrocardiogram; IV,

victim’s shoulder and the other arm to stabilize the pelvis. The
human wedge maneuver has the advantage that it may be em-
ployed without equipment, utilizing an untrained person. Its
obvious disadvantage is the wedge must be displaced when
defibrillation is necessary.

While the maternal propensity for hypoxia and hypercap-
nia (which lead to decreases in uteroplacental perfusion) sug-
gests that the pregnant woman may benefit from sodium
bicarbonate in an arrest situation in order to keep maternal pH
greater than 7.10, it must be kept in mind that sodium bicar-
bonate only very slowly crosses the placenta. Accordingly,
with rapid correction of maternal metabolic acidosis, her res-
piratory compensation will cease with normalization of her
Pco,,. If the maternal Pco, increases from 20 to 40mmHg as a

Prepare for transvenous pacer
If symptoms develop, use transvenous
pacemaker until transvenous pacer placed

result of bicarbonate administration, the fetal Pco, will also
increase. However, the fetus will not receive the benefit of the
bicarbonate. If the fetal pH was 7.00 before maternal bicarbon-
ate administration, the normalization of maternal pH will
be achieved at the expense of increasing the fetal Pco, by
20mmHg, with a resultant fall in fetal pH to approximately
6.84. Accordingly, the merits of such treatment must be ques-
tioned. Indeed, sodium bicarbonate is not indicated and is
possibly harmful in patients with hypoxic lactic acidosis, such
as occurs in nonintubated patients with prolonged cardiopul-
monary arrest. Current understanding of the acid-base patho-
physiology during cardiopulmonary arrest indicates that
carbon dioxide generated in tissues is not well cleared by low
blood flow (Adrogue et al., 1989). Adequate ventilation and
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Evaluate patient

Is patient stable or unstable?

Are there serious signs or symptoms?

Are signs and symptoms due to tachycardia?

! Stable } ¢ Unstable

Stable patient: no serious signs or symptoms Unstable patient: serious signs and symptoms
Initial assessment identifies 1—4 types of Establish rapid heart rate as cause of signs and symptoms

tachycardia Rate related signs and symptoms occur at many rates, seldom

< 150 bpm
Prepare for immediate cardioversion
y
Y

Atrial fibrillation Narrow-complex Stable wide-complex Stable monomorphic VT

Atrial flutter tachycardias tachycardia: unknown type and/or polymorphic VT
v y \ 4
Evaluation focus: 4 clinical features Attempt to establish a Attempt to establish a specific
* Patient unstable? specific diagnosis diagnosis
* Cardiac function impaired? ¢ 12-lead ECG * 12-lead ECG
* WPW present? o Clinical information ¢ Esophageal lead
* Duration < 48 or >48 hours? * Vagal maneuvers « Clinical information
¢ Adenosine

A

A
Treatment focus: clinical evaluation Diagnostic efforts yield:
* Treat unstable patients urgently Ectopic atrial tachycardia
* Control the rate Multifocal atrial tachycardia
* Convert the thythm Paroxysmal supraventricular
* Provide anticoagulation tachycardia (PSVT)
y
Y Treatment of stable
v ¢ i monomorphic and
Treatment of Treatment of SVT Confirmed Wide-complex Confirmed | | Polymorphic VT
atrial (see Fig. 6.13) SVT tachycardia of stable VT (see Fig. 6.14)
fibrillation/ unknown type
atrial fiutter
(see Fig. 6.12) ' i l ¢
DC cardioversion DC cardioversion or
or procainamide or amiodarone
amiodarone

Fig. 6.11 Tachycardia algorithm. DC, direct current; ECG, electrocardiogram; SVT, supraventricular tachycardia; VT, ventricular tachycardia; WPW,
Wolff-Parkinson-White syndrome. (Adapted from Guidelines 2000 for Cardiopulmonary Resuscitation and Emergency Cardiovascular Care. Circulation
2000;102 (Suppl 1).)

restoration of perfusion are the mainstays of control of = American Heart Association, 2000; European Resuscitation
acid-base balance during cardiac arrest. Buffering the blood Council, 2000).
with bicarbonate does not benefit the patient (Niemann, 1992; Both the increased oxygen utilization in pregnancy and the
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Atrial fibrillation/
atrial flutter with:
* Normal heart

¢ Impaired heart
« WPW

[ 1. Control rate

2. Convert rhythm

1
¥ ¥ ¥ - K}
Heart function Impaired heart . Duration > 48h
preserved EF < 40% or CHF Duration < 48 h or unknown

Normal cardiac
function

Note: If AF > 48h
duration, use agents with
potential to convert
rhythm with extreme

Does not apply

Consider
¢ DC cardioversion

Use only one of the

¢ Avoid nonemergent
cardioversion unless
anticoagulation or clot
precautions are taken

duration, use agents with
potential to convert rhythm
with extreme caution in patients
not receiving adequate
anticoagulation because of
possible embolic complications
or
¢ Primary antiarrhythmic
agents (see note below)
e Amiodarone (class 2b)
¢ Flecainide (class 2b)
¢ Procainamide (class 2b)
¢ Propafenone (class 2b)
Class 3 (can be harmful)
* Adenosine
* Beta-blockers
¢ Calcium blockers
¢ Digoxin

duration, use agents with
potential to convert rhythm
with extreme caution in
patients not receiving
adequate anticoagulation
because of possible
embolic complications

or
* DC cardioversion

or
* Amiodarone

(class 2b)

* DC cardioversion

Use only one of the
following agents (see
note below):
* Amiodarone
(class 2b)
¢ Flecainide (class 2a)
¢ Propafenone
(class 2a)
¢ Procainamide
(class 2a)
¢ For additional
drugs that are class
2b recommendations,
see guidelines or
ACLS text

caution in patients not following agents (see | (see below)
receiving adequate note below): ¢ Note: Conversion of AF to
anticoagulation * Amiodarone NSR with drugs or shock
because of possible (class 2b) may cause embolization of
embolic complications * Flecainide atrial thrombi uniess patient
(class 2a) has adequate anticoagulation
Use only one of the * Propafenone * Use antiarrhthymic
following agents (see (class 2a) agents with extreme
note below): « Procainamide caution if AF >48h
¢ Calcium-channel (class 2a) or
blockers (class 1) « For additional Delayed cardioversion
* Beta-blockers (class 1) drugs that are anticoagulation x 3
* For additional drugs class 2b weeks at proper levels
that are class 2b recommendations, | ¢ Cardioversion, then
recommendations, see guidelines or ¢ Anticoagulation x 4
see guidelines or ACLS text weeks more
ACLS text or
Early cardioversion
¢ Begin IV heparin at once
¢ TEE to exclude atrial clot
then
¢ Cardioversion within 24 h
then
Anticoagulation x 4 more
weeks
Impaired heart Does not apply Note: if AF > 48 h Consider * Avoid nonemergent
(EF < 40% or CHF) duration, use agents with ¢ DC cardioversion cardioversion unless
potential to convert rhythm or anticoagulation or
with extreme caution in ¢ Amiodarone clot precautions are
patients not receiving (class 2b) taken (see above)
adequate anticoagulation * Anticoagulation
because of possible as described above
embolic complications followed by
¢ DC cardioversion
Use only one of the
following agents
¢ Digoxin (class 2b)
¢ Dilitiazem (class 2b)
* Amiodarone (class 2b)
WPW Note: If AF > 48 h Note: If AF>48h Consider * Avoid nonemergent

cardioversion unless
anticoagulation or
clot precautions are
taken (see above)

¢ Anticoagulation as
described above
followed by

¢ DC cardioversion

Note: Occasionally two of the named antiarrhthymics may be used, but use of these agents in combination may have proarrhythmic potential. The classes listed
represent the class of recommendation rather than the Vaughn-Williams classification of antiarrhythmics.

Fig. 6.12 Tachycardia treatment of atriat fibrillation (AF) and flutter. ACLS, advanced cardiac life support; CHF, congestive heart failure; DC, direct current; EF,
ejection fraction; IV, intravenous; NSR, normal sinus rhythm; TEE, transesophageal echocardiogram; WPW, Wolff-Parkinson-White syndrome. (Adapted from
Guidelines 2000 for Cardiopulmonary Resuscitation and Emergency Cardiovascular Care. Circulation 2000;102 (Suppl 1).)
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Narrow-complex supraventricular
tachycardia, stable

A
Attempt therapeutic diagnostic maneuver
« Vagal stimulation

» Adenosine

heart function

* B-blocker

Preserved « Ca?* channel blocker
_W « Amiodarone

No DC cardioversion!

—D| Junctional tachycardia

EF <40%, CHF

« Amiodarone
No DC cardioversion!

_ | Preserved
heart function

Paroxysmal supraventricular 9

Priority order
* AV nodal blockade
« B-blockers
« Ca?* channel blocker
» Digoxin
o DC cardioversion
« Antiarrhythmics: consider
procainamide,
amiodarone, sotalol

tachycardia

Priority order
« DC cardioversion

EF <40%, CHF »{ « Digoxin

« Amiodarone
« Diltiazem

Preserved
heart function

« B-blockers

« Ca?* channel blocker
« Amiodarone

NO DC cardioversion!

Fig. 6.13 Narrow complex tachycardia
algorithm. AV, arterioventricular; CHF,

Ectopic or multifocal atrial
tachycardia

congestive heart failure; DC, direct current; EF,
ejection fraction. (Adapted from Guidelines

EF <40%, CHF

¢ Amiodarone
¢ Diltiazem
NO DC cardioversion!

2000 for Cardiopulmonary Resuscitation and
Emergency Cardiovascular Care. Circulation
2000;102 (Suppl 1).)

increased risk of aspiration suggest that the airway should be
managed aggressively, and prompt endotracheal intubation
should be performed in all pregnant women during arrest sit-
uations. With an obstructed airway, abdominal thrusts must
be avoided in the latter half of pregnancy and chest compres-
sions substituted.

Clinical experience with the pharmacologic agents used in
ACLS is limited in pregnancy. Most of the data concerning
fetal effects of these drugs comes from chronic use rather than
limited dosing in the acute arrest setting. The use of certain
antiarrhythmics represents a major area of change in the ACLS
guidelines. Amiodarone is emerging as the drug of choice for
treatment of wide-complex tachycardia, stable narrow-

complex tachycardia, monomorphic and polymorphic VT,
and potentially for shock-refractory VF/VT. Placental transfer
occurs with amiodarone, a category D drug. With chronic use,
fetal effects such as growth restriction, hypothyroid goiter, en-
larged fontanelle, and transient bradycardia in the newborn
have all been reported (Page, 1995; Briggs & Garite, 1997).
Thus, use of amiodarone in pregnancy should be reserved for
life-threatening conditions only. Adenosine, lidocaine, pro-
cainamide, and beta-blockers, also used in the treatment of
tachyarrythmias, all appear to be safe in pregnancy (Rubin,
1981). Vasopressin, instead of epinephrine, appears to be a
more effective pressor agent in cardiac arrest. In addition, va-
sopressin appears to have a lower adverse effect profile than
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Stable ventricular tachycardia
Monomorphic or polymorphic?

—

Monomorphic VT
Is cardiac function
impaired?

}

Note! Polymorphic VT
May go directly to Is Q-T baseline interval
cardioversion! prolonged?

ﬁ;—| Normal baseline Prolqnged bas @S
O-Tinterval Q-Tinterval

Preserved Poor ejection (suggests torsades)

heart fraction

function

!

Medication: any
one of:

¢ Procainamide
* Sotalol*

Other acceptable:
* Amiodarone
¢ Lidocaine

Fig. 6.14 Stable ventricular tachycardia
algorithm, for monomorphic and polymorphic

Normal baseline Q-T interval
* Treat ischemia
* Correct electrolytes

Long baseline Q-T interval
* Correct abnormal
electrolytes

Medication: any one of:
« B-blockers or

« Lidocaine or

« Amiodarone or

Theraples: any one of:
¢ Magnesium

» Overdrive pacing

« Isoproterenol

« Procainamide or « Phenytoin
+ Sotalol* | « Lidocaine
Cardiac function
impaired

VT. *Not available in the United States.
(Adapted from Guidelines 2000 for or
Cardiopulmonary Resuscitation and
Emergency Cardiovascular Care. Circulation
2000;102 (Suppl 1).)

then use

Amiodarone 150 mg IV over 10 min
Lidocaine 0.5 to 0.75 mg/kg IV push

Synchronized cardioversion

epinephrine. Cardiacarrest survivors whoreceived high-dose
epinephrine suffer from more postresuscitation complications
(European Resuscitation Council, 2000).

Importantly, the volume of distribution and drug metabo-
lism may vary from nonpregnant norms. Page (1995) elo-
quently described the multiple factors contributing to altered
therapeutic blood levels of drugs in pregnancy: increased in-
travascular volume, reduced drug protein binding, increased
clearance of renally excreted drugs, progesterone-activated
increased hepatic metabolism, and altered gastrointestinal ab-
sorption due to changes in gastric secretion and gut motility.
The agents used in ACLS are recommended in standard doses.
However, if the victim does not respond to standard doses,
higher doses should be considered to account for the
expanded plasma volume of pregnancy.

Although volume administration, which can lead to de-
creased cerebral and coronary blood flow, is generally not rec-
ommended during treatment of cardiac arrest, it should be
strongly considered in cardiopulmonary arrest related to post-
partum hemorrhage or circulatory collapse as seen with amni-

otic fluid embolism. Finally, there are no data suggesting mod-
ifications in defibrillation guidelines should be made due to
pregnancy. Early return of maternal circulation and ventila-
tion is of primary importance to the mother and the fetus.

Complications of cardiopulmonary
resuscitation during pregnancy

Cardiopulmonary resuscitation during pregnancy may im-
pose complications on both mother and fetus. Maternal
injuries may include: (i) fractures of ribs and sternum; (ii)
hemothorax and hemopericardium; (iii) rupture of internal or-
gans (especially the spleen and uterus); and (iv) lacerations of
organs (most notably the liver). Damaging effects to the fetus
consist of central nervous toxicity from medications, altered
uterine activity, and reduced uteroplacental perfusion, with
possible fetal hypoxemia and acidemia. Fetal monitoring may
be used to assess ongoing fetal status; however, maternal
resuscitation should be the primary goal.



PARTIN Procedures and interventions

Tachycardia
With serious signs and symptoms related to
the tachycardia

If ventricular rate is >150 bpm, prepare for
immediate cardioversion. May give brief
trial of medications based on specific
arrhythmias. Immediate cardioversion is
generally not needed if heart rate is < 150
bpm

Have available at bedside

e Oxygen saturation monitor
Suction devise

IV line

Intubation equipment

:

Premedicate whenever possible J

:

Synchronized cardioversion

Ventricular tachycardia 1007J,2007,
Paroxysmal suparventricular 30017,360)
tachycardia monophasic energy dose
Atrial fibrillation (or clinically equivalent
Atrial flutter biphasic energy dose)
Notes:

1. Effective regimes have included a sedative (e.g. diazepam,
midazolam, barbiturates, etomidate, ketamine, methohexital)
with or without an analgesic agent (e.g. fentanyl, morphine,
meperidrine). Many experts recommend anesthesia if service is
readily available.

2. Both monophasic and biphasic waveforms are acceptable and
documented as clinically equivalent to reports of monophasic
success.

3. Note possible need to resynchronize after each cardioversion.

4.  [f delays in synchronization occur and clinical condition is
critical, go immediately to unsynchronized shocks.

5.  Treat polymorphic ventricular tachycardia (irregular form and
rate) like ventricular fibrillation: see Fig.6.7.

6.  Paroxysmal supraventricular tachycardia and trial flutter often
respond to lower energy levels (start with 50 J)

Steps for synchronized cardioversion
Consider sedation.

2. Turn on defibrillator (monophasic or
biphasic).

3. Attach monitor leads to the patient (“whiteto
right, red to rib, what’s left over to the left
shoulder”) and insure proper display of the
patient’s thythm.

4. Engage the synchronization mode by
pressing the “sync” control button.

5. Look for makers on R waves indicating sync
mode.

6. If necessary, adjust monitor gain until sync
markers occur with each R wave.

7. Select appropriate energy level.

8. Position conductor pads on patient (or apply
gel to paddles).

9. Position paddle on patient (sternum-apex).

10. Announce to team members: “Charging
defibrillator — stand clear.”

11. Press“charge” button on apex paddle (right
hand).

12. When the defibrillator is charged, begin the
final clearing chant. State firmly ina
forceful voice the following chant before
shock:

“] am going to shock on three. One, I’'m
clear.” (Check to make sure you are clear
of contact with the patient, the stretcher, and
the equipment.)

“Two, you are clear.” (Make a visual check
to insure that no one continues to touch the
patient or stretcher. In particular, do not
forget the person giving ventilations. That
person’s hands should not be touching the
ventilatory adjuncts, including the tracheal
tube!)

“Three, everybody’s clear.” Check
yourself one more time before pressing the
“shock” buttons.

13. Apply 25 Ib pressure on both paddles.

14. Press the “discharge” buttons
simultaneously.

15. Check the monitor. If tachycardia persists,
increase the joules according to the electrical
cardioversion algorithm.

16. Reset the sync mode after each synchronized
cardioversion because most defibrillators
default back to unsynchronized mode. This
default allows immediate shock if the
cardioversion produces VF.

Fig. 6.15 Electrical cardioversion algorithm. (Adapted from Guidelines 2000 for Cardiopulmonary Resuscitation and Emergency Cardiovascular Care.
Circulation 2000;102 (Supp! 1).)
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Table 6.4 Recently recommended changes in basic life support and
advanced cardiac life support*

Basic life support

Assessment of circulation includes observation for “signs of circulation”, not
necessarily a pulse check

Signs include breathing, coughing, or movement

Compression/ventilation ratio of 15 : 2 for one or two rescuers with an
unprotected airway

Advanced cardiac life support

May use alternative airways in the absence of a bag-mask device or
authorization to perform tracheal intubation

Must confirm tracheal tube position immediately using nonphysical
examination techniques, such as ET CO, indicators

Mechanically ventilated patients should not be hyperventilated, unless there
are signs of cerebral herniation after resuscitation

High dose epinephrine not recommended because of potential for harm

Vasopressin may be substituted for epinephrine

Amiodarone and procainamide recommended ahead of lidocaine and
adenosine for stable wide-complex techycardia

Bretylium omitted from the VF/pulseless VT algorithm

rtPA administered within 3 hr of stroke onset in patients who meet
fibrinolytic criteria

Following cardiac arrest, do not actively rewarm patients who are mildly
hypothermic

Nitrates are first-line therapy together with benzodiazepines in cocaine-
associated acute coronary syndromes

Induction of systemic alkalosis is treatment of choice for hypotension or
arrhythmias related to tricyclic overdose

Acute respiratory failure due to opiate overdose should be reversed by
mechanical ventilation prior to naloxone

* New, detailed protocols are outlined in subsequent tables.
ET, end-tidal; rtPA, recombinant tissue plasminogen activator; VF, ventricular
fibrillation; VT, ventricular tachycardia.

Table 6.6 Modifications in emergency cardiac care for the pregnant patient

Heimlich maneuver —chest thrust in latter half of gestation
Left uterine displacement

Aggressive airway management

Cricoid pressure to avoid aspiration

Increase chest wall compression force

Delivery within 5 minutes if fetus is viable

Aggressive restoration of circulatory volume if appropriate

Successful resuscitation

In contrast to the image popularized in the media, CPR is
rarely effective in restoring spontaneous circulation and per-
mitting neurologically intact recovery to hospital discharge.
Successful resuscitation is reported in 6-15% of patients suf-
fering inhospital cardiac arrest (Karetzky et al., 1995; Diem
et al., 1996). Survival in pregnancy is unusual given the phy-

CHAPTER 6 Cardiopulmonary resuscitation

Table 6.5 Maternal physiologic changes of pregnancy

Cardiovascular

co Increases
Blood volume Increases
HR Increases
SVR Decreases
cop Decreases
PCWP Decreases
Hematologic

Clotting factors Increases
Respiratory

Pharyngeal edema Increases
Minute ventilation Increases
Oxygen consumption Increases
FRC Decreases
Arterial Pco, Decreases
Serum bicarbonate Decreases
Breast

Chest wall compliance Decreases
Gastrointestinal

Motility Decreases
Lower esophageal sphincter tone Decreases
Renal

Compensated respiratory alkalosis Increases
Uteroplacental

Blood flow Increases
Aortocaval compression Increases

CO, cardiac output; HR, heart rate; COP, colloid oncotic pressure; FRC,
functional residual capacity; PCWP, pulmonary capillary wedge pressure;
SVR, systemic vascular resistance.

siologic changes outlined above any compounded by aorto-
caval compression.

Cesarean delivery and
cardiopulmonary arrest

Inancient times, cesarean section was performed postmortem,
not to save the child but to remove it from the mother prior to
burial. Numa Pompilus, the king of Rome (715673 BC) de-
creed that if a woman died while pregnant, the infant was tobe
immediately cut out of her abdomen (Ritter, 1961). This decree
became part of the Lex Regia and subsequently part of the Lex
Caesare (Emperor’s law), hence, the origin of the “cesarean op-
eration.” By the first half of this century, the operation was per-
formed in a desperate attempt to save the infant of a dying
mother. By 1960, 120 successful postmortem cesarean sections
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were reported (Ritter, 1961). It was noted that fetal prognosis
was better in cases of sudden maternal death than after
chronic illnesses.

In the twenty-first edition of Williams Obstetrics, Cunning-
ham and colleagues (2001) suggest that delivery within 5 min-
utes of cardiopulmonary arrest would not only benefit the
infant but also may facilitate maternal resuscitation. This rec-
ommendation was based primarily on the report by Katz and
colleagues (1986) who analyzed reports of successful results.
They recognized that the gravid uterus may prevent proper
CPR techniques from restoring adequate cardiac output. The
low-resistance, high-volume uteroplacental unit sequesters
blood, hindering effective CPR, In the nonpregnant state, ex-
ternal chest compressions produce a cardiac output approxi-
mately 30% of normal. The gravid uterus in the supine
position obstructs venous return and CO. Left lateral tilt
causes the torso to roll, and part of the compression force is
lost. Therefore, optimal chest compressions in pregnancy will
yield less than 30% of normal cardiac output. Because without
adequate cerebral perfusion irreversible brain damage from
anoxia occurs within 4-6 minutes, they argue for cesarean sec-
tion within 4-5 minutes, especially when the woman is pulse-
less despite CPR. Pulselessness may persist until the uterus is
evacuated (DePace et al., 1982; O’Connor & Sevarino, 1994).
Delivery leads to a decrease in aortocaval obstruction, an in-
crease in effectiveness of compressions, and an increase in ma-
ternal CO. Uterine evacuation will increase the CO up to 25%.
Vasopressors used in ACLS cause uterine vasoconstriction
(Prentice-Bjerkeseth, 1999). Delivery might actually assist
CPR efforts, allow a viable fetus to survive, and decrease fetal
exposure to ACLS drugs. Therefore, cesarean section should
be considered part of CPR as it may improve outcome for both
the mother and the fetus.

Clearly, the timing of the operation is critical for infant sur-
vival, which appears proportional to the time between the
mother’s cardiac arrest and her delivery (Table 6.7). If delivery
is accomplished within 5 minutes of maternal cardiac arrest,

Table 6.7 Perimortem cesarean delivery with the outcome of surviving
infants from the time of death until delivery

Intact neurologic status

Time interval (min) Surviving infants of survivors
0-5 45 98%
6-15 18 83%

16-25 9 33%

26-35 4 25%

36+ 1 0%

(Data from Katz VL, Dotters DJ, Droegemueller W. Perimortem cesarean
delivery. Obstet Gynecol 1986; 68; 571 and Clark SI, Hankins GDV, Dudley
DA, et al. Amniotic fluid embolism: Analysis of the national registry.

Am J Obstet Gynecol 1995; 172: 1939.)
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intact neurologic neonatal survival is likely (Katz et al., 1986;
Clark et al., 1995). Beyond 15 minutes, neonatal death or
impaired survival is generally seen. Primate studies confirm
brain damage in utero with as little as 6 minutes of complete
asphyxia; severe cellular damage occurs by 8 minutes
(Windle, 1968). Scattered reports describe infant survival at
longer intervals following arrest, implying that cesarean de-
livery should be performed postarrest if signs of fetal life are
present (Selden & Binke, 1988; Kaiser, 1994).

Inlight of the evolving definition of fetal viability, one group
of authors attempted to develop an algorithm to assist clini-
cians in determining when and who would benefit from a
perimortem cesarean section (Morris, 1996). The “potentially
salvageable” infant was defined as an estimated gestational
age of greater than or equal to 26 weeks with confirmation of
fetal cardiac activity by Doppler ultrasound. In this group,
75% of the infants survived. The authors postulated that 60%
of the infant deaths may have been avoided by earlier recogni-
tion of fetal distress and earlier cesarean section.

Women with chronic illness are less likely to have a normal
surviving infant by perimortem cesarean section, as compared
with those suffering an acute arrest. Because the latter is now
relatively more common, a more compelling argument is
made for a cesarean section within minutes of an arrest. Thus if
a pregnant woman suffers a cardiopulmonary arrest beyond
the stage of viability for a given institution, a cesarean section
should be considered. The 4-minute limit to initiate delivery,
as advocated by Katz and colleagues (1986, 1995), the Ameri-
can College of Obstetricians and Gynecologists, and several
texts, is derived from theoretical physiologic advantages for
resuscitating the mother, as well as from extrapolation of data
on infant survival. While such data suggest an ideal arrest-to-
delivery interval, in actual practice these goals can be achieved
only rarely. Further, it must be emphasized that no data exist to
document actual maternal benefits of perimortem cesarean
section; maternal death clearly remains, by far, the most likely
outcome regardless of arrest-to-delivery interval. In the set-
ting of perimortem cesarean section performed for the likely
salvageable fetus, the staff should be well versed in the tech-
niques of neonatal resuscitation as these infants are likely to
suffer from respiratory and circulatory depression at birth.

Conclusion

Since the publication of the last edition of this text, the most
significant clinical change in CPR has been in the area of phar-
macology, particularly treatment of tachyarrhythmias. The re-
vised American Heart Association algorithms are outlined in
Figs 6.6-6.15. Late pregnancy requires certain modifications to
ECC, including aggressive airway management and left later-
al uterine displacement. Physiologic alterations of pregnancy
may require larger doses of pharmacologic agents than in the
nonpregnant patient. Once cardiopulmonary arrest is con-



firmed, initiation of delivery within 4 minutes appears to offer
the best chance for both maternal and neonatal survival. Fetal
outcome appears to be directly related to the condition of the
mother. It cannot be overemphasized that the resuscitation
efforts of the mother take precedence over the fetus. Delivery
of the infant may have maternal resuscitative benefit by
improving cardiac return and hence cardiac output.
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Neonatal resuscitation

Christian Con Yost
Ron Bloom

Under normal circumstances, the transition from the womb to
the world is a series of dramatic and rapid physiologicchanges
leading to the birth of an infant prepared to continue the
processes of growth and development. The goal of delivering
a healthy child ready to continue normal development is,
unfortunately, not always technically feasible. Pregnancies
and/or deliveries complicated by common and uncommon
conditions discussed throughout this text, are, at times, not al-
ways successful in making the transition to extrauterine life.
Modern diagnostic tools often, but not always, allow for anti-
cipation of infants at risk of not making a successful transition,
and, thus, permit the perinatal team to plan for neonatal resus-
citation and/or medically necessary inventions. However,
more acute and often unanticipated conditions such as a sud-
den prolapsed cord or abruption ora previously unrecognized
congenital anomaly may preclude the availability of a neona-
tal resuscitation team.

Atbirth, neonatal resuscitation may be medically necessary.
Thus, the ability to conduct effective resuscitation of the new-
born infant is an integral part of the considerations and plan-
ning for delivery. Regardless of the level of care, a trained and
experienced team capable of neonatal resuscitation is an
integral part of perinatal care (International Guidelines for
Neonatal Resuscitation, 2000).

Basic principles

Causes of asphyxia

While all deliveries involve a complex physiologic transition
at birth, infants of those mothers cared for by the high-risk ob-
stetric team, especially if premature, are at a greater risk of
birth depression. Birth depression requiring resuscitation of a
neonate cannot always be predicted, and the newborn infant
may be depressed at birth through a variety of mechanisms,
unrelated to asphyxia.

Maternal or placental conditions can result in birth depres-
sion. For example, diminished uterine blood flow may result
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from maternal hypotension, eclampsia, regional anesthesia, or
uterine contractions. Placental abnormalities such as abrup-
tion, edema, or inflammatory changes may reduce placental
gaseous exchange. Fetoplacental blood flow may also be com-
promised due to sustained and unrelieved cord compression
from a nuchal or prolapsed umbilical cord.

Compromising conditions or events may also be primarily
fetal in origin. These include drug-induced central nervous
system (CNS) depression, CNS anomalies, spinal cord injury,
mechanical airway obstruction, pulmonary immaturity, con-
genital anomalies, and infection. All of these events or condi-
tions, maternal and fetal, may occur at the time of delivery or
significantly prior to the events of parturition. It is important
to note that intrauterine ischemic events, even those quite
remote from the delivery of the infant, may extend into the
newborn period by reducing the infant’s ability to adapt to air
breathing life.

Response to hypoxia

In the normal fetal circulation, blood returning to the heart
from the body and placenta is primarily shunted through the
foramen ovale to the left side of the heart facilitating the move-
ment of oxygenated blood to the head and heart. Blood that
reaches the right ventricle is shunted through the ductus arte-
riosus to the aorta, bypassing thelungs due to high pulmonary
vascular resistance (Rudolf & Yuan, 1966). This serves the fetus
well as the major organ of gas exchange is the placenta (Fig.
7.1).

However, if the fetus or neonate is subjected to “hypoxic”
conditions, the physiologic response is to exacerbate or main-
tain an increase in pulmonary vascular resistance. For the
neonate, maintenance of the fetal circulation serves only to
shunt blood away from the lungs.

In the circumstances of progressive asphyxia, the fetus or
newborn responds with an increase in systemic vascular re-
sistance or vasoconstriction. This results in intrafetal or neona-
tal shunting by decreasing blood flow to the musculature and
intestines, while attempting to increase blood flow to the head
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Fig. 7.2 Pulmonary vascular resistance (PVR) in the calf. (From Rudolph AM,
Yuan S. Response of the pulmonary vasculature to hypoxia and H*ion
concentration changes. J Clin Invest 1966;45:339.)

Fig. 7.1 Fetal circulation. (Reproduced by permission from Neonatal-
Perinatal Medicine: Diseases of the Fetus and Newborn; 7th edn; Editors:
Faranoff, AA and Martin, RJ; p. 417, St Louis, Mosby, 2002.)

and heart. Thus, blood flow to the cardiac and cerebral vessels
is maximized at the expense of “nonvital” organs. This pattern
of blood flow, if prolonged, can through redistribution result
inincreasing acidosis (Rudolf, 1988; Morin & Weiss, 1992). The
vasospastic process, if uncorrected, further increases the pul-
monary vascular resistance (Fig. 7.2). For both fetus and new-
born, cardiac output and blood pressure are maintained to the
vital organs initially, but will ultimately fail with myocardial
failure (Downing et al., 1966).

Primary and secondary apnea

Superimposed on these circulatory and hemodynamic
changes is believed to be the respiratory response to asphyxia.
The fetus or neonate will initiate gasping respiration (which
may occur in utero) and, should the asphyxia persist, enter an

(Rapid * (rregular
breathing) gasping)

Primary Secondary
apnea apnea
Primary and secondary apnea

Secondary
apnea

Primary
apnea

Fig. 7.3 Heart rate and blood pressure changes during apnea. (Reproduced
by permission from Textbook of Neonatal Resuscitation, 4th edn, p. 1-7; Elk
Grove, IL; American Academy of Pediatrics/American Heart Association,
2000.)

apnea phase known as primary apnea. If the asphyxia contin-
ues, the primary apnea in the neonate will be followed by a pe-
riod of irregular gasping respirations. Continued asphyxia
willlead to a period of unremitting apnea known as secondary
apnea. Figure 7.3 illustrates the respiratory and cardiovascu-
lar effects of asphyxia.
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Fig. 7.4 Time from ventilation to first gasp and to rhythmic breathing in
newborn monkeys asphyxiated for 10, 12.5, and 15 minutes at 30°C. (From
Adamsons K, et al. Resuscitation by positive pressure ventilation and tris-
hydroxymethyl-aminomethane of rhesus monkeys asphixiated at birth. J
Pediatr 1964,65:807.)

Ifaninfantisin primary apnea and exposed to oxygen when
gasping respirations ensue, oxygen exposure is usually suffi-
cient to reverse the process. However, once the infant reaches
secondary apnea, positive pressure ventilation is required to
initiate spontaneous ventilation. Furthermore, the longer the
duration of secondary apnea, the longer it will take for sponta-
neous respiratory effort to return following the administration
of positive pressure ventilation (Adamsons et al., 1964; Dawes,
1968) (Fig.7.4).

Asphyxia may begin in utero such that the infant may un-
dergo primary apnea in utero, and then be born in secondary
apnea. Thus, it is extremely difficult to assess the degree of as-
phyxia at the time of birth. For this reason, the resuscitative
efforts should begin immediately for infants born with any
degree of depression and should reduce the need, in selected
circumstances, of a potentially prolonged resuscitation with
an increased risk of neonatal brain damage.

Importance of resuscitation

While the long-term effects of asphyxia are sometimes un-
avoidable, a prompt and effective resuscitation may, in most
cases, restore spontaneous respiratory effort and reverse the
underlying vasospastic process (Box 7.1). In the vast majority
of resuscitations of depressed infants, the initiation of effective
positive-pressure ventilation is sufficient to restore sponta-
neous respirations. In a large series, a very small percentage of
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Box 7.1 Consequences of asphyxia

Central nervous system
Cerebral hemorrhage
Cerebral edema
Hypoxic-ischemic encephalopathy
Seizures

Lung
Delayed onset of respiration
Respiratory distress syndrome
Meconium aspiration syndrome

Cardiovascular system
Myocardial failure
Papillary muscle necrosis
Persistent fetal circulation

Renal system
Cortico/tubular/medullary necrosis

Gastrointestinal tract
Necrotizing enterocolitis

Blood
Disseminated intravascular coagulation
(From Neonatal-Perinatal Medicine: Diseases of the Fetus and

Newborn; 7th edn; Editors: Faranoff, AA and Martin, R]; p. 420,
St Louis, Mosby, 2002.)

neonates (0.12%) required chest compressions or medication.
In those neonates with persistent neonatal depression, 75%
were believed due to ineffective or improper ventilatory sup-
port (Perlman & Risser, 1995).

The Apgar scorereflects thelevel of resuscitation required in
a given neonate. For example, if an infant is born in secondary
apnea, intervention should be initiated immediately rather
than waiting 1 minute. Thus, the Apgar score is intended to
provide a “snapshot” look at the neonatal condition for one
moment in time and the level of resuscitation required in a
neonate (Table 7.1).

Elements of a resuscitation

Overview (Fig.7.5)

The ability to provide for a prompt and effective resuscitation
should beavailable for all infants regardless of the relative risk
for resuscitation as estimated by prenatal complications, fetal
heart tracings, or complications of labor. For infants at risk of
being born depressed based on the clinical circumstances, the



Table 7.1 Apgar scoring

Score
Sign 0 1 2
Heart rate Absent Slow (<100bpm)  2100bpm
Respirations Absent Slow, irregular Good, crying
Muscle tone Limp Some flexion Active motion
Reflexirritability ~ Noresponse  Grimace Cough, sneeze, cry

(catheterin

nares, tactile

stimulation)
Color

Blue or pale Pink body, blue

extremities

Completely pink

(Reproduced by permission from International Guidelines for Neonatal
Resuscitation: Pediatrics 2000; 106(3). URL:
http://www.pediatrics.org/cgi/content/full/106/3/e29.)
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need for resuscitation should be anticipated, when possible,
and preparations made for the time of delivery.

With each delivery, a quick assessment permits effective
triaging of the infant. If the infant is term, crying, vigorous, and
pink, there is obviously no further need for resuscitation and
the infant can be handed to an eager mother. The infant with
a congenital anomaly, an early gestational age, meconium,
or poor respiratory effort, tone, color, or general morphology
may, but not always, require a longer assessment.

If the neonate is placed on a radiant warmer, the initial steps
include, but are not limited to, warming and drying, correct
airway positioning, suctioning of the mouth and nose, and as-
sessment of respiratory effort, heart rate, and color. After the
initial period of assessment, subsequent efforts are dictated by
the clinical assessment of respiratory effort, heart rate, and
color.

Gasping or absent respiration, ora neonatal heart rate below
100, should prompt initiation of positive-pressure ventilation.
Most infants will respond to positive-pressure ventilation

Birth |

A

Clear of meconium? Place under radiant heater

Breathing or crying? | No (Suction trachea—if meconium
Pink? > guidelines apply)
Good muscle tone? Dry thoroughly
Term gestation? Remove wet linen
Position

Yes Suction mouth, then nose
\ Provide tactile stimulation (optional)

Routine care

* Warmth

o Clear airway

. Dry

(may go to mother)

| _

PPV :
with 935PINg

100%
oxygen

Above 100

Evaluate

Below 60 Above 60
 Continue PPV * Continue PPV
¢ Initiate chest ¢ Watch for spontaneous
compressions ventilation

¢ Then, discontinue PPV
if HR above 100

Initiate medication if HR
below 60 after 30 sec

of PPV with 100% oxygen
and chest compressions

:\ color

Cyanotic

Pink or
peripheral
cyanosis

Observe and
monitor

Provide oxygen

Fig. 7.5 Overview of resuscitation in the delivery room. (Modified from Textbook of Neonatal Resuscitation, 4th edn; Elk Grove, IL; American Academy of
Pediatrics/American Heart Association, 2000. Originally published in Neonatal-Perinatal Medicine: Diseases of the Fetus and in Newborn; 7th edn; Editors:

Faranoff, AA and Martin, RJ; p. 434, St Louis, Mosby, 2002.)
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alone. If an infant has central cyanosis but adequate sponta-
neous respirations and a heart rate greater than 100 beats
per minute (bpm), free-flow oxygen is usually sufficient until
colorimproves.

Chest compressions are reserved for infants whose heart
rate remains below 60 bpm for longer than 30 seconds after the
initiation of assisted ventilation. If after an additional 30 sec-
onds of positive-pressure ventilation and chest compression,
the heart rate does not begin to rise medications may be indi-
cated. Chest compressions should be continued until the
infant’s heart rate exceeds 60bpm. Assisted ventilation is
continued until the infant has spontaneous respiration which
is adequate to sustain the neonatal heart rate above 100.

The resuscitative steps for infants with special circum-
stances such as thick meconium-stained amniotic fluid,
pneumothorax, congenital diaphragmatic hernia or erythro-
blastosis/hydrops will be discussed later in this chapter.

Preparation for a resuscitation

Anticipation

The infant delivered of a mother requiring critical care to sup-
port and maintain a pregnancy may require complex resusci-
tation. Thus, preparation is the first step to assure neonatal
resuscitation. A careful review of the antepartum and peripar-
tum maternal history as well as an assessment of the infant’s
response to labor will frequently identify the potential for de-
livering a depressed infant (Box 7.2). .
Traditionally, cesarean delivery of any type has been consid-
ered high risk. Enough information is now available to state that
the uncomplicated repeat cesarean section carries no greater
risk for the infant than a vaginal delivery (Press et al., 1985).
The need for neonatal resuscitation has been made easier by
technologic advances allowing better prenatal assessment of
the fetus. But, not all events compromising an infant’s re-
sponse to labor may be predicted. For this reason, equipment
and personnel must be immediately available to intervene on
behalf of the infant requiring an unanticipated resuscitation.

Antepartum risk factors
Maternal diabetes
Pregnancy-induced hypertension
Chronic hypertension
Chronic maternal illness
Cardiovascular
Thyroid
Neurological
Pulmonary
Renal
Anemia or isoimmunization
Previous fetal or neonatal death
Bleeding in second or third trimester
Maternal infection
Polyhydramnios
Oligohydramnios
Premature rupture of membranes
Post-term gestation
Multiple gestation
Size—dates discrepancy
Drug therapy, e.g.
Lithium carbonate
Magnesium
Adrenergic-blocking drugs
Maternal substance abuse

p- 420, St Louis, Mosby, 2002.)

Box 7.2 Factors associated with neonatal depression and asphyxia

(Modified from Textbook of Neonatal Resuscitation; 4th edn; Elk Grove, IL; American Academy of Pediatrics/ American Heart Association,
2000. Originally published in Neonatal-Perinatal Medicine: Diseases of the Fetus and Newborn; 7th edn; Editors: Faranoff, AAand Martin, R];

Fetal malformation
Diminished fetal activity
No prenatal care
Age<l16 or>35years

Intrapartum risk factors

Emergency cesarean section

Forceps or vacuum-assisted delivery

Breech or other abnormal presentation

Premature labor

Precipitous labor

Chorioamnionitis

Prolonged rupture of membranes (>18 hours before delivery)
Prolonged labor (>24 hours)

Prolonged second stage of labor (>2 hours)

Fetal bradycardia

Nonreassuring fetal heart rate patterns

Use of general anesthesia

Uterine tetany

Narcotics given to mother within 4 hours of delivery
Meconium-stained amniotic fluid

Prolapsed cord

Abruptio placentae

Placenta previa
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Equipment

Appropriate equipment must be close at hand and in good
working order (Box 7.3).

Adequate personnel

Individuals vested with the responsibility of resuscitating
infants should be adequately trained, readily available, and
capable of working together as a team. Adequate training
involves not only satisfactory completion of a course such as
the Neonatal Resuscitation Program of the American Heart
Association/ American Academy of Pediatrics but also suffi-
cient experience. Those having completed a course, but still
lacking the expertise gained through experience should be
supervised and supported by experienced personnel. Ulti-
mately, the ability to resuscitate neonates is based on the
training, skill, and experience of the resuscitator.

Neonatal resuscitation is a team effort. If individuals are
aware of and able to fulfill their respective responsibilities as

CHAPTER 7 Neonatal resuscitation

well as anticipate the needs of other team members, difficult
resuscitations are made easier. In those institutions where re-
suscitations are uncommon events, frequent mock code drills
may help to maintain skills and develop coordination among
various team members.

Initial steps and evaluation

To its mother or not?

The healthy vigorous term infant may be given directly to its
mother, thereby facilitating maternal-neonatal bonding.
Whether to bypass resuscitative efforts should, however, be
based on information obtained during the initial triage of the
infant. The infant born at term without obvious deformity or
the passage of meconium in utero, who immediately after
birth is vigorous, breathing easily, and exhibits good tone and
color may be able to bond with its mother in keeping with the
wishes of the parents. A light blanket and some drying of the
infant by the mother and delivery room staff will help to estab-

Suction equipment

Bulb syringe

Mechanical suction

Suction catheter: Size 5 (or 6), 8,10, or 12 Fr
Size 8 Fr feeding tube and 20 mL syringe
Meconium aspirator

Bag-and-mask equipment

Neonatal resuscitation bag with a pressure-release valve or
pressure gauge; the bag must be capable of delivering
90-100% oxygen

Face masks —newborn and premature sizes (cushioned-rim
masks preferred) '

Oxygen source with intact flowmeter and tubing

Intubation equipment

Laryngoscope with straight blades —no. 0 (premature) and
no. 1 (term newborn)

Extra bulbs and batteries for laryngoscope

Endotracheal tubes —sizes 2.0,2.5, 3.0, 3.5,4.0mm ID

Stylet (optional)

Scissors

Gloves

Tape or securing device for endotracheal tube

422, St Louis, Mosby, 2002.)

Box 7.3 Neonatal resuscitation supplies and equipment

Oral airways —newborn (size 0) and premature sizes (size 00)

(Originally published in Neonatal-Perinatal Medicine: Diseases of the Fetus and Newborn; 7th edn; Editors: Faranoff, AA and Martin, RJ; p.

Medications

Epinephrine 1:10,000 (0.1 mg/mL) 3mL or 10mL ampules

Naloxone hydrochloride, 0.4 mg/mLin 1 mL ampules or
1.0mg/mLin2mLampules

Isotonic crystalloid (normal saline or Ringer’s lactate) for
volume expansion—100 or 250 mL

Sodium bicarbonate4.2% (5mEq/10mL)in 10 mLampules

Dextrose 5% and 10%, 250 mL '

Sterile water

Other equipment and supplies

Radiant warmer

Stethoscope

Blood pressure monitor with transducer (desirable)

Adhesive tape —,-inch or %-inch wide

Syringes—1, 3, 5,10, 20, 50 mL

Needles—25,21, 18 gauge

Alcohol sponges

Umbilical artery catheterization tray

Umbilical tape

Umbilical catheters size 3.5, 5 Fr

Three-way stopcocks

Size 5Fr feeding tube

Cardiotachometer with electrocardiographic oscilloscope
(desirable)

Pressure transducer and monitor (desirable)

Pulse oximeter
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lish an appropriate thermal environment but should not
hinder frequent and adequate assessments of the neonate’s
condition.

If, however, the infant is premature, has passed meconium
in utero, or exhibits any degree of respiratory distress,
cyanosis, pallor, hypotonia, or obvious malformations, the in-
fant should be evaluated in the radiant warmer. There, a more
thorough assessment can be performed and possible further
resuscitative interventions begun.

Initial steps

Thermal management

Since temperatures in the delivery rooms are typically lower
than the neonate’s core temperature, the neonate needs to be
dried quickly. If there is any concern regarding neonatal sta-
tus, the neonate should be placed in a preheated radiant
warmer. There simple measures can minimize the significant
drop in infant core body temperature experienced immedi-
ately after birth (Miller & Oliver, 1966). These measures are
particularly important for the infant with any degree of com-
promise. The infant’s homeostatic response to cold stress is
incompletely developed, and, as a result, a greater than nor-
mal drop in core body temperature may result (Bruck, 1961;
Adamsons etal., 1965).

Clearing the airway

With delivery of the fetal head, the oropharynx is normally
cleared with the use of a bulb syringe or suction catheter. Both
devices are equally efficacious. The primary purposeis to clear
secretions in the oropharynx and to potentially prevent their
aspiration should deep breaths occur with nasal suctioning.
Gentle suctioning of the oropharynx will frequently, but not
always, avoid the reflex bradycardia associated with vigorous
suctioning (Cordero & Hon, 1971). If asuction catheter is used,
Kattwinkel recommends that the catheter be inserted no more
than 5cm from the lips and that the duration of suctioning be
no more than 5 seconds (Kattwinkel et al., 1999).

Tactile stimulation

Drying and suctioning are generally sufficient to stimulate res-
pirations in the newborn infant. Other methods such as flick-
ing the feet or rubbing the back are also useful to stimulate a
more vigorous respiratory response in a sluggish newborn. If,
however, there is no immediate response to these supplemen-
tal methods, positive-pressure ventilation should be initiated.
Positive-pressure ventilation is typically necessary in the in-
fant who exhibits gasping respirations or respirations inade-
quate to sustain a heart rate 2100 bpm.

Free flow oxygen

The infant breathing spontaneously with a heart rate
>100bpm but with persistent central cyanosis should receive
100% free flow oxygen until the oxygen saturation meets or
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exceeds 85% or the neonate fails to respond to 100% oxygen
such as in neonates with cyanotic congenital heart disease.

Free flow oxygen in high concentrations can easily be ad-
ministered by oxygen mask (with escape holes) or by cupping
the hand around the end of the oxygen tubing and holding this
close to the infant’s nose and mouth (Fig. 7.6). A flow-inflating
(anesthesia) bag and mask held lightly over the infant’s nose
and mouth may also deliver a high concentration of inspired
oxygen. Caution should be used to avoid a tight seal so as to
avoid providing positive pressure to the lung.

Cold, dry oxygen can be given in an emergency; however,
a persistent need for free flow oxygen should prompt humidi-
fication and heating of the oxygen. An oxygen blender and
oxygen saturation monitor are useful in determining the
concentration of oxygen an individual infant requires.

Positive-pressure ventilation

The vast majority of infants requiring resuscitation will re-
spond to timely positive-pressure ventilation. Under most cir-
cumstances, positive-pressure ventilation can be quickly and
effectively provided with a bag and mask. Those with exten-
sive experience in the placement of endotracheal tubes in new-
born infants may choose this route for ventilation, but for most
neonates, bag-mask ventilation is usually sufficient.

Resuscitation bags

Regardless of the type of bag used, the volume should be
geared to the gestational age and size of the neonate (250-
750mL total volume), and capable of delivering high con-
centrations of oxygen. A flow-inflating or a self-inflating bag
may be used to administer positive-pressure ventilation.
While opinions differ as to the effectiveness of one bag over the
other (Kanter, 1987), self-inflating bags are easier for the resus-
citator to use.

(a) (b)

Fig. 7.6 (a) Oxygen mask held close to baby’s face. (b) Oxygen delivered by
tubing held in cupped hand. (Reproduced by permission from from Textbook
of Neonatal Resuscitation; p. 2-32; Elk Grove, IL; American Academy of
Pediatrics/American Heart Association, 1994, rev. 1996.)



To protect an infant’s lungs from excessive pressures, re-
suscitation bags should be equipped with a pressure gauge, a
pressure-relief valve (pop-off valve) or both. Pop-off valves
vent pressures in excess of 3040cmH,0, but there is con-
siderable variability between individual bags (Finer et al.,
1986). Should excessive pressures be required to establish ade-
quate chest rise, a finger can easily be placed over the pop-off
valve.

Prior to each potential resuscitation, the bag and mask appa-
ratus should be checked. To check a bag for proper function,
simply occlude the air outlet and squeeze the bag. A properly
functioning bag should be able to generate pressures in excess
of 30-40cmH,0.

Bag/mask ventilation

Anadequate seal for delivery of positive-pressure ventilation
depends on using an appropriately sized and properly placed
mask. Amask with a cushioned rim is preferred because these
masks conform more fully to the contours of the infant face
and usually require less pressure to maintain a good seal.
Given the wide range of neonates that may require resuscita-
tion, masks should be available for infants ranging in weight
from 500t0 4,500 g.

When prolonged ventilation with a bag and mask is neces-
sary, an 8 French feeding tube is helpful to vent air built up in
the stomach and to remove gastric contents to reduce the risk
of aspiration.

Whenever positive-pressure ventilation with bag and mask
fails to establish adequate ventilation, an endotracheal tube or
oral airway may need to be inserted. The need for these de-
vices typically arises in infants with unusual facial contours,
such as the Pierre-Robin Sequence infant, or in small or large
infants without an appropriately sized mask.

Bag/endotracheal tube ventilation

Endotracheal intubation is more easily accomplished by two
people. One person inserts the tube into the airway, while the
other assists and then assesses for correct placement of the
tube by listening for equal breath sounds on both sides of
the chest. Uncuffed endotracheal tube sizes ranging from 2.0
to 4.0 are typically available in the delivery suite. A 2.5 endo-
tracheal tube is usually sufficient for most infants with the
exception of the extremely low-birth-weight infant (Table 7.2).
If a soft, flexible wire stylet is used to assist with endotracheal
tube placement, it should not extend past the tip of the endo-
tracheal tube, ensuring that the stylet does not harm the
tracheal wall or carina.

For endotracheal intubation, the neonatal neck should be in
aposition of slight extension to provide a directline of sight for
visualization of the glottis. The simplest approach is to use a
modest shoulder roll coupled by gentle extension at the neck.
Ifthe neck is hyperextended, the glottis is displaced anteriorly,
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Table 7.2 Endotracheal tube sizes

Tube size (mm ID) Weight(g) Gestational age (weeks)
2.0* 500-600 or less 25-260r less

2.5 <1,000 <28

3.0 1,000-2,000 28-34

35 2,000-3,000 34-38

3540 >3,000 >38

* May be needed if a size 2.5 Fr tube does not fit.

ID, internal diameter.

(Reproduced by permission from Neonatal-Perinatal Medicine: Diseases of
the Fetus and Newborn; 7th edn; Editors: Faranoff, AA and Martin, R);

p. 426, St Louis, Mosby, 2002.)

hindering visualization of the glottis and placement of the en-
dotracheal tube through the vocal cords (Fig. 7.7).

With the neonate in the proper position for intubation, a cor-
rectly sized straight blade for the infant’s size, usually either a
Oor1blade, should be used. Prior to its use, check foradequate
lumination.

The ability to visualize the glottis and vocal cords depends
upon landmark recognition and proper neonatal positioning.
Figure 7.8 demonstrates both positioning and possible correc-
tive actions based on the landmarks visualized. If necessary,
visualization of the anteriorly set glottis can be improved with
gentle, downward pressure at the infant’s cricoid cartilage
either by the operator or by the assistant.

During the insertion of the endotracheal tube, direct visual-
ization of both the glottis and tip of the tube should be main-
tained at all times. Simultaneously, the intubator should
gently insert the tube through the vocal cords until the vocal
cord guide (black line near the tip of the endotracheal tube) is
at the level of the vocal cords. A tip to lip distance in centi-
meters should be used to estimate depth of placement (Table
7.3). As a general guideline, adding 6 cm to the number repre-
senting the weight of the infant in kilograms will provide a
safe initial depth in centimeters from lip to tip.

Insertion of the endotracheal tube should be done quickly,
and each attempt should usually last less than 20 seconds.
Prolonged attempts at endotracheal intubation should be
avoided. If intubation is not achieved, bag mask ventilation
should be used between attempts and, if possible, the heart
rate brought to above 100bpm. For severely asphyxiated in-
fants who may need prolonged positive-pressure ventilation,
placement of an endotracheal tube is desirable at some time
during the resuscitation because it is easier to ventilate the
neonate.

When the tube is placed in the airway, a bag should be
attached to the endotracheal tube and a series of breaths ini-
tiated. Endotracheal tube placement should initially be
checked by auscultation of equal breath sounds on both sides
of the chest. Further evidence of a properly placed endotra-
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Line of sight

Infant in correct position

Line of sight

Neck hyperextended

Line of sight

Neck underextended

Fig. 7.7 Effects of flexion and hyperextension
on ability to visualize the glottis. (Reproduced
by permission from Textbook of Neonatal
Resuscitation; p. 5-16; Elk Grove, IL; American
Academy of Pediatrics’American Heart
Association, 1994, rev. 1996.)

cheal tube is the presence of a gentle chest rise and the lack of
significant auscultated gastric breath sounds or significant
gastric distension.

Possible complications of endotracheal intubation include
hypoxia, bradycardia, infection, and contusions or lacerations
to the structures of the upper airway, including the vocal cords
themselves. Rarely, the trachea or esophagus may become per-
forated. Of note, these complications can and do arise in the
presence of an appropriately managed intubation.

Positive-pressure ventilation

Positive-pressure ventilation is used to establish the function-
al residual capacity (FRC), provide an adequate tidal volume
and to haltany asphyxial process. Pressures ranging from 12 to
42 cmH,0 may be necessary depending on the health and ma-
turity of the infant’s lungs. Overexpansion of the lungs, when
possible, should be avoided to potentially prevent volu- and
barotrauma to the lungs (Hernandez et al.,, 1989; Carlton
etal., 1990).

Although there is a split of opinion on how to accomplish
this goal, current guidelines suggest that initial breaths be de-
livered with pressures of 3040 cmH,O which are sufficient to
cause a gentle rise and fall of the chest. At times, however, the
conventional recommendations for inspiratory pressures may
not be sufficient. When this happens, a higher inspiratory
pressure is medically necessary. After establishing an ade-
quate FRC and tidal volume, inspiratory pressure require-
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Table 7.3 Endotracheal tube placement

Weight (kg) Depth of insertion (cm from upper lip)
1 7*

2 8

3 9

4 10

* Infants weighing less than 750 g may require only 6 cm insertion.
(Reproduced by permission from Textbook of Neonatal Resuscitation; 4th
edn, p. 5-19; Elk Grove, IL; American Academy of Pediatrics’/American Heart
Association, 2000.)

ments will drop (Upton & Milner, 1991). During positive-
pressure ventilation, a rate of 40-60 breaths per minute is
currently recommended.

With the initiation of positive-pressure ventilation, the as-
sisting team member should monitor the quality and symme-
try of breath sounds, chest expansion, and heart rate. To assist
the clinician, Table 7.4 illustrates the common problems asso-
ciated with inadequate chest expansion and potential correc-
tive actions that can be easily performed in the delivery room.

Room air versus 100% oxygen

There is an emerging split of opinion whether to use room air
or 100% oxygen during the resuscitation of asphyxiated
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Position

Not inserted far enough

Landmarks Corrective action

Advance the blade
farther

You see the tongue
surrounding the blade

Position

Inserted too far

Landmarks Corrective action
You see the wall of Withdraw the blade
the esophagus slowly until the
surrounding the blade epiglottis and glottis

come into view

Position

Fig. 7.8 Examples of incorrect positioning of
laryngoscope and how to take corrective
action. (Reproduced by permission from
Textbook of Neonatal Resuscitation; p. 5-23;
Elk Grove, IL; American Academy of
Pediatrics’American Heart Association, 1994,
rev. 1996.)

Inserted off to the side

Landmarks Corrective action
In the posterior
pharynx, you see part
of the trachea to the
side of the blade

Gently move the blade
back to the midline,
then advance or
retreat according to
the landmarks seen

neonates. Resuscitation of the potentially asphyxiated infant
with room air may provide potential benefits and may not be
harmful. The concern is that oxygen administration may be
harmful because the generation of oxygen free-radicals dur-
ing the reperfusion phase of ischemic injury may be associated
with increased damage (Rootwelt et al., 1980; Saugsta, 1990;
Poulson et al., 1993). After a pilot study demonstrating no dif-
ference in neonatal outcomes with room air versus 100% oxy-
gen (Ramiji et al., 1993), a large multicenter controlled study of
609 infants found that the use of room air did not increase

neonatal morbidity and mortality. Of note, there were no
significant differences in mortality, incidence, and severity of
hypoxic-ischemic encephalopathy, acid-base status, oxygen
saturations, or arterial oxygen concentrations (Saugstad
etal., 1998). At this time, both approaches appear to be equally
efficacious.

Chest compressions

In the vast majority of compromised infants, positive-pressure
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ventilation alone is usually sufficient to overcome any brady-
cardia and lead to spontaneous respirations. If, however, after
30 seconds of ventilation with 100% oxygen, the newborn
remains bradycardic, chest compressions will be needed to
maintain systemic blood flow.

The American Heart Association/American Academy of
Pediatrics currently recommends beginning chest compres-
sions for a heart rate of less than 60bpm. This can be accom-
plished with either the two finger or thumb methods (Fig. 7.9).
With both methods, the lower third of the sternum is com-
pressed. When performing the compressions, the resuscitator
should be careful not to apply pressure to the xyphoid process.
Thus, to find the lower third of the sternum, draw an imagi-
nary line between the two nipples of the infant. This will de-

Table 7.4 Problems associated with inadequate chest expansion

Problem Correction

Inadequate face mask seal Reapply mask to face

Alter position of hand that holds mask

Blocked airway Bag and mask:
Check infant’s position
Suction mouth, oropharynx, and nose
Insert oral airway if indicated (Pierre
Robin, macroglossia)
Bag and endotracheal tube:

Suction the tube

Misplaced endotracheal tube Remove endotracheal tube, ventilate with

bag and mask, replace tube

Inadequate pressure Increase pressure, taking care not to
overexpand the chest; may require

adjusting or overriding the pop-off valve

(Reproduced by permission from Neonatal-Perinatal Medicine: Diseases of
the Fetus and Newborn; 7th edn; Editors: Faranoff, AA and Martin, RJ;
p. 429, St Louis, Mosby, 2002.)

marcate the upper two-thirds from the lower third of the ster-
num. When conducting chest compressions with the thumb
technique, the pressure is applied by encircling the chest with
both hands and applying pressure with both thumbs over the
lower third of the sternum. In contrast, two fingers are placed
perpendicular to the chest and apply pressure over the lower
third of the sternum (Todres & Rogers, 1975; David, 1988).
During chest compressions, the goal is to generate a palpable
pulse. Along with 90 compressions per minute, ventilation
should be sufficient to produce 30 respirations per minute
(American Heart Association/American Academy of Pedi-
atrics, 2000).

Simultaneous ventilation and compression (SVC/CPR)
holds no advantage over interposing ventilations between
compressions. But, there is the potential for compromise of
neonatal tidal volumes and the need for higher ventilatory
pressures. SVC/CPR increases the likelihood of inadequate
gas exchange, increased gastric air accumulation and baro-
trauma (Rudikoff et al., 1980; Chandra et al., 1981; Swenson
etal., 1988; Berkowitz et al., 1989; Krischer et al., 1989).

Intermittently, chest compressions should be stopped to
check for a spontaneous heart rate. If the spontaneous heart
rate is greater than 60 bpm, compressions may be stopped.

If well-coordinated chest compressions and ventilation do
not raise the infant’s heart rate above 60bpm within 30 sec-
onds, support of the cardiovascular system with medications
isindicated.

Medications

Medications are indicated when, in the rare infant, positive-
pressure ventilation and chest compressions fail to correct
neonatal bradycardia. Depending upon the medication, it
may be given viaan umbilical venous catheter or endotracheal
tube. Because of the potential for organ injury from infusion
of medications, any concerns about the position of the umbili-
cal catheter should prompt removal and reinsertion of the

(a) (b)

Fig. 7.9 Two methods of applying chest
compression: (a) the two finger method; and (b)
the thumb method (Reproduced by permission
from Textbook of Neonatal Resuscitation; p.
4-12; Elk Grove, IL; American Academy of
Pediatrics/American Heart Association, 1994,
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catheter to the level of the skin. Table 7.5 presents an overview
of the various resuscitative medications with their concentra-
tions, dosages, routes of administration, and precautions.

Epinephrine

Epinephrine 1:10,000 (0.1-0.3mL/kg) is the first-line agent
for persistent bradycardia, and may be given via intraven-
ous catheter or endotracheal tube. Epinephrine may be re-
administered every 3-5 minutes as needed for any persistent
bradycardia. Whether an increase in the standard intravenous
(IV) epinephrine dosage should routinely be given when epi-
nephrine is administered via the endotracheal tube (Quinton
etal., 1987; Orlowski et al., 1990) remains uncertain. Thus, the
current dosage recommendations for IV and endotracheal
tube administration are the same. While higher doses of
epinephrine have been used in pediatric (Goetting & Paradis,
1991) and adult (Paradis et al., 1991) resuscitations, there is
concern about adverse outcomes among high-dose epineph-
rine recipients. Thus, routine use of higher epinephrine doses
is not recommended.

Epinephrine has two effects on the cardiovascular system.
First, via stimulation of the beta-1 adrenergic receptors, it hasa
direct effect on the heart. The second effect is to increase sys-
temic vascular resistance via stimulation of alpha-1 adrenergic
receptors. The increase in systemic vascular resistance in-
creases blood flow to the coronary arteries, thus increasing
myocardial oxygenation (Berkowitz et al, 1991). Animal
models also suggest that metabolic acidosis significantly
blunts the cardiac and peripheral vasculature response to epi-
nephrine (Preziosi et al., 1993). Therefore, if epinephrine alone
is ineffective, consideration should be given to the possibility
of hypovolemic shock and/ or significant metabolic acidosis.

Volume expanders

After administration of epinephrine, the infant with poor cap-
illary refill, evidence or suspicion of acute blood loss, or other
signs of hypovolemia should receive a volume expander. Infu-
sion of volume expanders should consist of a volume of
10mL/kg given over 5-10 minutes. If necessary, the infusion
can be repeated. In the acute setting, isotonic normal saline is
the volume expander of choice. A solution of 5% albumin does
notappear to offer any advantage over normal saline and may
make fluid retention more likely (Fleck et al., 1985; So et al.,
1997).

The preferred volume expander, although rarely available,
is whole O-negative blood cross-matched against the moth-
er’s blood. This provides volume, oxygen-carrying capacity,
and colloid. In emergent circumstances, the blood from the
freshly delivered placenta may be recovered and infused into
the hypovolemic infant and is very rarely necessary. If this
technique is used, sterile technique should be employed as
soon as possible after the placenta is delivered. Withdrawing
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blood from the placenta requires a heparinized syringe
attached to a filter to prevent microclots from entering the
syringe. Before infusion of the blood back into the infant, the
filter should be changed and the blood passed through a
second filter to prevent the infusion of microclots into the
infant.

Sodium bicarbonate

The use of sodium bicarbonate in the acute phase of a delivery
room resuscitation should be discouraged. Since the initial aci-
dosis may consist of both respiratory and metabolic compo-
nents, therespiratory acidosis is more easily corrected with the
establishment of adequate ventilation. Metabolic acidosis
is best corrected by establishing adequate circulation and
oxygenation and adequate fuel substrates. This physiologic
approach will halt the production of additional anaerobic
metabolites, lead to the breakdown of lacticacid and help clear
the remaining metabolic acidosis.

Sodium bicarbonate is useful to correct persistent metabolic
acidosis associated with prolonged resuscitation.

In the absence of adequate ventilation, the acute generation
of carbon dioxide may be harmful because carbon dioxide per-
meates all biological membranes and will acutely lower the
pH in all major organs, including the brain and heart (Bersin,
1992). If ventilation is inadequate, excess carbon dioxide will
be generated. Thus, sodium bicarbonate is reserved, if at al},
for neonates with adequate ventilation.

If sodium bicarbonate is required, the recommended dose is
2mEq/kg. To avoid a sudden increase in osmolality, with its
potential risk of intraventricular hemorrhage, the concentra-
tion of bicarbonate should be 0.5mEq/mL, infused at a rate of
no more than 1mEq/kg/min. This would require approxi-
mately 2 minutes to infuse the dose. The rapid infusion of
sodium bicarbonate is associated with an increased risk of
intraventricular hemorrhage, especially in the preterm infant
(Papile etal., 1978).

Dopamine

When the severely asphyxiated infant has poor cardiac output
following initial resuscitative efforts, dopamine should be im-
plemented at an intravenous infusion rate of 5ug/kg/min,
increasing, if necessary, to 20pug/kg/min. If the dose of
20pg/kg/min is reached without improvement, further in-
creases in the infusion rate are unlikely to make a difference.
By the time one has reached the point at which dopamine is
needed, consultation with a neonatologist or pediatrician
experienced in taking care of sick newborns would appear
necessary.

The drug-depressed infant

Neonatal respiratory depression following inhalational
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Table 7.5 Medications for neonatal resuscitation

Concentration
Medication to administer Preparation Dosage/route Total dose/infant Rate/precautions
Weight Total dose
Epinephrine 1:10,000 Tmb 0.1-0.3mlkg 1kg 0.1-0.3mL Give rapidly
IVoreT 2kg 0.2-0.6mL May dilute with
3kg 0.3-0.9mtL normal saline
4kg 0.4-1.2mL solution to 1-2mL
if giving ET
Weight Total dose
Volume Normal saline 40 mL 10mUlkg v 1kg 10mL Give over 5-10min
expanders solution 2kg 20mL
Ringer’s lactate 3kg 30mL
solution 4kg 40mL
Whole blood
5% albumin-satine
solution
Weight Total dose Total dose
Sodium 0.5mEg/mL(4.2% 20mL or two 2mEg/kg IV 1kg 2mEq 4mL Give slowly, over
bicarbonate solution) 10mL 2kg 4mEq 8mL atleast 2min
prefilled 3kg 6mEq 12mL Give only if infant
syringes 4kg 8mEq 16mL isbeing
effectively
ventilated
Weight Total dose Total dose
Naloxone 0.4mg/mL 1mL 0.1 mg/kg (0.25 ml/kg) 1kg 0.1mg 0.25mL Give rapidly
hydrochloride IV, ET 2kg 0.2mg 0.50mL iV, ET
IM, 5Q 3kg 0.3mg 0.75mL preferred. IM,
4kg 0.4mg 1.00mL SQ acceptable
1.0mg/mL 1mL 0.1mgkg(©.1mlkg)  1kg 0.1mg 0.1mL Do ”mhg'v,e i
W, ET 2kg 0.2mg 0.2mL :JZ;:C;; o
M, 5Q 3kg 0.3mg 0.3mlL .
4kg 0.4mg 0.4mL narsot'lc
addiction oron
methadone
maintenance
(may resultin
severe seizures)
Weight Total dose
Dopamine Begin at 5 ug/kg/min 1kg 5-20pg/min Giveasa
Weight Desired dose ¢ . (may increase to 2kg 10-40 ug/min continuous
6 (kg) X (11g/kg/min) mg of dopamine 20pg/kg/min 3kg 15-60 ug/min infusion, using
Desired fluid (mL/hr) =pert F)OmL of if necessary) 4kg 20-80pug/min an infusion
solution
v pump
Monitor heart rate
and blood
pressure closely
Seek consultation

ET, endotracheal; M, intramuscular; IV, intravenous; SQ, subcutaneous.
{Reproduced by permission from Textbook of Neonatal Resuscitation; p. 6-51; Elk Grove, iL; American Academy of Pediatrics’/American Heart Association, 1994,

rev. 1996.)
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anesthetic during a cesarean or a narcotic analgesic less than 4
hours prior to birth is relatively uncommon. With inhalational
anesthetics, adequate ventilation will effectively clear them
from the infant. If a narcotic analgesic was administered less
than 4 hours prior to delivery, naloxone (Narcan) can be useful
in antagonizing the narcotic agent’s respiratory depression.
The standard dose is 0.1 mg/kg administered preferentially
via umbilical venous catheter or endotracheal tube. Adminis-
tration may also be intramuscularly or subcutaneously; but
these routes may be associated with a lag between the time of
thedoseand itsreversal effects. Repeated doses of Narcan may
also be necessary because of its short duration of action. In in-
fants of a mother addicted to narcotics, naloxone administra-
tion should be avoided because of the potential for acute
withdrawal symptoms and seizures.

Immediate care after establishing adequate
ventilation and circulation

Once an infant is stabilized after a resuscitation, the future
course of ventilation is related to the degree of cardiorespirato-
ry compromise. Many infants will quickly improve, develop-
ing good lung compliance, adequate pulmonary blood flow,
and spontaneous respiratory drive. In these infants, assisted
ventilation can be withdrawn in a matter of minutes. At the
same time, some degree of inspired oxygen may be medically
necessary to support the recovering term or preterm infant
after an effective resuscitation.

Prolonged assisted ventilation

Prolonged ventilatory assistance is often linked to the time re-
quired to resume spontaneous respirations. Some asphyxiat-
ed infants, as well as premature infants, may also demonstrate
some degree of lung disease and, hence, may require ventila-
tory assistance even after the resumption of spontaneous res-
pirations. At times, infants with lung disease start out well on
their own, but very shortly require ventilatory assistance, in
the form of intermittent mechanical ventilation (IMV) or
continuous positive airway pressure (CPAP), to maintain
adequate ventilation and oxygenation. Whenever an infant
requires prolonged ventilatory support, the infant should
be in a center skilled at providing assisted ventilation to
neonates.

Glucose

As soon as the neonatal resuscitation has been completed, a
glucose infusion at a rate of 5mg/kg/min may be necessary
(approximately 80 ml/kg/day of 10% glucose) to help main-
tain neonatal glucose levels. Adjustments of the glucose infu-
sion rate should be based on subsequent neonatal blood
glucose measurements to avoid potential hypoglycemia.
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Fluids

If a fetus undergoes “asphyxia”, neonatal urine output should
be carefully monitored. If oliguria is observed, fluids should
be restricted until the neonate demonstrates adequate urine
output. Under these circumstances and when glucose infusion
is contemplated, the glucose infusion should be given in terms
of milligrams per kilogram of body weight per minute, rather
than in the amount of 10% glucose to be given. Thus, the con-
centration of glucose will depend on how much fluid can be
given to theinfant.

Feeding

During the asphyxial process, ischemia of the intestine may
rarely occur as a result of vasoconstriction of the mesenteric
blood vessels. Due to the association between gut ischemia
and the development of necrotizing enterocolitis, enteral feed-
ing of theasphyxiated infant may need to be withheld fora few
days.

Other problems

Other complications of the postasphyxial infant include but
are not limited to hypocalcemia, disseminated intravascular
coagulation, seizures, cerebral edema, and intracerebral
hemorrhage.

Special problems during resuscitation

Meconium aspiration

Meconium-stained amniotic fluid is the sign of the patent
anus. Infants who pass meconium are at an increased risk of
meconium aspiration syndrome. Aspiration of meconium into
the lungs may create ball-valve obstructions throughout the
lung, leading to possible air trapping and pneumothorax. As-
pirated meconium may further create a reactive inflammation
inthe lungs that will hinder gas exchange and may be associat-
ed with persistent pulmonary hypertension. This perpetuates
the fetal circulation pattern and further impairs ventilation
and oxygenation of the infant.

Recommendations for neonatal management in cases of
meconium-stained fluid have been changed to reflect the
neonatal condition at birth and the need for tracheal suction-
ing (Wiswell et al., 2000). All infants born through thick or thin
meconium-stained amniotic fluid should have their hypo-
pharynx and nares suctioned on the perineum with delivery of
the head. If the neonate is depressed direct tracheal suctioning
should be done. Vigorous, term infants do not need to be
handled in a special way.

To remove meconium from the trachea, an endotracheal
tube is inserted into the trachea under direct visualization.

117



PARTHI Procedures and interventions

Fig. 7.10 Adapter to connect endotracheal tube to mechanical suction.
(Reproduced by permission from Textbook of Neonatal Resuscitation; p.
5-68; Elk Grove, IL; American Academy of Pediatrics’/American Heart
Association, 1994, rev. 1996.)

An adapter attached to a regulated wall suction apparatus at
approximately 100mmHg is connected to the endotracheal
tube as the tube is withdrawn (Fig. 7.10). The trachea can then
be reintubated and suctioned again, if necessary. Because
someinfants with thick meconium-stained amniotic fluid may
be severely asphyxiated, it may not be possible to clear the tra-
chea completely before beginning positive-pressure ventila-
tion. Clinical judgment will dictate the number of medically
necessary reintubations.

Pneumothorax

Whenever positive-pressure ventilation is used, a pneumo-
thorax, or popped lung, is a potential. A pneumothoraxshould
be suspected in an improving infant that suddenly deterio-
rates. This complication may also present with unequal breath
sounds and distant heart sounds or the heart sounds may be
shifted to the other side of the chest. Clincially, the affected side
may be slightly more distended and less mobile with ventila-
tion than the unaffected side. Additional signs of pneumo-
thorax include sudden oxygen desaturations and cyanosis. If
the pleural air generates enough tension, cardiac venous re-
turn may beimpaired. This may result in hypotensionduetoa
significant drop in cardiac output.

Diaphragmatic hernia

Congenital diaphragmatic hernia undiagnosed prior to birth
is an unusual but not an uncommon event in the contempo-
rary practice of perinatal medicine. In any infant suspected of
having a diaphragmatic hernia one should always use an en-
dotracheal tube for ventilation to prevent gas from entering
the intestines. An orogastric tube should be placed as soon as
possible to remove as much air as possible from the intestines.
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Forcing air into the intestine with bag-and-mask positive-
pressure ventilation increases the chances of inflating the in-
trathoracic bowel and further compromising pulmonary
function.

Erythroblastosis/hydrops

The hydropic infant is likely to not only be severely anemic,
but also to have marked ascites, pleural effusions, and pul-
monary edema. These infants are also more likely to be as-
phyxiated in utero as well as to be born prematurely, adding
respiratory distress syndrome to the list of complications.
Thus, successful resuscitation of an infant with hydrops de-
mands preparation and a coordinated team with preassigned
responsibilities. The team should be prepared at delivery to
perform a thoracentesis, paracentesis, and a complete resusci-
tation, in addition to a partial (or rarely, a complete) exchange
transfusion, with O-negative blood cross-matched against the
mother.

Establishment of adequate positive-pressure ventilation
with immediate tracheal intubation is paramount. Poor lung
compliance and marked pulmonary edema are the rule in this
setting. High ventilatory pressures are commonly needed to
recruit alveoli in the face of significant pulmonary edema. If
adequate ventilation cannot be established and significant ab-
dominal distension is noted, paracentesis with removal of sig-
nificant ascites will often allow improved diaphragmatic
excursion and improve ventilation and oxygenation. Consid-
eration should be given to performing a thoracentesis for re-
moval of significant pleural effusions if evidence for
significant fluid accumulations exists. Information obtained
from prenatal ultrasound examinations can help predict the
amount of fluid present. Careful attention must be paid to the
maintenance of intravascular volume and the prevention of
shock, especially after the removal of large amounts of peri-
toneal or pleural fluid.

An hematocrit obtained in the delivery room will determine
the need for an exchange transfusion (usually partial) in the
delivery room. If the infant is extremely anemic and in need of
immediate oxygen-carrying capacity, catheters should be in-
serted into both the umbilical artery and vein to permit a slow,
isovolemic exchange with packed red cells. This should result
in minimal impact on the hydropic infant’s already tenuous
hemodynamic status. These lines can also be transduced for
central venous and central arterial pressures. Then, critical in-
formation for managing the hydropic infant’s volume needs
can be more easily accomplished. This information is even
more essential if large fluid volumes are removed from either
the chest or the abdomen.

Screening for congenital anomalies

Two to three percent of infants born will have a congenital
anomaly that may require intervention soon after birth. Those



that commonly require some form of immediate intervention
include bilateral choanal atresia, congenital diaphragmatic
hernia or aspiration pneumonia due to esophageal atresia or
high intestinal obstruction. A rapid screen for congenital
defects can easily be performed by the delivery room staff
to help identify many of these defects which may require
intervention.

External physical examination

A rapid external physical examination will identify obvious
abnormalities such as abnormal facies and limbs, abdominal
wall or spinal column defects. A scaphoid abdomen may indi-
cate a diaphragmatic hernia, whereas a two-vessel umbilical
cord would suggest the potential of latent congenital
abnormalities.

Internal physical examination

Bilateral choanal atresia of the nares will present with respira-
tory distress and require a secure airway at birth. This defect
canbe quickly ruled in or outby assessing the infant’s ability to
breath with its mouth held closed. Some infants with unilater-
al choanal atresia will appear normal and only exhibit respira-
tory distress when the mouth is held closed and the patent
nostril is occluded. The inability to insert a soft nasogastric
tube with obstruction noted within 34 cm suggests possible
choanal atresia.

Insertion of a nasogastric tube may help identify esophageal
atresia or a high intestinal obstruction. If the tube does not
reach the stomach, an esophageal atresia, commonly associat-
ed with a tracheoesophageal fistula, should be suspected. If
the tube is in the correct position, a few milliliters of air forced
through the tube into the stomach will be auscultated in the
gastric area. Additionally, stomach contents may be aspirated.
The presence of 15-20mL of gastric contents on initial aspira-
tion suggests a high intestinal obstruction. The same tube can
then be removed and inserted into the anal opening. Easy pas-
sage of the tube for 3cm into the anus makes anal atresia un-
likely. A minute or so spent screening for congenital defects in
this way may help avert many future problems.
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Janice E. Whitty

Maternal mortality decreased from 15.3 to 7.8 per every
100,000 live births between 1975 and 1985. Currently, one of
the most important remaining causes of maternal mortality is
acute respiratory failure (Kaunitz et al., 1985; United States
Public Health Service, 1988). Thromboembolism, amniotic
fluid embolism, and venous air embolism together account for
approximately 20% of maternal deaths. Other causes of respi-
ratory failure probably account for a further 10~15% of mater-
nal deaths (Kaunitz et al., 1985). Not only does maternal
respiratory failure affect the mother but it also contributes to
considerable fetal morbidity and mortality. The purpose of
this chapter is to familiarize the reader with the general princi-
ples of airway management in the pregnant patient who has
suffered acute respiratory failure, whatever the underlying
etiology. To that end, we will present information to facilitatea
timely recognition of respiratory compromise or failure. We
will also discuss methods of respiratory support, including
mechanical ventilation.

Respiratory failure

The respiratory system functions to ensure an adequate ex-
change of oxygen (O,) and carbon dioxide (CO,). When func-
tioning adequately, this system both transfers enough oxygen
to saturate the circulating hemoglobin, and eliminates ade-
quate carbon dioxide to maintain a normal arterial pH. Respi-
ratory failure results when either of these two endpoints of gas
exchange is not met.

Hypoxemia results when the lungs fail to adequately ex-
change oxygen. Hypoxemia can be accompanied by either
normocapnia or hypocapnia. Usually, if there is a failure of the
ventilatory apparatus, this results in hypoventilation with ac-
companying hypercapnia and, to a lesser extent, hypoxemia.
The most commonly encountered causes of acute respiratory
failure in pregnancy are listed in Table 8.1. Hypoxemic respira-
tory failure is the most frequently seen of these. It should be re-
membered that respiratory failure in pregnancy results in
decreased oxygen delivery not only to the mother, but also the
fetus.

Airway management in critical iliness

The normal respiratory changes that occur in pregnancy are
presented in Table 8.2. The team caring for the pregnant pa-
tient with respiratory failure should keep these changes in
mind when managing respiratory failure both during preg-
nancy, and in the postpartum period. These patients should be
managed by a team that includes an obstetrician, an obstetric
and/or medical intensivist, a neonatologist, and a skilled ICU
nursing team. Additional consultation from other subspecial-
istsshould be obtained when appropriate, in order to optimize
outcome for mother and fetus.

Ventilation/perfusion mismatch

Shunt (Q,/Q,)

Amismatch of ventilation to perfusion (V, / Q) is a major cause
of lung dysfunction (Demling & Knox, 1993). Oxygenation
does not occur in an area of the lung without ventilation even
in the face of normal perfusion. This perfused but nonventi-
lated area of the lung is known as a shunt. The shunt fraction
(Qs/ Qp) is the total amount of pulmonary blood flow that per-
fuses nonventilated areas of the lung. In normal lungs, the
value of the shunt fraction is 2-5% (Pontoppidanetal., 1972). A
shunt of 10-15% is evidence of significant impairment in oxy-
genation. A shunt fraction =25%, in spite of therapy, suggests
active adult respiratory distress syndrome (ARDS). Although,
a true shunt does not respond to the administration of oxygen,
most shunts are not the result of a total lack of ventilation, and
therefore, some response to the administration of oxygen is
usually seen (Demling & Knox, 1993). The causes of pul-
monary shunting include alveolar consolidation or edema,
alveolar collapse and atelectasis, and anatomic right to left
shunt (e.g. thebesian veins, septal defects). The shunt fraction
(Qg/ Q) canbe calculated using the following formula:

Qs/Qr =C.0,-C,0,/C0,-C,0,

C.0, is the oxygen content of pulmonary capillary blood. C,0,
is the oxygen content of arterial blood and C 0, is the oxygen
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content of mixed venous blood. The oxygen content of pul-
monary capillary blood is approximated by the alveolar oxy-
gen content. Therefore, administering an F,0, of 1.0 (100%)
simplifies the calculation of the shunt fraction (Demling &
Knox, 1993).

Table 8.1 Causes of lung injury and acute respiratory failure in pregnancy

Hypoxic

Thromboembolism

Amniotic fluid embolism

Venous air embolism

Pulmonary edema

Aspiration of gastric contents

Pneumonia

Pneumothorax

Acute respiratory distress syndrome (ARDS)

Hypercapnic/hypoxic
Asthma

Drug overdose
Myasthenia gravis
Guillain-Barré syndrome

Table 8.2 Normal pulmonary values in pregnant and nonpregnant women

Dead space

Whenan area of the lung is ventilated but not perfused, it is re-
ferred to as dead space (Demling & Knox, 1993). The portion of
tidal volume (V) thatis dead space (V) is calculated as a ratio,
Vyi/V,

P.co, -PEco,

Va/Vi = (PEco, =expired CO,)

P,co,

Causes of increased dead space include shallow breathing,
vascular obstruction, pulmonary hypertension, pulmonary
emboli, low cardiac output, hypovolemia, ARDS, impaired
perfusion, positive-pressure ventilation, and increased air-
way pressure. Acute increases in physiologic dead space sig-
nificantly increase ventilatory requirements and may result in
respiratory acidosis and ventilatory failure. Increased dead
space may impose a higher minute ventilation and hence,
work of breathing. A value of dead space to tidal volume ratio
=0.6 usually requires mechanical ventilatory assistance
(Demling & Knox, 1993).

Arterial oxygen tension (P,0,)

P,0,isameasure of theamount of oxygen dissolved in plasma.

Nonpregnant Clinical significance in
Term Definition value Pregnant value pregnancy
Tidal volume (V) The amount of air moved in one 450mL 600 mL (increases up to 40%)
normal respiratory cycle
Respiratory rate (RR) Number of respirations per 16/min Changes very little
minute
Minute ventilation The volume of air moved per 7.2L 9.6 L (increases up to 40% Increases oxygen available
minute; product of RR and V; because of the increase in V) for the fetus
Forced expiratory volume in Approximately Unchanged Valuable to measure
1 second (FEV,) 80-85% of the because there is no
vital capacity change due to pregnancy
Peak expiratory flow rate (PEFR) 30 Unchanged Valuable to measure
because there is no
change due to pregnancy
Forced vital capacity (FVC) The maximum amount of air 3.5L Unchanged If over 11, pregnancy is

that can be moved from
maximum inspiration to
maximum expiration

Residual volume (RV) The amount of air that remains
in the lung at the end of

maximal expiration

1,000mL

usually well tolerated

Decreased by around 200 mL
to around 800 mL

Improves gas transfer
from alveoli to blood

(Reproduced by permission from ACOG Technical Bulletin: Pulmonary Disease in Pregnancy 1996;224:2.)

122



P,0, determines the percent saturation of hemoglobin, which
is the major factor in determining blood oxygen content. P,0,
changes with position and age, and is increased during preg-
nancy (Andersonetal., 1969; Templeton & Kelman, 1976). P, 0,
is affected by pulmonary disorders that impair oxygen ex-
change. These include impaired diffusion, increased shunt,
and ventilation perfusion mismatch. P,0, is also affected by
the degree of mixed venous oxygen saturation especially in
the presence of an increased shunt (Demling & Knox, 1993).
Hypercarbia also effects affects the P,0, (especially when
breathing room air), as CO, displaces oxygen.

Alveolar-arterial oxygen tension gradient

The alveolar-arterial oxygen tension gradient [P, ,0,] is a
sensitive measure of impairment of oxygen exchange from
lung to blood (Demling & Knox, 1993). Alveolar-oxygen ten-
sion (P ,0,) is estimated as:

P,o, =(PB“PH20)XP102’PaC°z/RQ

Py is barometric pressure, Py 0 is water vapor pressure, and
RQis the respiratory quotient.
The alveolar-arterial oxygen tension gradient is equal to:

P,0,-P0,

Under the clinical circumstances where the P ,0, value is less
than 60 mmHg, and especially when oxygen therapy is admin-
istered, itis acceptable to discount the respiratory quotient dis-
parity and use the simplified version of the ideal alveolar gas
equation:

Ppo, = [PB _PHZO]FIOZ -Pco,

This is best measured when the patient is breathing 100% oxy-
gen (Demling & Knox, 1993). Under these circumstances, the
alveolar-arterial oxygen tension gradient is a reflection of
physiologicshunting in the lung. The normal alveolar—arterial
oxygen tension gradient is less than 50 torr on when the F|0, is
1.0 (Iess than 30 torr on room air).

Oxygen delivery and consumption

All tissues require oxygen for the combustion of organic
compounds to fuel cellular metabolism. The cardiopul-
monary system serves to deliver a continuous supply of oxy-
gen and other essential substrates to tissues. Oxygen delivery
is dependent upon oxygenation of blood in the lungs, the
oxygen-carrying capacity of the blood, and the cardiac output
(Barcroft, 1920). Under normal conditions, oxygen delivery
(Do,) exceeds oxygen consumption (Vo,) by about 75% (Cain,
1983).

Do, =CO x C,0, x 10 (normal range = 700-1,400mL/min)

Arterial oxygen content (C,0,) is determined by the amount of

CHAPTER 8 Airway managementin critical iliness

Table 8.3 Causes of impaired oxygen delivery

Low arterial oxygen content
Anemia

Hypoxemia

Carbon monoxide

Hypoperfusion
Shock
Hemorrhagic
Cardiogenic
Distributive
Septic
Anaphylactic
Neurogenic
Obstructive
Tamponade
Massive pulmonary emboli
Hypovolemia

oxygen thatis bound to hemoglobin (5,0,) and by the amount
of oxygen that is dissolved in plasma (P,0, x 0.0031):

C,0, =(Hgbx1.34xS,0,) +(P,0, x0.0031)
(normal range =16—-22 mL O, /dL)

It is clear from the above formula that the amount of oxygen
dissolved in plasma is negligible (unless the patient is receiv-
ing hyperbaric oxygen therapy) and, therefore, the arterial
oxygen content is largely dependent on the hemoglobin con-
centration and the arterial oxygen saturation. Oxygen deliv-
ery can be impaired by conditions that affect either cardiac
output (flow), arterial oxygen content, or both (Table 8.3). Ane-
mia leads to a low arterial oxygen content because of a lack of
hemoglobin binding sites for oxygen. Carbon monoxide poi-
soning, likewise, will decrease oxyhemoglobin because of
blockage of the oxygen binding sites. The patient with hypox-
emic respiratory failure will not have sufficient oxygen avail-
able to saturate the hemoglobin molecule. Furthermore, it has
been demonstrated that desaturated hemoglobin is altered
structurally in such a fashion as to have a diminished affinity
for oxygen (Bryan-Brown et al., 1973).

It must be kept in mind that the amount of oxygen actually
available to the tissues is also affected by the affinity of the he-
moglobin molecule for oxygen. Thus, the oxyhemoglobin dis-
sociation curve (Fig. 8.1) and those conditions that influence
the binding of oxygen either negatively or positively must be
considered when attempts are made to maximize oxygen de-
livery (Perutz, 1978). An increase in the plasma pH level, or a
decrease in temperature or 2,3-diphosphoglycerate (2,3-DPG)
will increase hemoglobin affinity for oxygen, shifting the
oxygen—hemoglobin dissociation curve to the left (“left shift”)
and resulting in diminished tissue oxygenation. If the plasma
pH level falls or temperature rises, or if 2,3-DPG increases, he-
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moglobin affinity for oxygen will decrease (“right shift”) and
more oxygen will be available to tissues (Perutz, 1978).
In certain clinical conditions, such as septic shock and
ARDS, there is maldistribution of blood flow relative to oxy- §
gen demand, leading to diminished delivery and consump- EL
tion of oxygen. The release of vasoactive substances is E
hypothesized to result in the loss of normal mechanisms of 8
vascular autoregulation, producing regional and microcircu- §,
latory imbalances in blood flow (Rackow & Astiz, 1991). This g
mismatching of blood flow with metabolic demand causes ex- Supply-dependent , Supply-independent region
cessive blood flow to some areas, with relative hypoperfusion region, anaerobic | aerobic metabolism
of other areas, limiting optimal systemic utilization of oxygen metabolism i
(Rackow & Astiz, 1991).
The patient with diminished cardiac output secondary to Oxygen transport

hypovolemia or pump failure is unable to distribute oxygen-
ated blood to the tissues. Therapy directed at increasing
volume with normal saline, or with blood if the hemoglobin
level is less than 10g/dL, increases oxygen delivery in the
hypovolemic patient. The patient with pump failure may
benefit from inotropic support and afterload reduction in
addition to supplementation of intravascular volume. It is
taken for granted that in such patients every effort is made
to ensure adequate oxygen saturation of the hemoglobin by
optimizing ventilatory parameters.

Relationship of oxygen delivery to consumption

Oxygen consumption (Vo,) is the product of the arteriovenous
oxygen content difference (C,_,0,) and cardiac output. Under
normal conditions, oxygen consumption is a direct function of
the metabolic rate (Shoemaker et al., 1989).

Vo,=C,_,,0, XCOx10 (normal range =180-280 mL/min)

The oxygen extraction ratio (OER) is the fraction of delivered
oxygen that actually is consumed:

OER =Vo, /Do,
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Fig. 8.2 The nonlinear relationship between oxygen transport and oxygen
consumption is observed during carefully controlled animal experiments.
(Reprinted by permission from Gutierrez G. Oxygen transport and
consumption. Curr Pulmonol 1995;16:121-168.)

The normal oxygen extraction ratio is about 25%. Arise in OER
is a compensatory mechanism employed when oxygen deliv-
ery is inadequate for the level of metabolic activity. A subnor-
mal value suggests flow maldistribution, peripheral diffusion
defects, or functional shunting (Shoemaker et al., 1989). As the
supply of oxygen is reduced, the fraction extracted from the
blood increases and oxygen consumption is maintained. If a
severe reduction in oxygen delivery occurs, the limits of O, ex-
traction are reached, tissues are unable to sustain aerobic ener-
gy production, and consumption decreases. The level of
oxygen delivery at which oxygen consumption begins to de-
crease has been termed the “critical Do,” (Shibutani et al.,
1983; Gutierrez & Brown, 1995) (Fig. 8.2). At the critical Do,,
tissues begin to use anaerobic glycolysis, with resultant lactate
production and metabolic acidosis (Shibutani et al., 1983). If
this oxygen deprivation continues, irreversible tissue damage
and death ensue.



Oxygen delivery and consumption in pregnancy

The physiologic anemia of pregnancy results in a reduction in
the hemoglobin concentration and arterial oxygen content.
Oxygen delivery is maintained at or above normal in spite of
this because of the 50% increase that occurs in cardiac output.
It is important to remember, therefore, that the pregnant
woman is more dependent on cardiac output for maintenance
of oxygen delivery than is the nonpregnant patient (Barron &
Lindheimer, 1991). Oxygen consumption increases steadily
throughout pregnancy and is greatest at term, reaching anav-
erage of 331 mL/min at rest and 1,167 mL/min with exercise
(Pernoll et al., 1975). During labor, oxygen consumption in-
creases by 40-60% and cardiac output increases by about 22%
(Gemzell etal., 1957; Ueland & Hansen, 1969). Because oxygen
delivery normally far exceeds consumption, the normal preg-
nant patient usually is able to maintain adequate delivery of
oxygen to herself and her fetus even during labor. When a
pregnant patient has alow oxygen delivery, however, she very
quickly can reach the critical Do, during labor, compromising
both herself and her fetus. Preeclampsia is known to signifi-
cantly adversely affect oxygen delivery and consumption and
this is believed to result from a tissue level disturbance that
makes their oxygen consumption dependent on their oxygen
delivery, i.e. there is loss of the normal reserve (Belfort et al.,
1991,1993).

The obstetrician, therefore, must make every effort to opti-
mize oxygen delivery before allowing labor to begin in the
compromised patient.

Assessing oxygenation

Arterial blood gases (ABG) are important for evaluating pH,
arterial oxygen concentration, arterial carbon dioxide concen-
tration, and oxygen saturation. Arterial blood gas values differ
in pregnancy compared to nonpregnant values (ACOG, 1996)
(Table 8.4). Interpreting the ABG is useful for identifying
respiratory and metabolic derangements. Measured P,0, is
required for calculating P ,_,,0,. In addition, acid-base dis-
turbances can be diagnosed (Shapiro et al., 1994). An in-
dwelling arterial line is useful for obtaining arterial blood gas
measurements and monitoring blood pressure when patients
are receiving ventilatory support. However, arterial oxygen
saturation can be assessed continuously and noninvasively by

Table 8.4 Arterial blood gas values in the pregnant and nonpregnant

woman

Status pH P,0, (mmHg) Pco, (mmHg)
Nonpregnant 74 93 3540
Pregnant 7.4 100-105 30

CHAPTER 8 Airway management in critical illness

pulse oximetry. End tidal CO, can be measured noninvasively
aswell.

Pulse oximetry

The oximetry system determines arterial oxygen saturation by
measuring the absorption of selected wavelengths of light in
pulsatile blood flow (New, 1985). Oxyhemoglobin absorbs
much less red and slightly more infrared light than reduced
hemoglobin. The degree of oxygen saturation of the hemoglo-
bin thereby determines theratio of red to infrared light absorp-
tion. Red and infrared light are detected from light-emitting
diodes projected onto a photo detector across a pulsatile tissue
bed with the absorption of each wavelength of the tissue bed
varying cyclically with each pulse. The pulse rate is therefore
also determined. When assessing the accuracy of the arterial
saturation measured by the pulse oximeter, correlation of the
pulse rate determined by the oximeter and the patient’s heart
rate is an indication of proper placement of the electrode. The
sites usually used for measurement are the nail bed on the
finger and the ear lobe. Most oximeters under ideal circum-
stances measure saturation (S;0,) to within 2% of 5,0, (New,
1985).

Pulse oximetry isideal for noninvasive monitoring of the ar-
terial oxygen saturation near the steep portion of the oxygen
hemoglobin dissociation curve, namely at a P,0, of 70torr
(Demling & Knox, 1993). P,0, levels >80torr result in very
small changes in oxygen saturation, namely 97-99%. Large
changes in the P,0, value in the range of 90torr to a possible
600torr can occur without significant change in arterial oxy-
gen saturation (Fig. 8.1). This technique, therefore, is useful as
a continuous monitor of the adequacy of blood oxygenation
and not as a method to quantitate the level of impaired gas
exchange.

Poor tissue perfusion, hyperbilirubinemia, and severe
anemia may lead to oximetry inconsistencies (Demling &
Knox, 1993). Carbon monoxide poisoning will lead to an over-
estimation of the P,0,. If methemoglobin levels reach greater
than 5%, the pulse oximeter no longer accurately predicts
oxygen saturation. The administration of methylene blue will
also lead to oximetry inaccuracies.

Mixed venous oxygenation

The mixed venous oxygen tension (Py0,) and mixed venous
oxygen saturation (S,,0,) are parameters of tissue oxygenation
(Shoemaker et al., 1989). Normally, the P,0, is 40 mmHg with
a saturation of 73%. Saturations less than 60% are abnormally
low. These parameters can be measured directly by obtaining a
blood sample from the distal port of the pulmonary artery
catheter when the catheter tip is well positioned for a wedge
pressure reading and the balloon is not inflated. The 5,0, also
can be measured continuously with special pulmonary artery
catheters equipped with fiberoptics.
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Mixed venous oxygenation is a reliable parameter in the pa-
tient with hypoxemia or low cardiac output, but findings must
be interpreted with caution. When the 5,0, is low, oxygen de-
livery can be assumed to below. However, normal or high 5,0,
does not guarantee that tissues are well oxygenated. In condi-
tions such as septic shock and ARDS, the maldistribution of
systemic flow may lead to abnormally high S,,0, in the face of
severe tissue hypoxia (Rackow & Astiz, 1991). The oxygen dis-
sociation curve must be considered when interpreting the
5,0, as an indicator of tissue oxygenation (Bryan-Brown etal.,
1973) (Fig. 8.1). Conditions that result in a left shift of the curve
cause the venous oxygen saturation to be normal or high, even
when the mixed venous oxygen content is low. The 5,,0, is use-
ful for monitoring trends in a particular patient, as a significant
decrease will occur when oxygen delivery has decreased
secondary to hypoxemia or a fall in cardiac output.

Impairment of oxygenation

A decrease in arterial oxygen saturation (P,0,) below 90% is
one definition of hypoxemia. However, the degree to which
the alveolar-arterial oxygen tension gradient is increased is a
more accurate measurement of the degree of impairment. A
shunt of greater than 20% reflects respiratory failure. This de-
gree of shunt will result in an alveolar-arterial oxygen tension
gradient of greater than 400 torr (Demling & Knox, 1993). It is
important to understand the interrelationship between shunt,
the level of mixed venous oxygen saturation, and the arterial

Table 8.5 Oxygen delivery systems

oxygen saturation. As more oxygen is extracted from the
blood, the mixed venous oxygen saturation decreases result-
ing in a lower P,0, (depending on the severity of the shunt).
Therefore, a marked change in P,0, can occur in the absence of
any change in lung pathology (Demling & Knox, 1993).

Therapy

Hypoxemia is treated by increasing the fraction of inspired
oxygen (F0,) while at the same time attempting to correct the
underlying problem. Processes causing increased shunt, such
as atelectasis and bronchial pneumonia, can usually be treated
effectively with pulmonary toilet, position change, and anti-
biotic therapy. Since a component of hypoxemia is often due to
ventilation perfusion mismatching, an increase in F,0, usually
results in some improvement in oxygenation (Demling &
Knox, 1993). Table 8.5 lists some available noninvasive oxygen
delivery systems and approximate F,0, obtained (Woodley &
Whelan, 1993). When the shunt is large (>25%), P,0, is not sig-
nificantly improved by increasing F,0,. This clinical situation
usually arises in processes such as ARDS or cardiogenic pul-
monary edema. In this situation, mechanical ventilation is
indicated.

Continuous positive airway pressure (CPAP)

Continuous positive airway pressure (CPAP) is the most
widely used method of noninvasive positive pressure ventila-
tory support. This method consists of a continuous high flow

Type Fi0, capability

Comments

Nasal cannula
Standard
Reservoir type

Transtracheal cannula  Fo, less dependent on inspiratory flow rate

Ventimask Available at 24, 28, 31, 35, 40, and 50%

High humidity mask Variable from 28 to nearly 100%

Reservoir mask

Nonrebreathing Not specified, but about 90% if well fitted

Partial rebreathing Not specified, but about 60-80%

Face tent Variable; same as high humidity mask

T-tube Variable; same as high humidity mask

True F0, uncertain and highly dependent on inspiratory flow rate
True Fo, uncertain and highly dependent on inspiratory flow rate

Flow rates should be limited to <5 Umin
Severalfold less flow required than with standard cannula

Usual flow rates of 0.25-3.0 L/min

Less comfortable, but provides a relatively controlled Fo,. Poorly
humidified gas at maximum Fo,

Levels >60% may require additional oxygen bleed-in. Flow rates
should be 2-3 times minute ventilation. Excellent humidification

Reservoir fills during expiration and provides an additional
source of gas during inspiration to decrease entrainment of
room air

Mixing with room air makes actual O, concentration inspired
unpredictable

For spontaneous breathing through endotracheal or
tracheostomy tube. Flow rates should be 2—-3 times minute
ventilation
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of gas and an expiratory resistance valve attached to a tight fit-
ting mask. Airway pressure in CPAP is consistently higher
than atmospheric pressure even though all of the patient’s
breaths are spontaneous. The best CPAP level is one in which
oxygenation is adequate and there is no evidence of depressed
cardiac function and carbon dioxide retention. CPAP prevents
the development of alveolar collapse and increases the pres-
sure in the small airways (including those in which the critical
closing pressure has been elevated) thus increasing functional
residual capacity. CPAP has the advantage of convenience,
lower cost, and morbidity sparing potential when compared
with standard invasive positive pressure ventilation. Unfortu-
nately, CPAP also suffers from some disadvantages (i.e. a
heightened risk of volu-trauma and hypotension). An addi-
tional problem is the potential for developing pressure sores
from the tight fitting mask (Meyer & Hill, 1994).

Noninvasive positive pressure ventilation

Another type of noninvasive ventilation is called noninvasive
positive pressure ventilation. It differs from CPAP, which does
not provide ventilatory assistance, but instead applies a sus-
tained positive pressure. Noninvasive positive pressure venti-
lation on the other hand delivers intermittent positive airway
pressure through the upper airway and actively assists venti-
lation (Meyer & Hill, 1994).

Noninvasive positive pressure ventilation requires patient
cooperation (Carrey et al., 1990). Patients must learn to coordi-
nate their breathing efforts with the ventilator so that sponta-
neous breathing is assisted even during sleep. This type of
ventilatory assistance is particularly efficacious in treating
patients with chronic obstructive sleep apnea.

Noninvasive approaches have been most effective for man-
aging episodes of acute respiratory failure in which rapid im-
provement is expected such as during episodes of cardiogenic
pulmonary edema or acute exacerbations of chronic obstruc-
tive pulmonary disease (COPD). Selection guidelines for
noninvasive positive pressure ventilation in acute respiratory
failure are presented in Table 8.6.

The pregnant patient suffering hypoxemia may respond
positively to initial intervention with noninvasive means of
increasing F,0,. However, clinical deterioration can be acute.
Therefore, these gravida require intense surveillance with fre-
quent evaluation of clinical status, 5,0, or 5,0,. If viable (=24
weeks), the fetal status should be assessed frequently as well.
This can be accomplished with continuous electronic fetal
heart rate monitoring, or intermittent nonstress testing or bio-
physical profile scoring as appropriate.

Mechanical ventilatory supportin
pregnancy

Clinical recognition of the gravida who is experiencing respi-

CHAPTER 8 Airway management in critical illness

Table 8.6 Selection guidelines for noninvasive positive pressure ventilation
use in acute respiratory failure

Respiratory failure or insufficiency without need for immediate intubation
with the following:
Acute respiratory acidosis
Respiratory distress
Use of accessory muscles or abdominal paradox
Cooperative patient
Hemodynamic stability
No active cardiac arrhythmias or ischemia
No active upper gastrointestinal bleeding
No excessive secretions
Intact upper airway function
No acute facial trauma
Proper mask fit achieved

(Reproduced by permission from Meyer T4, Hill NS. Non-invasive positive
pressure ventilation to treat respiratory failure. Ann Intern Med
1994;120:760.)

ratory failure and needs mechanical ventilation is extremely
important, because maternal and fetal reserve is likely im-
paired in the gravida who has been hypoxic. This is parti-
cularly important for the laboring patient, who may rapidly
reach the “critical Do,” level, ie. that point at which
oxygen consumption becomes directly dependent on oxygen
delivery.

In addition to the parameters noted in Table 8.7, the onset
of changes in the fetal heart rate pattern consistent with
hypoxemia may signal respiratory failure in the pregnant pa-
tient. These fetal heart rate patterns include persistent late de-
celerations, tachycardia, bradycardia, and absent beat-to-beat
variability (Freeman et al., 1991). One should not intervene on
behalf of the fetus unless the maternal condition is stabilized.
Intervention, in an unstable hypoxemic gravida, may lead to
increased morbidity or even mortality for the patient as well as
her fetus. One should also recognize that stabilization of the
gravida and the institution of mechanical ventilatory support
will likely rescue the fetus as well. However, if maternal death
appears iminent or cardiac arrest unresponsive to resuscita-
tion occurs, the potentially viable fetus (=24 weeks) should be
delivered abdominally within 5 minutes. In this situation, de-
livery may actually improve maternal survival (Katz et al.,
1986).

Iintubation

In general, indications for intubation and mechanical ventila-
tion do not vary with pregnancy. However, because of the
reduced Pco, seen in normal pregnancy, intubation may be
indicated once the Pco, reaches 3540 mmHg since this may
signal impending respiratory failure (especially in a patient
withasthma). Inaddition to the criteria in Table 8.7, one should
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Table 8.7 Definition of acute respiratory failure

Indication for

ventilatory
Parameter Normal range assistance
Mechanics
Respiratory rate (breaths/min) 12-20 >35
Vital capacity 65-75 <15
(mL/kg body weight)*
Inspiratory force (cmH,0) —(75-100) <-25
Compliance (mL/cmH,0) 100 <25
FEV, (mUkg body weight)* 50-60 <10
Oxygenation
P,o,t(torr) 80-95 <70
(kPa) 10.7-12/7 <93
P a0 ¥{torT) 25-50 >450
(kPa) 3.3-6.7 >60
QJQ: (%) 5 >20
Ventilation
P,co, (torr) 35-45 55§
(kPa) 4.7-6.0 7.3
Vo/Vr 0.2-0.3 0.60

FEV,, forced expiratory volume in 1 min; P, ,0,, alveolar-arterial oxygen
tension gradient; Qy/Qy, shunt fraction; Vi,/V;, dead space to tidal volume ratio.
* Use ideal body weight; T room air; $ Fo, = 1.0; § exception is chronic lung
disease.

(Reproduced by permission from Van Hook JW: Ventilator therapy and airway
management, Crit Care Obstet 1997, 8:143.)

include: apnea, upper airway obstruction, inability to protect
the airway, respiratory muscle fatigue, mental status deterio-
ration, and hemodynamic instability.

Intubation of the pregnant patient should be accomplished
by skilled personnel. Intubation in pregnancy differs some-
what from that of nonpregnant patients. Pregnancy, particu-
larly at term, has been associated with slow gastric emptying
and increased residual gastric volume (Sutherland et al., 1986).
This implies a slightly increased risk of aspiration of gastric
contents during intubation of the gravid patient. The use of
sodium bicarbonate preoperatively neutralizes gastric con-
tents (Gibbs & Banner, 1984). This should be administered
prior to intubation if possible. In addition, intubation should
proceed using techniques that preserve airway reflexes (e.g.
awake intubation). Alternatively, use of an “in rapid se-
quences,” induction of general anesthesia and Sellick’s ma-
neuver (cricoid pressure) may be employed to prevent passive
reflex of gastric contents into the pharynx (Sellick, 1961). An-
other difference is that hyperemia associated with pregnancy
can narrow the upper airways sufficiently so that patients are
at increased risk for upper airway trauma during intubation
(Cheek & Gutsche, 1987). Relatively small endotracheal tubes
may be required (6-7 mm). Nasal tracheal intubation should
probably be avoided as well unless no other way to secure an
airway isavailable.
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Decreased functional residual capacity in pregnancy may
lower oxygen reserve such that, at the time of intubation, a
short period of apnea may be associated with a precipitous de-
crease in the Po, (Cheek & Gutsche, 1987). Therefore, 100%
oxygenshould be administered either by mask or by ambubag
when the patient requires intubation. Over-enthusiastic
hyperventilation should be avoided because the associated
respiratory alkalosis may actually decrease uterine blood
flow. In addition, if ambubreaths are given with too high a
pressure, the stomach will fill with air and increase the risk of
aspiration. In cases where intubation is not successful after 30
seconds, one should stop and resume ventilation with bag and
mask prior to repeating the attempt in order to avoid pro-
longed hypoxemia (Deem & Bishop, 1995). Once the patient is
intubated, the cuff should be inflated and the patient should be
ventilated with theambubag while auscultation over the chest
and stomach is performed to ensure proper endotracheal tube
placement. In addition, a chest X-ray should be ordered for
confirmation of tube placement. Complications of endotra-
cheal intubation are listed in Table 8.8.

The recommended initial ventilator settings are: F,0,: 0.9-1
and rate of 12-20 breaths per minute. Traditionally, a tidal vol-
ume (V) of 10-15mL/kg was recommended. It has recently
been recognized that these volumes result in abnormally
high ariway pressures and volu-trauma. Therefore V. should
be instituted at 5-8 mL/kg to prevent excessive alveolar dis-
tention (Bidani et al., 1994; Baudouin, 2001; Brower et al.,
2001).

Traditional ventilator modes

Controlled mechanical ventilation

When controlled mechanical ventilation (CMV) is instituted,
the patient makes no effort and the ventilator assumes all
respiratory work by delivering a preset volume of gas at a
preset rate (Hinson & Marini, 1992). This mode of mechanical
ventilation is typically used during general anesthesia, cer-
tain drug overdoses, in coma, and when paralytic agents and
sedation are used.

Assist control

In assist control (A /C) mode (Fig. 8.3), every inspiratory effort
by the patient triggers a ventilator delivered breath at the
selected tidal volume (Hinson & Marini, 1992). Controlled
ventilator initiated breaths are automatically delivered when
the spontaneous rate falls below a selected back-up rate. All
breaths are delivered by the ventilator, therefore the work of
breathing is minimized in this mode. Because a full selected
tidal volume is delivered with each inspiratory effort initiated
by the patient, respiratory alkalosis may develop in patients
with tachypnea. Patients with rapid shallow respiration may



Table 8.8 Complications of endotracheal intubation

During intubation: immediate

Failed intubations

Main stem bronchial or esophageal intubation
Laryngospasm

Trauma to naso/oropharynx or larynx
Perforation of trachea or esophagus
Cervical spine fracture

Aspiration

Bacteremia

Hypoxemia/hypercarbia

Arrhythmias

Hypertension

Increased intracranial/intraocular pressure

During intubation: later
Accidental extubation
Endobronchial intubation
Tube obstruction or kinking
Aspiration, sinusitis
Tracheoesophageal fistula
Vocal cord ulcers, granulomata

On extubation

Laryngospasm, laryngeal edema
Aspiration

Hoarseness, sore throat
Non-cardiogenic pulmonary edema
Laryngeal incompetence
Swallowing disorders

Soreness, dislocation of jaw

Delayed
Laryngeal stenosis
Tracheomalacia/tracheal stenosis

(Modified from Stehling LC. Management of the airway. In: Barash PG,
Cullen BF, Stoelting RK, eds. Clinical Anesthesia, 2nd edn. Philadelphia: JB
Lippincott, 1992: 685-708.)

generate very high intrathoracic pressure with consequent
baro-trauma resulting from attempts to exhale during a
ventilator-driven inflation cycle.

Intermittent mandatory ventilation

During intermittent mandatory ventilation (IMV), the patient
can breathe at a spontaneous rate and tidal volume without
triggering the ventilator (Hinson & Marini, 1992). In addition,
the ventilator adds mechanical breaths at a preset rate and
tidal volume. Potential advantages of IMV included less
respiratory alkalosis, fewer adverse cardiovascular effects
of mechanical ventilation because of lower intrathoracic pres-
sures, less requirement for sedation or paralysis, maintenance
of respiratory muscle function, and facilitation of weaning.
However, there is little scientific support for these proposed
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advantages. Potential disadvantages of IMV include a lack of
response to increased ventilatory demand, increased work of
breathing, potential respiratory muscle fatigue, and inappro-
priately prolonged weaning. The amount of respiratory work
varies inversely with the ventilator rate in IMV.

Synchronized intermittent mandatory ventilation

Synchronized intermittent mandatory ventilation (SIMV)
(Fig. 8.3) incorporates a demand valve that must be patient
activated with each spontaneous breath and that allows a
mechanical breath to be delivered in concert with the patient’s
effort (Hinson & Marini, 1992). In most ventilators, the open-
ing of the demand valve s triggered by a fall in pressure. Once
the preset pressure of flow sensitivity is reached, the ventilator
adds fresh gas into the circuit to meet the patient’s ventilatory
demand. Since machine and patient breaths are better syn-
chronized, SIMV promotes greater patient comfort and toler-
ance and avoids high airway pressures. The SIMV system has
a major drawback in that the work of breathing is increased.
Thisincreasein the work of breathing is due to the large airway
pressure drop required to open the demand valve. Additional
potential problems are the time delay between the initiation of
abreath and the delivery of the fresh gas and insufficient fresh
gas flows to meet the patient’s ventilatory demands.

New ventilator modes

Because of limitations of the traditional forms of mechanical
ventilation, alternative modes have been developed. Manage-
ment of severe ARDS, which entails extremely noncompliant
lungs with extensive shunting, has been particularly challeng-
ing (Kollef & Schuster, 1985).

Inverse ratio ventilation

Conventional mechanical ventilation devotes approximately
one-third of the respiratory cycle to inspiration and two-thirds
to expiration. In contrast, this ratio (I: E) is reversed in inverse
ratio ventilation (IRV). The objective of IRV is to achieve better
oxygenation as a result of higher mean alveolar, pressure and
volume. In IRV, inspiration is set at equal or longer duration
than expiration. This results in slower inspiratory flow for a
given tidal volume and therefore lower peak airway pressures
(Lain et al., 1989). This type of ventilation is desirable in pa-
tients with ARDS who are experiencing worsening compli-
ance and refractory hypoxemia. Growing clinical experience
with IRV suggests that it can be useful in improving gas ex-
change in patients with ARDS whose oxygenation cannot be
maintained with more conventional approaches. In this type
of ventilatory mode, oxygenation is improved as atelectatic
areas arerecruited and maintained as functional units, thereby
lowering the dead space to tidal volume ration. Lower peak

129



PARTIll Procedures and interventions

Assist control

2
3
Pressure
1 A B
./ NS

Time

Synchronized intermittent mandatory ventilation

Cc

Fig. 8.3 Modes of ventilation. Assist Controf: 1,
patient initiation of breath; 2, inspiration; 3,
expiration; A, B, patient-triggered breaths; C,
machine-triggered breaths. Synchronized
intermittent mandatory ventilation: 1, machine
breath inspiration; 2, machine breath expiration; 3,
spontaneous inspiration; 4, spontaneous expiration;
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A, B, patient-triggered breaths; C, synchronized
machine breath.

airway pressures reduce the volu-trauma involved with in-
creasing peak airway pressure.

There are a number of drawbacks associated with IRV
(Tharratt et al., 1988). It is a very unpleasant mode of ventila-
tion necessitating both sedation and paralysis when used in
nonanesthetized patients. Neuromuscular blockade during
the management of respiratory failure is occasionally associ-
ated with prolonged weakness and paralysis (Douglass et al.,
1992; Segredo et al., 1992). Also, expiratory time is encroached
upon and air trapping and hyperinflation may occur which
may result in volu-trauma or hemodynamic compromise
secondary to increased intrathoracic pressure (Biddle, 1993).

Airway pressure release ventilation

In airway pressure release ventilation (APRV), the patient re-
ceives continuous positive airway pressure ventilation that
intermittently decreases pressure from the preset value to a
lower value as the airway pressure release valve opens (Stock
etal.,, 1987). Mean airway pressure is thereby lowered during
an assisted breath. Asin IRV, the I:E ratio is inverted in APRV.
This mode of ventilation is most effective in a primary crisis of
oxygenation, in which ventilatory requirements are not the
overriding problem. The theoretical utility of this strategy is
based upon its ability to augment alveolar ventilation as well
as opening, recruiting, and stabilizing previously collapsed
alveoli without risk of volu-trauma or detriment to the cardiac
output (Stock etal., 1987). Limited human trials that have been
performed have shown that peak airway pressures tend to be
only 50% of those seen with conventional, mechanical ventila-
tion, while oxygenation and CO, removal are highly satisfac-
tory (Rasanen et al., 1991). Reported clinical experience with
this mode for treatment in ARDS, however, is limited.
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Pressure support ventilation

Pressure support ventilation (PSV) (Fig. 8.4) is used in
awake patients who are assuming part of the work of breath-
ing. In PSV, the ventilator provides a preset level of positive
pressure in response to the patient’s inspiratory effort
(MacIntyre et al., 1990). Thus, PSV augments the patient’s in-
spiratory effort with a pressure assist. A preselected pressure is
held constant by gas flow from the ventilator for the duration
of the patient’s inspiratory effort. Passive exhalation ensues
when the patient’s inspiratory demand for flow diminishes to
25% of what the maximum flow was. Pressure support venti-
lation is designed principally to reduce the work of breathing
in a spontaneously breathing patient (Brochard et al., 1989).
This allows for a larger tidal volume at a given level of work.
This particular type of assisted ventilation may be especially
useful for patients who have a small diameter endotracheal
tube in place and it helps reduce the fatigue often experienced
with weaning from mechanical ventilation. Keep in mind
that PSV differs from assist control ventilation in that there is
no set machine rate of tidal volume. Since the patient
decides the rate, and the tidal volume is determined by the
amount of inflation pressure generated by the machine
and the patient together, this modality may deliver a variable
minute ventilation in a patient with an unreliable respiratory
drive.

Proportional assist ventilation

Proportional assist ventilation (PAV) is a recent and promising
development (Younes et al., 1987). As with PSV, inspiratory ef-
forts from an awake patient are required. In contrast to PSV,
PAV provides inspiratory assistance that is proportional to the
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Pressure

Pressure support

Fig. 8.4 Pressure support: 1, SIMV breath (pressure
support off); 2, SIMV breath (pressure support on).
Positive end-expiratory pressure: 1, PEEP off; 2, PEEP
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on; pressure at C =pressure A + pressure B (refer to
text).
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amount of patient effort. This should result in better and more
comfortable patient-machine interaction.

High frequency ventilation

In an effort to minimize airway pressure during mechanical
ventilation, several approaches employ rates much higher
than those normally seen with spontaneous breathing. High
frequency jet ventilation is the most extensively standardized
mode of high frequency ventilation (Lunkenheimer et al.,
1994). This form of mechanical ventilation is characterized by
the administration of small tidal volumes (2-5mL/kg) at rates
of 100200 jets/ minute. The jet entrains gas from a secondary
supply source of room air. There are some potential problems
with this form of ventilation. The I: E ratio is altered from 1:4
to1:2. The alteration in the I: E ratio may impair CO, removal.
Inaddition, decreases in expiratory time can result in air stack-
ing and volu-trauma can result if outflow is obstructed. Anad-
ditional problem with the use of jet ventilation is that clinical
experience is extremely limited and therefore there are not any
typical reliable guidelines that can be used in the management
of patients being ventilated with this modality applicable to
pregnant patients (Lunkenheimer et al, 1994). There is only
one report describing the use of high frequency jet ventilation
in pregnancy, a patient who was managed with high frequen-
cy ventilation in late pregnancy secondary to respiratory fail-
ure from pneumonia and asthma. This patient, who had
respiratory failure secondary to asthma and pneumonia, was
managed with a combination of high frequency assist ventila-
tion and intermittent positive pressure ventilation (Raphael &
Bexton, 1993). The outcome in this particular case was good.
However, high frequency ventilation should be employed
with caution as reported experience in intensive care medicine
has shown that jet ventilation is not consistently superior to
conventional mechanical ventilation (Carlon et al., 1983).

Positive end-expiratory pressure

Critically ill patients with oxygenation problems, such as
those with ARDS, frequently respond to the addition of posi-
tive end-expiratory pressure (PEEP) to a conventional method
of ventilation, such as assist control (Shapiro et al., 1984)
(Fig. 8.4). Increased end-expiratory pressure is produced by
placing a threshold resistor in the exhalation limb of the
breathing circuit. Expiratory flow is unimpeded so long as
expiratory pressure exceeds an arbitrary limit. Gas flow ceases
when pressure reaches the predetermined value, thereby re-
sulting in maintenance of PEEP without impedance of expira-
tory gas flow (Shapiro et al., 1984).

PEEP enhances oxygenation in patients by alleviating the
V/Qinequality (Ralph et al., 1985). This is accomplished prin-
cipally by an increase in the functional residual capacity
(FRC). PEEP may increase the FRC by lying direct increases in
alveolar volume when PEEP up to 10cmH,0, is applied to
normal alveoli. PEEP also recruits and re-expands alveoli that
have previously collapsed (e.g. atelectasis) (Tyler & Cheney,
1979). PEEP may also restore V/Q matching by reducing
cardiac output. Reduced pulmonary blood flow leads to a
preferential reduction decrease in regional perfusion to areas
of lung subjected to shunt during acute lung injury and may
thereby enhance oxygenation (Dantzker et al., 1980).

Profound alterations in cardiovascular function may ac-
company PEEP therapy. Therefore, PEEP therapy should be
instituted with care, and tailored to the needs of the patient.
Low levels of PEEP (5-10 cmH,O) can probably be used safely
without invasive hemodynamic monitoring in most patients.
However, at higher levels (>10 cmH,0O) adverse hemodynam-
iceffects may occur and invasive monitoring of cardiac output
and pulmonary capillary wedge pressure with a pulmonary
artery catheter is recommended. The optimum level of PEEP
(best “PEEP”) is one that improves oxygenation without caus-
ing such adverse effects as reduced cardiac output and in-
creased respiratory system compliance (Suter etal., 1975). This
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level is most effectively determined by performing a systemic
PEEP trial, where respiratory parameters, such as arterial
blood gases and respiratory system compliance, as well as
cardiac parameters such as blood pressure and cardiac output
are measured at successive levels of PEEP. Traditional criteria
for administering PEEP include an arterial oxygen saturation
of less than 90% with an F;0, greater than 50%.

“Physiologic PEEP” is the theoretical amount of residual
end-expiratory pressure produced during normal exhala-
tion as a by-product of glottic closure. In an effort to reduce
atelectasis, many clinicians will place ventilated patients
using mechanical ventilators on 3-5 cmH,O of baseline PEEP.
Higher levels of PEEP have been used to promote airway
recruitment in patients with significant pulmonary disease.
Despite the potential disadvantages, the appropriate use of
PEEP leads to airway recruitment, and reduction of intrapul-
monary shunt, effecting an improvement in oxygenation
(Suteretal., 1975).

Other methods of ventilation

Prone ventilation

Considerable published experience documents that oxygena-
tion improves when patients with ARDS or acute lung injury
(ALI) are turned from supine to prone. The degree of benefit
varies. It is frequently of sufficient magnitude to allow a reduc-
tionin the fraction of inspired oxygen (F;0,), the level of PEEP, or
both. Some patients respond well while others do not. The liter-
ature suggests that the response rate is somewhere between
50% and 75%. The initial reports demonstrating the prone
position-induced improvement in oxygenation have hypothe-
sized that it results from: (i) increases in the FRC; (ii) advanta-
geous changes in diaphragm movement; (iii) a redirection of
perfusion to better-ventilating, ventral lung regions; (iv) im-
provements in cardiac output and, accordingly, in mixed ve-
nous partial pressure of oxygen; and/or (v) better clearance of
secretions (Piehl & Brown, 1976; Douglasetal., 1977).

Partial liquid ventilation

Liquid ventilation was developed as an outgrowth of ad-
vancements in underwater breathing equipment and semi-
synthetic blood products (Van Hook et al., 1995). This
technique employs the oxygen-carrying capacity of perfluoro-
chemicals. Perfluorocarbons (PFCs) are biologically inert
compounds characterized by low surface tension, high densi-
ty, and high respiratory gas solubility (Shaffer etal., 1992). The
benefits of PLV appear to result primarily from a reduction in
alveolar surface tension, recruitment of additional lung tissue
for when there is ventilation/ perfusion mismatch, and lavage
of cellular debris (Leach et al., 1993; Hirschi et al., 1995;
Overbeck et al., 1996; Gauger et al., 1998). Liquid ventilation
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involves the infusion of PFCs into the patient’s airway in con-
juction with low-pressure conventional ventilation. The per-
fluorochemical is instilled up to an amount estimated to
comprise the patient’s FRV. Total or complete liquid ventila-
tion is much less frequently used and developed. The perfluo-
rochemical promotes gas exchange directly, recruits otherwise
atelectatic airways, and may serve as an anti-inflammatory
lavage for the injured lung. Clinical trials are underway using
partial liquid ventilation in adults (Hirschi et al., 1991, 1995,
1996). Its use in pregnancy is unclear.

Extracorporeal membrane oxygenation

Extracorporeal membrane oxygenation (ECMO) was first
used successfully in the treatment of ARDS in 1972 (Hill et al.,
1972). It evolved as a refinement of intraoperative cardiopul-
monary bypass. Because ECMO involves perfusion as well as
gas exchange, the term extracorporeal life support is probably a
more apt description of the technique. This technique is ad-
ministered in two broad categories: (i) venoarterial bypass
which provides both cardiac output and oxygenation by re-
moval of venous blood, which is then oxygenated and re-
turned as arterial blood; and (ii) venovenous bypass provides
respiratory support only (i.e. exchange of CO, but not O,). To
provide access, large-bore catheters are placed into the appro-
priate venous or arterial access sites. The internal jugular vein
isthepreferred venoussite, while the common carotid artery is
the preferred arterial site. In venovenous bypass, oxygenated
blood is usually returned to the internal jugular, femoral, or
iliac vein. In either method, full anticoagulation is required.
The bypass circuit also can be used for ultrafiltration or
hemodiafiltration (Prescenti et al., 1988).

The largest group to receive ECMO has been neonates with
respiratory distress. Survival rates up to 90% have been re-
ported by some investigators (ECMO Quarterly Report, 1994).
The efficacy of ECMO in treatment of acute respiratory disease
in adults is less clear. The National Institutes of Health spon-
sored a multicenter investigation of ECMO in the treatment of
adult ARDS (Anderson & Bartlett, 1995). Compared with con-
ventional mechanical ventilation methods in use at the time,
ECMO offered no advantage. Some, however, still feel that ad-
vances in both ECMO itself and in the mechanical ventilation
techniques used in patients who would require ECMO hold
promise. The extracorporeal life support organization reports
adult ARDS survival rates between 50% and 65% (Anderson et
al., 1992). In one report, 62 out of 245 patients with ARDS were
treated with ECMO (Mols et al., 2000). The survival rate was
55% in ECMO patients and 61% in non-ECMO patients. The
author concluded that ECMO was a therapeutic option likely
to increase survival; however, a randomized controlled study
proving benefit is still needed.

Extracorporeal membrane oxygenation is an option for pa-
tients with potentially reversible pulmonary disease and who
require significant ventilatory support based on specific para-



meters (compliance <0.5mL/cmH,0/kg, transpulmonary
shunt >30% on F;0, >0.6), and who have required mechanical
ventilation less than a total of 10 days (Anderson & Bartlett,
1995). Advanced age, prolonged prior mechanical ventilation,
absolute contraindication to anticoagulation, necrotizing
pneumonia, or predicted poor quality of life are contraindica-
tions to the use of ECMO (Bartlett, 1990).

Nitric oxide

In recent years the use of inhaled nitric oxide (NO) therapy in
adult intensive care units (ICUs) in the United Kingdom has
become commonplace (Cuthbertson et al., 1997). The selective
pulmonary vasodilatory effects of inhaled NO have been
demonstrated in various models of ALI including endotoxin
and oleicacid exposure, and smoke inhalation (McIntyreetal.,
2000). Because NO is inhaled, it is an effective vasodilator of
well-ventilated regions of the lung, thus reducing intrapul-
monary shunt and improving arterial oxygenation. Further-
more, NO is rapidly bound to hemoglobin, which thereby
inactivates it and prevents systemic vasodilation. The most
common indication for inhaled NO is ALI/ ARDS. Significant
evidence suggests thatinhaled NO improves oxygenation and
reduces pulmonary artery pressure in the majority of patients
with ALI/ ARDS. Two randomized trials of inhaled NO thera-
py in ALI have recently been presented. In one European mul-
ticenter study 268 adult patients with early acute lung injury
were evaluated for response to NO therapy. The investigators
concluded that oxygenation was improved by inhaled NObut
that the frequency of reversal of acute lung injury was not in-
creased. Additionally, use of inhaled NO did not alter mortali-
ty, although it did reduce the frequency of severe respiratory
failure in patients developing hypoxemia (Lundin, 1999). In
another study, NO was noted to decrease shunt and pul-
monary vascular resistance index and oxygenation. These
findings suggested that inhaled NO improves oxygenation in
critically hypoxemic patients (Baxter, 2002).

Complications of mechanical ventilation

Patients who undergo invasive mechanical ventilation ex-
perience complications caused by lung injury from oxygen
toxicity; adverse effects from excessive ventilatory pressures,
volumes, and flow rates; adverse effects from tracheal intuba-
tion; dangers from adjuvant drugs; stress-related sequelae;
altered enzyme and hormone systems; nutritional problems;
and psychologic trauma (Bezzant & Mortensen, 1994).

Oxygen toxicity

A variety of gross and histopathologic lesions have been de-
scribed in human and experimental animal lung tissues that
have been exposed to increased concentrations of oxygen in
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theairways (Bezzant & Mortensen, 1994). Free oxygen radicals
generated by high concentrations of oxygen, in and along the
airways and alveoli, attack intracellular enzyme systems,
damage DNA, destroy lipid membranes, and increase mi-
crovascular permeability. The duration of exposure of the
lungs to increased oxygen concentrations is directly related to
the incidence and severity of any resultant lung injury. No de-
finitive data are available to establish the upper limits of the
concentration of oxygen in inspired air that can be considered
safe (Bezzant Mortensen, 1994). However, the general consen-
sus seems to be that oxygen concentrations greater than 50% in
inspired air are undesirable and should be avoided if clinical
circumstances permit. Therefore, one should institute meas-
ures to insure that the lowest possible concentration of oxygen
is used during ventilatory support.

When oxygenation is inadequate, sedation, paralysis, and
position change are possible therapeutic measures (Slutsky,
1994). Other factors in oxygen delivery, i.e. cardiac output and
hemoglobin, should also be considered. In some clinical situa-
tions, when significant concerns over both elevated plateau
pressure and high Fi0, exists, consideration for accepting an
5,0, slightly less than 90% is reasonable (permissive hypoxia)
(Slutsky, 1994).

Baro-trauma

It has become increasingly evident that gas delivery into the
lungs by a mechanical ventilator at excessive and inappropri-
ate pressures, volumes, and flow rates can be a two-edged
sword and can result in significant lung damage. In some
cases, this produces additional injury and functional impair-
mentinstead of assisting the failing, sick lung (Kolobow, 1988).
The most commonly reported adverse effect from excessive
positive pressure mechanical ventilation is baro-trauma.
Baro-trauma is generally defined as forceful escape of
ventilatory gas from its contained airway-alveolar complex
into adjacent tissue or compartment. The term is now also
used in reference to cellular and ultrastructural pathologic
changes in pulmonary parenchymal cells resulting from ex-
cessiveintrapulmonary ventilatory gas pressures (Tsunoetal.,
1990).

High PEEP has usually been reported as the leading cause
of baro-trauma in patients with acute respiratory failure; how-
ever, more recent reports indicate that excessive peak inspira-
tory pressure may be more damaging to thelungs and produce
baro-trauma lesions more commonly than high PEEP
(Kolobow et al., 1987). Evidence separating the levels of air-
way pressures that can be considered safe from those that
cause baro-trauma has not been established. However, thereis
general agreement that in most cases PEEP greater than
10cmH,0, mean airway pressure greater than 30cmH,0O,
and/or peak inspiratory pressure greater than 50 cmH,O are
all capable of producing baro-trauma lesions, particularly if
continued for more than a few days. End-expiratory occlusion
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pressure (i.e. plateau pressure) is the best, clinically applicable
estimate of average peak alveolar pressure (Slutsky, 1994).
Therefore, it is the most important target pressure when trying
to avoid alveolar over-distention. High plateau pressure
(>35cmH,0) may be more harmful in most patients than high
values of F,0, (Slutsky, 1994).

Dynamic hyperinflation (gas trapping, auto-PEEP, intrinsic
PEEP) also contributes to high airway pressure and al-
veolar over-distention. Auto-PEEP produces end-expiratory
pressure through infraction of a new inspiration before all pre-
vious tidal volume is exhaled (Fig. 8.5). This often goes un-
noticed and should be measured or estimated, especially in
patients with airway obstruction. Management should in-
clude measures directed towards limiting the development of
dynamic hyperinflation. Dynamic hyperinflation can be re-
duced by limiting total minute ventilation or decreasing the
inspiratory to expiratory ratio (Slutsky, 1994).

Permissive hypercapnia

Hypercapnia has influences on brain function. Brain excitabil-
ity decreases with inspired CO, concentrations up to 15%, and
will increase accompanied by seizure activity at concentra-
tions of 15-30%. Induction of anesthesia occurs at CO, concen-
trations of 40% (Shapiro et al., 1994). In addition, significant
increases in cerebral blood flow with resultant increases in
intracranial pressure, can be seen with acute hypercapnia.
There are also significant circulatory hemodynamic responses
to hypercapnia. The effect of CO, on the isolated heart muscle
is one of temporary depression of function (Shapiro et al.,
1994). There is also a depressant effect on the peripheral vascu-
lar smooth muscle of the precapillary resistant vessels.
However, in the intact subject, elevation of circulating cate-
cholamine levels secondary to the sympathetic stimulatory ef-
fects of hypercapnia overcome the direct depressant effect,
and theresultis an increase in cardiac output, a slight decrease
in peripheral distance and a resultant tendency towards
increased blood pressure. This stimulatory effect can be
abolished by beta-adrenergic blockade (Walley et al., 1990).
No definite data are available on the limits of tolerance to
respiratory acidosis.

A recent case report documents survival after significant
hypercapnia and respiratory acidosis when tissue anoxia and

ischemia were prevented (Potkin & Swenson, 1992). A recent
review of the subject of permissive hypercapnia concludes
that deleterious effects of the associated hypercarbia in severe
lung injury did not appear to be a significant limiting factor in
preliminary human clinical trials (Shapiro et al., 1994). The
avoidance of alveolar over-distention through pressure or vol-
ume limitation has significant support based on animal mod-
els and computer simulation. However, although current
uncontrolled studies suggest benefit, controlled trials are ur-
gently needed to confirm these findings before adoption of the
treatment (permissive hypercapnia) can be endorsed (Shapiro
et al., 1994). It should be remembered that in pregnancy this
strategy may be harmful to the fetus and that if it is felt to be
required, delivery of a mature fetus prior to instituting permis-
sive hypercapnea should be considered.

Gastrointestinal hemorrhage

Critically ill patients who present with nongastrointestinal
disease, such as acute respiratory failure, may develop gas-
trointestinal hemorrhage later in their intensive care course as
a complication of critical illness (Lucas et al., 1971). Pathologi-
cally, stress ulcerations are erosions that are superficial to the
muscularis mucosa. Stress ulcerations predominately involve
the stomach and are usually found in the fundus with spearing
of the antrum (Skillman et al., 1969). Stress ulcerations are
present in the vast majority of the critically ill patients admit-
ted to the ICU (Lucas et al., 1971). Severe or massive gastro-
intestinal bleeding occurs in about 5% of ICU patients. Risk
factors for the development of upper GI hemorrhage include
major trauma, severe hemorrhage, shock from any cause,
sepsis, renal failure, jaundice, and acute respiratory failure. In
one study, the most common respiratory disease associated
with gastrointestinal bleeding was ARDS (Harris et al., 1977).
Greater than 80% of 13 patients with ARDS bled, whereas only
9% of 44 patients with COPD bled. Duration of mechanical
ventilation for more than 5 days is an important risk factor for
upper Gl hemorrhage (Schuster et al., 1984). Coagulaopathy is
another risk factor associated with upper GI hemorrhage. In
onestudy, 60% of 12 bleeding patients were thrombocytopenic
(Harris et al., 1977). There is an increased risk of GI bleeding as
the number of risk factors increases including evidence of
multisystem failure, and especially when renal failure and
jaundice are present (Skililman et al., 1969).
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Mucosal ischemia secondary to decreased gastric blood
flow is one of the most important factors in stress ulceration.
Increased concentrations of acid pepsin are not found in criti-
cally ill patients. The primary mechanism of ulceration is
tissue acidosis or ischemia resulting in impaired mucosal
handling of hydrogen ions that is already present (Kivilaakso
& Silen, 1979). Initial therapy of stress ulceration should be
directed at correcting hypotension, shock, and acidosis.

Prophylactic measures have centered primarily on neutral-
izing gastric acidity with antacids or decreasing gastric acid
secretion with histamine receptor blockers such as cimetidine
or ranitidine. Other prophylactic measures therapies include
sucralfate, pirenzepine, pyridine, and secretin (Pingleton,
1988). Sucralfate is a basic aluminum salt of sucrose octasulfate
that appears to provide stress ulcer protection without reduc-
inglevels of gastricacid. Available data suggest that sucralfate
is as effective as antacids or cimetidine for prophylaxis of
upper Gl hemorrhage (Tryba et al., 1985). Antacids require ex-
cessive nursing time and additionally may of themselves re-
sult in complications including diarrhea, hypophosphatemia,
hypomagnesemia, and metabolic alkalosis (Pingleton, 1988).

Cimetidine is associated with a larger number of and
more diverse complications including acute renal failure,
mental confusion, drug interactions, and thrombocytopenia
(McGuigan, 1981). Both antacids and cimetidine are asso-
ciated with gastric colonization caused by alkalinization of
gastric pH. Resultant transmission of gastric organisms into
the tracheal bronchial tree has been documented (DuMoulin et
al., 1982). Gastric colonization and resultant nosocomial pneu-
monia may be lessened by the use of sucralfate. Nutrition
may also be a useful prophylaxis against stress ulceration
(Pingleton, 1988).

Thromboembolic complications

The actual frequency of pulmonary emboli complicating the
course of patients with acute respiratory failure is unknown.
Autopsy studies in respiratory ICU patients report an inci-
dence of 8-27% (Pingleton, 1988). The source of pulmonary
emboli in critically ill patients is primarily due to deep vein
thrombosis. Critically ill patients present many risk factors for
deep vein thrombosis including prolonged venous stasis
caused by bed rest, right and left ventricular failure, dehydra-
tion, obesity,and advanced age. In one study, deep vein throm-
bosis occurred in 13% of respiratory ICU patients during the
first week of intensive care (Moser et al., 1981). However, the
precise risk of deep vein thrombosis in patients with acute res-
piratory failure is not known. Another source of pulmonary
emboli in critically ill patients can be thrombosis associated
with intravenous catheters (Pingleton, 1988). A recent study
found that 66% of 33 consecutive patients monitored for a
mean of 3 days with a pulmonary artery catheter had internal
jugular thrombosis as detected venographically or on autopsy
(Chastre et al., 1982). Recent autopsy data suggest that
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pulmonary emboli are present in patients with catheter-
associated thrombosis (Connors et al., 1985). However, the
relationship of pulmonary emboli to catheter-associated
thrombosis is not clear.

Theincidence of deep vein thrombosisis also increased dur-
ing pregnancy and the postpartum period. The reported inci-
dence varies between 0.018 and 0.29% during gestation and
between 0.1 and 1% postpartum (Wessler, 1976). Although
deep vein thrombosis can be seen at any stage of gestation, it
appears to increase in frequency as pregnancy advances. The
incidence of thromboembolic disease is increased in pregn-
ancy secondary to several factors. There is increased vein dis-
tensibility during the first trimester and by the third trimester,
the velocity of venous flow in the lower extremities is reduced
by half. This happens in part because the gravid uterus pro-
vides a mechanical impediment to venous return (Wright et
al., 1950). This tendency towards stasis is increased in the preg-
nant patient who requires prolonged bed rest for management
of ventilatory failure. An additional problem is that fibrino-
gen, factor VIII, and other vitamin K dependent clotting fac-
tors are increased during pregnancy (Todd et al., 1965). There
isalso evidence of decreased fibrinolytic activity with reduced
levels of available circulating plasminogen activator (Nilsson
& Kullander, 1967). Overall the risk of thrombosis during
pregnancy and the postpartum period for thrombosis may be
up to 5.5 times greater than that for appropriately matched
nonpregnant controls (Hathaway & Bonnar, 1987).

The incidence of pulmonary embolism in pregnancy and
the postpartum period depends upon whether or not any un-
derlying deep vein thrombosis is adequately treated. If un-
treated, as many as 24% of patients with antenatal deep vein
thrombosis will have pulmonary emboli with a resultant mor-
tality rate of approximately 15% (Wessler, 1976). However, if
patients are treated with anticoagulants, embolization will
occur in only 4.5% and the mortality rate will be less than 1%
(Villasanta, 1965). It is obvious that the gravida suffers an ex-
tremely high risk of thromboembolic disease after suffering
respiratory failure. Therefore, every attempt should be made
to diagnose deep vein thrombosis and to administer agents to
anticoagulate the patient prior to the development of pul-
monary emboli (Laros, 1994).

Prevention of pulmonary emboli in populations at risk have
centered on prophylaxis of deep vein thrombosis (Hull et al.,
1986). These methods primarily include low-dose heparin, in-
termittent pneumatic leg compression devices, and combined
prophylactic modalities (Hull et al., 1986). Both of these meth-
ods are safe when used in the pregnant patient with respirato-
ry failure. It is important, however, to note that despite their
safety, none of these prophylactic methods has been proven ef-
ficacious in patients with acute respiratory failure (Pingleton,
1988). ‘

Treatment of established pulmonary emboli occurring in
patients with acute respiratory failure includes systemic anti-
coagulation and fibrinolytic therapy. During pregnancy, the
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anticoagulant of choice is heparin (Laros, 1994). There are only
a few case reports of use of fibrinolytic agents during pregn-
ancy and thus conclusions about the safety of theseagents dur-
ing gestation must be withheld (Laros, 1994). Because of se-
vere postpartum hemorrhage from the placental site, these
agents should not be used for the first 10 postpartum days.

Renal complications

Acuterenal failure and abnormalities of sodium and water ex-
cretion are frequent renal complicationsin critically ill patients
with respiratory failure (Pingleton, 1988). The incidence of
acute renal failure is about 10-20% in respiratory and surgical
ICU patients. The development of renal failure in patients with
respiratory failure is an ominous prognosticsign. In one study,
there was an 80% mortality rate in patients with acute respira-
tory failure who developed renal failure (Kraman et al., 1979).
Causes of renal failure in respiratory ICU patients include gas-
trointestinal bleeding with hemorrhagic shock, septic shock,
aminoglycoside nephrotoxicity, and hypotension (Kraman et
al., 1979). Additional data suggest that synergistic nephrotoxi-
city is exerted by Gram-negative bacteremia and aminoglyco-
sides (Zager & Prior, 1986). Therapy of acute renal failure
should be directed at its apparent cause.

Positive fluid balance

Alterations in renal hemodynamics and renal tubular function
occur in patients with acute respiratory failure as a result of
hypoxemia, acidosis, mechanical ventilation, and PEEP
(Pingleton, 1988). Adverse consequences include positive
water balance, edema, hyponatremia, and possible increased
mortality. In addition, hormonal factors contribute to the posi-
tive fluid balance. Elevated antidiuretic hormone (ADH) was
noted in almost half of 15 patients with acute respiratory fail-
ure admitted to the ICU (Szatalowicz et al., 1982). Recent data
suggest that fluid balance may influence survival in ARDS.
Data suggest that negative fluid balance (as reflected by
weightlossand small cumulative intake—outputs) isanimpor-
tant variable of survival in ARDS (Simmons et al., 1987).

Infectious complications

Nosocomial pneumonia is a frequent complication with mul-
tiple adverse sequelae. It is associated with high mortality in
patients with respiratory failure. In a recent analysis of pa-
tients with ARDS and pneumonia, only 12% survived (Seiden-
feld etal., 1986). Mortality was directly related to infection and
to the development of other additional complications. Factors
increasing the risk of nosocomial pneumonia include coma,
hypotension, prior respiratory disease, tracheal intubation,
acidosis, azotemia, and leukopenia. Additional risk factors in-
clude the presence of an intracranial pressure monitor, treat-
ment with cimetidine, hospitalization during the fall-winter
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season, and mechanical ventilator circuit changes every 24
hours (Montgomery et al., 1985). Diagnosis of nosocomial
pneumonia is difficult, particularly in patients with respira-
tory failure showing with obvious radiographic infiltrates
(Pingleton, 1988). These patients may also have other causes
for their fever, leukocytosis, and positive blood cultures. In
addition, the distinction between tracheal bronchial coloniza-
tion and pneumonia is difficult (Johanson et al., 1972).

General strategies aimed at the prevention of nosocomial
pneumonia include efforts toimprove host defenses, as well as
measures directed at decreasing airway colonization and bac-
terial inoculation into the lower airway.

Other infectious complications include bacteremia and sep-
sis. In one report, sepsis was the major and direct cause of
death in 36% of patients who died within 72 hours after the
onset of ARDS (Montgomery et al., 1985). Primary bacteremia
originates most frequently from intravascular devices (Maki,
1981). In general, catheter infections are more common in
catheters left in place for longer than 3 days (Pingleton, 1988).
Bacteremia may also be a sign of infective endocarditis. There-
fore, an echocardiogram is indicated to rule out intracardiac
vegetations in unexplained bacteremia.

Nutritional complications

Nutritional complications in acute respiratory failure patients
reflect the adverse effec