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ABSTRACT. Because carbon monoxide (CO) is a byprod-
uct of heme degradation and because placental diffusing
capacity of CO is limited, we hypothesized that the con-
centration of CO transported in fetal blood as carboxyhem-
oglobin (HbCO) would correlate with the severity of fetal
hemolytic disease. Fetal blood was obtained by cordocen-
tesis and HbCO was measured by gas chromatography.
The two primary study groups included control fetuses (n
= 26) and fetuses of Coombs-positive mothers before in

" utero transfusion (n = 15). Compared with controls, fetuses
with hemolytic disease had higher HbCO levels (0.0111 *
0.0014 versus 0.0159 %= 0.0072 fraction of total Hb, mean
= SD, p < 0.002). In contrast, HbCO levels in simultane-
ously sampled maternal blood samples were not different
in the control and alloimmune groups [0.0110 % 0.0025 (n
= 20) versus 0.0115 x 0.0021 (n = 11)]. There was a
significant inverse correlation observed between fetal
HbCO and Hb concentrations in the group with hemolytic
disease (r = =0.73, p < 0.002) but not in controls. In
fetuses with hemolytic disease, HbCO and bilirubin were
highly correlated (r = 0.88, p < 0.0001). Data from four
anemic fetuses who were Coombs negative, three of whom
had no evidence of hemolysis, indicated normal HbCO and
normal plasma bilirubin levels. A fourth fetus with anemia
had viral sepsis and elevated HbCO and plasma bilirubin
levels. We conclude that elevated HbCQ levels detected in
fetuses of nonsmoking mothers with erythrocyte alloim-
munization are likely the result of accelerated hemolysis.
(Pediatr Res 35: 713-719, 1994)

Abbreviations

CO, carbon monoxide

HbA, adult Hb

HbCO, carboxyhemoglobin
HDbF, fetal Hb

NRBC, nucleated red blood cell

After normal erythrocyte senescence or pathologic processes
in which accelerated hemolysis occurs, Hb is degraded by the
reticuloendothelial system to globin and heme (1, 2). Although
breakdown of heme-containing proteins other than Hb contrib-
utes to endogenous CO and bilirubin production, these other
proteins contribute only 15 to 25% of the total endogenous CO
and bilirubin levels (3, 4). Degradation of heme by microsomal
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heme oxygenase results in cleavage of the porphyrin ring, yielding
equimolar amounts of bilirubin, iron, and CO (5). Similar to
oxygen, CO binds reversibly to Hb in circulating erythrocytes
and in doing so forms HbCO. Elimination of CO from the fetus
via the placenta, or from postnatal individuals via the lungs, is
slow because of CO’s considerably greater affinity for Hb relative
to oxygen and because of CO’s limited gaseous exchange (6).

Fetuses of women affected by erythrocyte alloimmune disease
are at risk for developing life-threatening anemia due to accel-
erated erythrocyte immune-mediated hemolysis (7). Elevated
concentrations of HbCO have been reported at delivery in cord
blood of human fetuses and in postnatal blood of newborn
infants with immune hemolytic disease (8-10). Thus far, studies
have focused on term fetuses delivered after variable periods of
labor. Because maternal HbCO levels are affected by anesthetics
and alterations in maternal ventilation preceding delivery (8, 11,
12), fetal HbCO levels at birth may be affected by these maternal
perturbations. HbCO data in mid- to late-gestation human fe-
tuses have not been reported.

The diagnostic and therapeutic use of cordocentesis has created
the opportunity for studying the human fetus under undisturbed
conditions from midgestation onward. In the present study, we
hypothesized that, in the absence of maternal smoking, the rate
of fetal hemolysis would be reflected by elevated HbCO levels,
which in turn would be associated with the severity of fetal
anemia and with other hematologic and biochemical indicators
of hemolysis. To test this hypothesis, we studied anemic and
nonanemic human fetuses undergoing clinically indicated cor-
docentesis. The two primary study groups consisted of control
fetuses and fetuses of mothers with erythrocyte alloimmuniza-
tion. Also examined were secondary study groups consisting of
anemic Coombs-negative fetuses and fetuses of mothers who
smoked tobacco.

MATERIALS AND METHODS

Appropriate institutional review for the use of human subjects
in medical research was obtained at the University of lowa and
at the University of Vienna. Study subjects included consecutive
fetuses undergoing clinically indicated cordocentesis who met
study criteria. All mothers were in good health. HbCO levels
were measured in all fetal and most maternal blood samples at
the time of cordocentesis.

Primary Study Groups. Fetuses with immune hemolytic dis-
ease. Fifteen antigen-positive fetuses whose mothers had an
indirect Coombs’ titer > 8 for erythrocyte antigens known to
cause fetal hemolysis were studied. Eleven (73%) underwent
more than one diagnostic or therapeutic cordocentesis. Six (40%)
initially had, or later developed, anemia severe enough to neces-
sitate one or more intravascular erythrocyte transfusions. Fetal
transfusions were performed when the fetal hematocrit fell below
0.30, a value < 2 SD for fetuses at 20 wk gestation (13). Two
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fetuses had ultrasound evidence of hydrops at the time of their
first cordocentesis; one died before fetal transfusion could be
administered. There were no other fetal or neonatal deaths.

Control fetuses. Twenty-six control fetuses were derived from
two subgroups: those who were normal (7 = 8), and those who
had morphologic evidence of one or more congenital abnormal-
ities (n = 18). Assignment to the normal subgroup was done
retrospectively once the potential fetal disorder necessitating
cordocentesis was conclusively disproved. Indications for cor-
docentesis included suspicion of genetic abnormality (n = 2),
maternal erythrocyte alloimmunization (n = 2), infectious ex-
posure (n = 3), and maternal thyroid disease (» = 1). There were
no fetal or neonatal deaths.

The remaining control subgroup consisted of 18 fetuses with
identifiable congenital abnormalities. Because of the association
of chromosomal abnormalities with fetal hematologic perturba-
tions, fetuses with karyotypic anomalies were excluded. The
predominant organ systems affected in these fetuses included the
CNS (n = 7), the gastrointestinal tract (n = 6), the heart (n = 2),
the kidney (n = 2), and the lung (n = 1). All had Hb concentra-
tions and red blood cell counts that fell within the 95% confi-
dence interval for normal fetuses of comparable gestational age
(14). Although there were no fetal deaths, neonatal survival
depended on the severity of the congenital lesion(s).

Secondary Comparison Groups. Fetuses with anemia due to
nonimmune causes. During the period of study, four fetuses with
Coombs-negative anemia were identified. None of the mothers
smoked. Two were anemic donor twins in which a twin-to-twin
transfusion had occurred. The third fetus had a large fetal-to-
maternal hemorrhage. A fourth fetus had nonimmune hemolysis
secondary to congenital viral infection. This fetus demonstrated
a marked reticulocytosis, required three in utero transfusions,
and died of multiple organ failure 5 h after birth.

Fetuses of smoking mothers. Because maternal smoking has a
pronounced effect on maternal and fetal HbCO levels (11), 13
fetuses whose mothers gave a history of smoking one or more
cigarettes per day were studied as a reference group. None had
alloimmune disease. Three of these fetuses fulfilled the same
criteria as the normal control subgroup; 10 others were affected
by morphologic abnormalities similar to the subgroup with con-
genital anomalies. Although there were no fetal deaths, neonatal
survival depended on the severity of the congenital lesion(s).

Cordocentesis Procedure. Fetal blood was obtained under ul-
trasound guidance, using a 22- or 25-gauge spinal needle of the
appropriate length (15). Venous samples were preferred to arte-
rial samples for reasons of safety. This was possible in all but a
few patients. Contamination of fetal blood with maternal blood
was excluded by determination of hematologic parameters, i.e.
Kleihauer-Betke testing and hematologic indexes by automated
cell counter (16).

Laboratory Determinations. Blood testing other than for
HbCO on cordocentesis samples was performed in the hospitals’
clinical laboratories. Erythrocyte and leukocyte counts were de-
termined using an automated blood counter (Technicon-H-1
Autoanalyzer, Miles, Inc., Tarrytown, NY). The reticulocyte
count was performed manually by scoring 1000 erythrocytes
stained with brilliant cresyl blue and viewed on a Miller disk.
The NRBC count was calculated from the total leukocyte count
and the number of NRBC per 100 leukocytes. Plasma total and
direct bilirubin levels were measured spectrophotometrically
using a commercial assay (Boehringer-Mannheim, Indianapolis,
IN) on an autoanalyzer (Hitachi model 737, Boehringer-Mann-
heim).

HbCO concentrations in blood samples (120-140 uL) were
determined at Stanford University with a sensitive gas chromat-
ographic method within 1 mo of storage at 4°C (17, 18). Briefly,
2 uL of blood were injected in triplicate into 2-mL septum-
sealed, CO-free vials with 20 uL of 10% (wt/vol) K3Fe(CN), in
0.1 M potassium phosphate buffer, pH 6.0, containing 1% (wt/
vol) saponin. The vials were incubated at 0°C for at least 30 min
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but not longer than 1 h. The CO liberated into the vial headspace
was then injected into the gas chromatograph with a reduction
gas detector (model RGA2; Trace Analytical, Inc., Menlo Park,
CA). The CO was separated from other compounds on a 68 X
0.53 cm (inner diameter) molecular sieve column at 125°C with
a carrier gas flow rate of 50 mL of CO-free air per minute. The
analyzer was standardized before and after each run with volumes
of standard gas containing 25.0 uL. CO/L of N, (Airco Air and
Specialty Gases, Santa Clara, CA). The within-day and between-
day coefficients of variation for reference blood samples using
this method are 3% and 8%, respectively. The minimum detect-
able concentration is 0.00005 HbCO. HbCO concentrations are
expressed as a fraction of the total Hb saturation.

HbCO levels were not corrected for CO present in inhaled air
(19). Information regarding exposure of pregnant subjects to
passive cigarette smoking or exogenous CO within the home
environment or just before their clinic visit was not obtained.
However, data on environmental levels of CO in the proximity
of the two study hospitals were obtained. Neither hospital per-
mitted smoking within its patient care areas.

Concentrations of Hb used in the HbCO determinations were
measured with a manual cyanmethemoglobin method (kit no.
5285, Sigma Chemical Co., St. Louis, MO) (20). Four xL of blood,
pipetted with a Hamilton gastight syringe in a Hamilton repeat-
ing dispenser (Hamilton Co., Reno, NV) , were allowed to react
with 2.0 mL of Drabkin’s reagent for a minimum of 2 h at room
temperature. The absorbency of the resultant cyanmethemoglo-
bin was determined at 540 nm with a spectrophotometer (model
UV-160, Shimadzu Scientific Instruments Inc., Columbia, MD).
The within-day and between-day coefficients of variation for
reference blood samples using this method are 2.2% and 3.0%,
respectively.

Data Analysis and Statistical Methods. Although the majority
of the fetuses with hemolytic disease, and a few of the controls,
had multiple cordocenteses performed, the individual fetus’
blood samples used in the group analyses were the pretransfusion
samples having the lowest Hb concentrations. This provided the
greatest spectrum of anemia without erroneously inflating the
number of degrees of freedom. For fetuses with hemolytic disease
who received tranfusions, this sample corresponded to the one
taken immediately before the first in utero transfusion.

Statistical analyses were performed using a microcomputer
software program (StatView 4.0, Abacus Concepts, Inc., Berke-
ley, CA). Results are presented as the mean + SD. Between-
group comparisons for two groups were done using unpaired ¢
tests or the Mann-Whitney U test for normally or nonnormally
distributed data, respectively. For comparison of more than two
groups, a one-factor analysis of variance was used. Analysis of
variance comparisons in which the F values were significant were
subjected to post hoc examination using Dunnett’s two-tailed
procedure. Simple and multiple linear regressions were used to
examine possible associations of study variables within individual
groups of fetuses. The alpha level of significance selected was p
< 0.05.

RESULTS

Atmospheric measurements of CO taken in the room in which
the fetal cordocenteses were done at the University of Iowa
Hospitals and Clinics averaged 0.76 £ 0.30 ppm. CO levels taken
in Vienna near the University Hospital averaged 0.77 + 0.19
ppm. For previous studies, we reported sample HbCO stability
for at least 2 mo (17, 18). During the present study, we routinely
analyzed reference samples stored at 4°C for up to 365 d. Regres-
sion analysis of the HbCO content of these samples versus sample
age yielded the following relationship: HbCO = 0.00015 d +
0.07, # =0.038, p = NS.

Subgroup comparisons. Blood HbCO levels in the two
subgroups of control fetuses were statistically indistinguishable:
0.0107 £ 0.0012 for the normal controls, and 0.0113 + 0.0015
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for those controls having congenital anomalies (Fig. 1). There
was a slight but nonsignificant difference in their gestational ages
(24.8 + 6.4 versus 30.1 = 6.2 wk, respectively). When adjusted
for gestational age, there were no differences between these two
control subgroups for plasma total bilirubin, Hb concentration,
erythrocyte count, reticulocyte count, NRBC count, or leukocyte
count.

Between-group comparisons. Data from the combined control
group were compared with those of the immune hemolytic
disease group (Table 1). Gestational ages of these two primary
study groups were not statistically different (28.5 + 6.6 versus
28.7 + 5.4 wk). As anticipated, blood Hb concentration was
significantly lower in the group with immune hemolytic disease.
Significantly higher mean values were observed for HbCO (Fig.
1) and total plasma bilirubin in this group. Direct bilirubin levels
were not elevated in any of the fetuses with immune hemolytic
disease (3.93 + 2.22 umol/L, range 1.7-8.6 umol/L). No be-
tween-group differences were observed for either reticulocyte
(absolute or fraction) or NRBC counts. There were no differences
between the maternal HbCO levels for the control group com-
pared with the group with alloimmune disease [0.0110 + 0.0025
(n = 20) versus 0.0115 £ 0.0021 (n = 11), respectively].

All three of the Coombs-negative anemic fetuses who had
maternal and fetal laboratory data consistent with a nonhemo-
lytic process had HbCO and plasma bilirubin levels within the
normal range (0.0126, 0.0134, and 0.0094 umol/L and 22.2,
17.1, and 30.8 umol/L, respectively). The fourth Coombs-nega-
tive fetus had a congenital viral infection, was thrombocytopenic,
and had elevated HbCO and bilirubin levels equivalent to those
observed in subjects with immune hemolytic anemia (0.0237
and 124.8 umol/L, respectively).

HbCO levels in fetuses of smoking mothers were markedly
elevated (0.0567 + 0.0320, n = 13) compared with those in the
two primary groups in which the mothers did not smoke (p <
0.01). Mean maternal HbCO level in the group of mothers who
smoked was 0.0392 + 0.0186 (n = 10), a value that was signifi-
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Fig. 1. Comparison of blood HbCO levels in the two fetal study
groups: /) control fetuses including two subgroups—those retrospectively
identified as normal (O, n = 8) and those with congenital anomalies but
with normal hematologic indices (O, n = 18); and 2) fetuses with
hemolytic disease due to fetal alloimmune disease (7 = 15) including
those who underwent transfusion (€) and those who were not (@). The
horizontal lines indicate the mean value for the study groups.
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cantly higher than the maternal values of the two primary study
groups (p < 0.01).

Relationship of fetal HbCO with laboratory measurements:
group data. There was no significant association of HbCO with
gestational age for either the control or immune hemolytic
disease group (Fig. 2). Similarly, in the control group, HbCO was
not associated with any of the laboratory parameters including
Hb, bilirubin, reticulocyte count, and NRBC count.

In fetuses with immune hemolytic disease, significant associ-
ations were observed for HbCO with Hb (r = —0.73, p = 0.002;
Fig. 34) and for HbCO with total plasma bilirubin (r = 0.88, p
< 0.0001; Fig. 3B). HbCO was not associated with the fraction
of reticulocytes (in relation to total red blood cell count) or with
the absolute reticulocyte count (r = 0.49, p = 0.06, and r =
=031, p = 0.25, respectively). Total bilirubin was inversely
associated with Hb level (r = —0.66, p < 0.01; Fig. 3C). Quali-
tatively similar statistical results were obtained when the differ-
ences between the fetal and maternal HbCO values were substi-
tuted for fetal HbCO levels. Because not all maternal samples
were available, the number of paired data available for these
analyses was smaller.

Although for the control group there was no association of
HbCO with gestational age, significant gestational age associa-
tions were observed for Hb (r = 0.59, p < 0.002), plasma total
bilirubin (r = 0.50, p < 0.03), reticulocyte fraction (r = —0.69,
p < 0.001), and absolute reticulocyte count (r = —0.81, p <
0.001). To determine which of these laboratory variables were
primarily associated with HbCO in the group with hemolytic
disease, four separate multiple regression analyses were examined
in which gestational age was entered as an independent variable
along with Hb, plasma total bilirubin, reticulocyte fraction, or
absolute reticulocyte count. The 8 coefficients were statistically
significant for Hb (p < 0.001) and plasma total bilirubin (p <
0.0001) but not for gestational age. Although the 8 coefficients
for reticulocyte fraction and gestational age were both signifi-
cantly associated with HbCO when entered together (p < 0.01
and p < 0.0, respectively), neither was significant for the com-
bination of absolute reticulocyte count and gestational age.

When gestational age, Hb, plasma total bilirubin, and reticu-
locyte fraction were entered together into a single muitiple regres-
sion with HbCO as the dependent variable, only total plasma
bilirubin’s 8 coefficient was found to be significantly associated
(p <0.02).

Relationships of HbCO, Hb, and bilirubin in individual fetuses
with alloimmune disease. Data for five individual fetuses with
immune hemolytic disease who underwent several cordocenteses
before undergoing transfusion were available for examination of
the relationship of HbCO with other laboratory variables. The
findings were consistent with the results of the group correlations:
1) the slope of the linear regression plot for HbCO versus
bilirubin for each of the five demonstrated a positive slope (Fig.
44);, and 2) each fetus demonstrated inverse associations of
HbCO and total bilirubin with Hb (Fig. 4B and C).

The two severely anemic Coombs-positive fetuses with hydrops
at the time of the first visit could not be analyzed in the above
manner because each had only a single value. Both had HbCO
levels that were unexpectedly low relative to their Hb level (Fig.
34). The total bilirubin level was available for only one of the
two. In this fetus, the bilirubin value was low for the fetus’'s Hb
level (Fig. 3C) but commensurate with its HbCO level (Fig. 3B).

Table 1. Comparison of pretransfusion fetal laboratory data in primary study groups (mean + SD)*

Hb HbCO Bilirubin Reticulocytes Reticulocytes NRBC
Group n (mmol/L) (fraction of total Hb) {umol/L) (x10%/L) (fraction of RBC) (x10%/L)
Controls 26 7.8 1.1 0.0111 £0.0014 274 6.7 241 + 095 0.088 + 0.046 396 +£2.79
Immune hemolytic dis- 15 5.8+23 0.0159 = 0.0072 58.1 £ 349 205+ 1.24 0.102 = 0.054 4.06 £ 2.99
ease
p value <0.001 <0.01 <0.001 NS NS NS

* RBC, red blood cells.



716

18 2 2 30 34 38
Gestational Age (wk)
Fig. 2. Gestational age vs HbCO in control fetuses (O, n = 26) and
in fetuses with immune hemolytic disease (@, » = 15). The dashed line

represents the regression analysis of the control fetuses and the solid line
represents the regression analysis of the affected fetuses.
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Fig. 3. Correlation of laboratory parameters in fetuses with immune
hemolytic disease (@). Fetuses that were anemic due to nonimmune
causes are also shown but are not included in the regression analysis (X
= fetal hemorrhage and O = fetal viral infection): 4) HbCO vs Hb
concentration (n = 15); B) HbCO vs total plasma bilirubin concentration
(n = 13); and C) plasma bilirubin concentration vs Hb concentration (n
= 13). The shaded areas indicate the + 2 SD range for the control fetuses
for the variables shown. The variable to which the shading applies is that
of the axis from which it extends.

Four fetuses had multiple cordocenteses but had hematocrit
values above 0.30 and thus did not undergo transfusion. In all
four, HbCO and total bilirubin levels were within, or just above,
+ 2 SD value for the control group (data not shown).

Posttransfusion HbCO perturbations in individual fetuses with
alloimmune disease. In three of the six fetuses with hemolvtic
anemia who underwent transfusion, laboratory data were ob-
tained at the time of subsequent cordocenteses for periods of 2,
4, and 10 wk. In each case, elevated levels of fetal HbCO and
plasma bilirubin normalized as fetal erythrocytes were progres-
sively replaced with donor cells. These events are best illustrated
by examination of the fetus who had the highest pretransfusion
HbCO and plasma total bilirubin levels and who was underwent
transfusion three times (Fig. 5). When first studied at 26.5 wk,
this fetus had hematocrit, HbCO, and plasma total bilirubin
levels that were within the normal range. Two weeks later, at the
time of the second cordocentesis, hematocrit had fallen to 0.33
and HbCO and plasma total bilirubin levels had abruptly risen
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Fig. 4. Preerythrocyte transfusion linear regression relationships for
the five individual fetuses who had hemolytic disease severe enough to
require an intrauterine transfusion and who had at least two cordo-
centeses before their first transfusion: 4) HbCO vs total bilirubin; B)
HbCO vs Hb; and C) plasma total bilirubin vs Hb. The dimensions of
each regression line define the range of values observed for the individual
fetuses. The shaded areas indicate the normal ranges for the values as
explained in the legend to Figure 3.
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Fig. 5. Hematocrit (H), HbCO (®), and total plasma bilirubin (A)
data over time in an individual fetus with Coombs-positive hemolytic
disease who underwent repeated cordocenteses and received three in
utero blood transfusions (numbered arrows) for the treatment of anemia.
Transfusions were administered whenever fetal hematocrit fell to below
0.30 (shaded area). HbCO and total bilirubin both increased as fetal

hematocrit fell. The former two subsequently declined as hematocrit rose
after each of the three transfusions.

to 0.0292 and 167.6 umol/L, respectively. The following week,
this fetus’ hematocrit level fell precipitously to 0.12, whereas
HbCO and plasma total bilirubin levels remained near their
zenith (0.0368 and 141.9 umol/L, respectively). One week after
the first erythrocyte transfusion, there was a decline in both
HbCO and bilirubin concentrations. By the third transfusion,
the fetus” HbF levels had fallen to zero (data not shown), and
HbCO and bilirubin levels had both normalized.

DISCUSSION

The severity of fetal anemia secondary to maternal alloim-
munization and the rapidity of the hemolytic process are pres-
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ently unpredictable. When fetal anemia due to alloimmunization
becomes profound, life-threatening fetal cardiac and hepatic
failure result in fetal hydrops. Recently, cordocentesis has been
used with increasing success to diagnose and treat fetal anemia
secondary to maternal alloimmune disease (15). The observation
that increased bilirubin levels in fetuses and neonates with Rh
and ABO disease are the direct result of hemolysis forms the
basis for measuring bilirubin concentrations in amniotic fluid to
monitor the severity of fetal anemia in affected pregnancies (7).
More recently, plasma bilirubin levels measured at cordocentesis
have been shown to be associated with the severity of fetal
hemolytic anemia (21). Similar studies of CO, another metabolic
breakdown product of Hb, have not previously been reported in
undisturbed human fetuses with hemolytic disease.

Relationship of HbCO levels to fetal hemolysis. Under normal
physiologic conditions and in the absence of excessive exogenous
sources of CO, e.g. air pollution and cigarette smoke, 75-85% of
the CO measured as HbCO in blood is endogenously derived
from erythrocyte breakdown (3, 4). Elevated HbCO levels have
been associated with a variety of pathologic hemolytic conditions,
among them hemolytic disease of the newborn (22-24). In the
absence of exogenous CO sources, HbCO blood levels in non-
pregnant individuals reflect the combined dynamic effects of CO
production and elimination and of HbA’s affinity for CO. Al-
though under normal steady state conditions measurements of
CO excretion in expired breath provide accurate indicators of
hemolysis, measurements of static concentrations of HbCO pro-
vide good relative indirect assessments of this parameter (19).

The interpretation of steady state HbCO levels in the fetus and
pregnant mother are complicated further by additional factors
that include endogenous fetal CO production, different affinities
of HbF and HbA for CO and oxygen, and gaseous exchange of
CO across the placenta (11). Although direct measurement of
the individual fetal and maternal CO contributions in expired
maternal breath has not been possible, it is likely that per
kilogram production rates are higher in both fetuses and pregnant
women (6). Unlike oxygen affinity, which is increased with HbF
relative to HbA, affinity of HbF for CO in the human is only
slightly lower (25). On the basis of studies in nonanemic fetal
sheep in which exogenous CO was administered to ewes, the
placenta has been shown to significantly retard gaseous exchange
of CO (11). Half-life elimination rates of CO in mothers and
fetuses in these experiments were reported as 2 and 7 h, respec-
tively. Along with changes in maternal ventilation during preg-
nancy, each of these factors affects the absolute and relative
concentrations of HbCO in fetal and maternal blood.

Despite this multiplicity of factors affecting fetal and maternal
HbCO levels, under steady state conditions, gradual increases in
HbCO levels over a matter of days to weeks likely reflect increases
in CO production. Because the mothers in the present study were
all normal, changes observed in fetal HbCO concentrations
would most likely reflect changes in the rate of fetal hemolysis.

Steady state HbCO conditions were likely present in our
control and hemolytic disease groups but probably not in our
group in which the mothers smoked (11). Fetuses in the latter
group were most likely repeatedly exposed to abruptly increased
concentrations of maternal HbCO as a result of exogenous CO
in cigarette smoke. The magnitude and rapidity of these changes,
i.e. minutes to hours, in blood of fetuses whose mothers smoked
would render their HbCO levels meaningless as estimates of fetal
hemolysis.

Previous investigations have demonstrated that HbCO levels
in umbilical cord blood at delivery are increased in fetuses with
Rh or ABO hemolytic disease (8, 10). Similarly, neonates with
immune hemolytic disease also demonstrated elevated HbCO
levels during the first week of life (8, 9, 26). However, ours is the
first study to report HbCO data in undisturbed mid- to late-
gestation anemic and nonanemic human fetuses. The signifi-
cantly increased HbCO levels we observed in fetuses with im-
mune hemolytic disease are of the same magnitude as those
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reported in previous fetal and neonatal studies. Because maternal
levels of HbCO in the control and alloimmune groups were not
different from one another or from their fetal counterparts, it is
unlikely that passive exposure to cigarette smoke or to other
unidentified environmental sources of CO would have con-
founded our results.

In addition to HbCO levels being elevated in fetuses affected
by maternal alloimmunization, a dose effect of anemia on HbCO
was observed, i.e. fetal HbCO levels were directly correlated with
the severity of fetal anemia. In a study of 26 neonates with
immune hemolytic disease, Fallstrom and Bjure (8) also observed
an inverse correlation of HbCO and Hb levels during the first 12
h of life. In two other studies, increased CO excretion in expired
breath of infants with immune hemolytic disease was demon-
strated (9, 26). These data suggest that hemolysis due to maternal
alloimmunization causes increased fetal and neonatal CO pro-
duction.

Additional support for hemolysis secondary to maternal al-
loimmunization causing increased fetal and neonatal CO pro-
duction is the significant direct association observed between
HbCO and plasma bilirubin. Because CO and bilirubin are
produced in equimolar amounts during heme degradation, one
would anticipate that HbCO and bilirubin would be associated
with one another. Consistent with this was our finding that the
two most highly associated variables were HbCO and plasma
bilirubin. This observation was supported by the results of our
multiple regression analyses and by the work of previous inves-
tigators (8, 10).

Although CO excretion in maternal breath was not measured
in the present study, it might be of interest to determine whether
this information would provide a noninvasive means for indi-
rectly assessing the severity of fetal hemolysis. Because of the
mother’s vastly larger Hb mass, the increase in fetal CO produc-
tion resulting from pathologic hemolysis might be diluted to the
extent that measurable differences are not demonstrable. Our
observation that nonsmoking mothers of fetuses with hemolytic
disease tended to have slightly higher HbCO levels than control
mothers suggests that this possibility might be worth pursuing.

Laboratory data of individual fetuses in the present study were
uniformly consistent with the group associations noted above.
Of the nine fetuses with alloimmune disease who were never
sufficiently anemic to receive transfusions, seven had HbCO and
plasma bilirubin levels that were within, or close to, the range of
the controls. The other two included a fetus with only slightly
elevated HbCO levels measured on four occasions (range 0.0143-
0.0170) and a severely hydropic fetus who died before receiving
a transfusion (Fig. 5). In other fetuses who underwent transfu-
sions sufficiently often to have their own erythrocytes completely
replaced by donor cells, i.e. after the second in utero transfusion
(27), HbCO and total plasma bilirubin levels reverted back
toward normal. These observations support fetal hemolysis as
the cause of the elevations in HbCO levels. Furthermore, the
observation in individual fetuses studied serially suggests that
maintaining fetal hematocrit levels >0.30 is sufficient for provid-
ing adequate oxygen-carrying capacity to suppress endogenous
fetal erythropoiesis.

The four Coombs-negative anemic fetuses all had laboratory
data consistent with fetal HbCO levels reflecting the degree of
fetal hemolysis. In the three in which anemia was due to non-
hemolytic causes, all had HbCO levels within the range of the
controls. The remaining anemic Coombs-negative fetus had a
systemic viral infection associated with a rapidly falling hema-
tocrit, high reticulocyte count, and markedly elevated HbCO
and plasma bilirubin levels.

Although only two of the 15 fetuses with hemolytic disease
were hydropic, both had HbCO levels that were low relative to
their concomitant Hb levels (Fig. 3). Moreover, in the one
hydropic fetus in which bilirubin was measured, the value was
low relative to the Hb concentration (Fig. 5). On the basis of
these limited data, one might speculate that fetal hydrops is
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associated with dysfunctional heme degradation, i.e. a reduced
capacity of the reticuloendothelial system for metabolizing hem-
olyzed blood.

In the group of 26 control fetuses, a significant inverse rela-
tionship of gestational age was observed for both the relative
reticulocyte fraction and the absolute reticulocyte count. The
relative fraction of reticulocytes, but not the absolute reticulocyte
count, was significantly associated with HbCO when examined
by multiple regression along with gestational age in the fetuses
with hemolytic disease. This difference may be attributable to
maternal antibodies in the fetal circulation causing an attenua-
tion of what would otherwise have been a pronounced erythro-
poietic response to anemia. Under circumstances of immune-
mediated fetal anemia, a modest relative increase in reticulocytes
might be anticipated without a concomitant increase in the
absolute number.

Potential deleterious effect of HbCO on fetal oxygenation.
Toxicity due to elevated HbCO levels is of concern in fetuses
with hemolytic disease. CO exerts toxicity through its ability to
displace oxygen from Hb, through its effect on increasing Hb’s
oxygen affinity, and through other less-well-understood mecha-
nisms affecting nervous system function (4, 28). Documented
toxic effects of CO in nonanemic fetal animals at HbCO levels
above 0.08 include reduced birth weight (29, 30), increased
neonatal mortality (29), congenital malformations (29), abnor-
mal neuromuscular activity (31), and learning and memory
deficits (30). Although the slightly increased levels of HbCO we
observed in the majority of our slightly anemic fetuses with
hemolytic disease are unlikely to cause significant impairment
of tissue oxygenation, moderate HbCO levels in the range of
0.03-0.04 in the few severely anemic fetuses might. HbCO levels
of this magnitude could result in a 0.1-0.2 mmol/L reduction in
the fetus’s oxygen-carrying capacity. Although such a reduction
may at first seem trivial, when placed in the context of a fetus
whose tissue oxygen delivery is already impaired by the combined
effects of severe anemia, a CO-induced left-shifted Hb-oxygen
dissociation curve, and heart and liver failure, the additional
adverse impact of HbCO levels may not be inconsequential. The
hypothetical adverse consequences of HbCO levels in anemic
fetuses might best be studied directly in a chronically catheterized
fetal animal model.

In summary, in fetuses with immune hemolytic disease from
whom samples were taken before transfusion, modestly increased
HbCO levels were found. In this group, severity of fetal anemia,
as indicated by Hb concentration, was directly associated with
the level of HbCO. Statistical analysis of fetal laboratory param-
eters using multiple regression demonstrated that plasma biliru-
bin was the laboratory parameter most strongly correlated with
HbCO. The close direct association of these two variables suggests
that HbCO and bilirubin are indicators of the degree of hemolysis
in mid- to late-gestation human fetuses. This speculation is
further supported by results observed in four anemic fetuses who
did not have immune hemolytic disease and by results of indi-
vidual anemic fetuses with immune hemolytic disease who
underwent multiple cordocenteses. Because HbCO levels in fe-
tuses with hemolytic disease were only modestly elevated relative
to fetuses of mothers who smoked, the elevated HbCO levels in
the former group are unlikely to have untoward physiologic
effects. Although factors affecting HbCO levels in the blood of
fetuses are complex, our findings support the hypothesis that
HbCO levels are not only indicative of the severity of anemia
before transfusion but also are indicative of the rapidity of fetal
hemolysis. Proof for this latter speculation would require more
frequent repeated fetal blood sampling than is currently ethically
justifiable. A fetal animal model of laboratory-induced hemolysis
would be useful in addressing these and other relevant issues.
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