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with an increased frequency of fetal and neonatal morbidity

in Type 1 diabetic pregnancies

K. Teramo! - M. A. Kari? - M. Eronen? - H. Markkanen3 - V. Hiilesmaa!

I Department of Obstetrics and Gynaecology, University Central Hospital, Helsinki, Finland
2 Hospital for Children and Adolescents, University Central Hospital, Helsinki, Finland
3 Clinical Laboratory Diagnostics, University Central Hospital, Helsinki, Finland

Abstract

Aims/hypothesis. In this study we investigated whether
chronic fetal hypoxia, as indicated by amniotic fluid
erythropoietin levels, is associated with perinatal mor-
bidity in Type 1 diabetic pregnancies.

Methods. A total of 331 women with Type 1 diabetes
had at least one childbirth between 1995 and 2000.
The amniotic fluid erythropoietin concentration was
measured in 156 diabetic singleton pregnancies at a
median time of 1 day before Caesarean section with-
out labour contractions and in 19 healthy control sub-
jects at Caesarean section.

Results. The median amniotic fluid erythropoietin level
was 14.0 mU/ml (range 2.0-1975.0) in diabetic preg-
nancies and 6.3 mU/ml (range 1.7-13.7) in controls
(p<0.0001). Of the 156 diabetic patients, 21 (13.5%)
had amniotic fluid erythropoietin levels higher than
63.0 mU/ml. Amniotic fluid erythropoietin levels
correlated negatively with umbilical artery pH (r=
-0.49, p<0.0001) and pO, (r=-0.62, p<0.0001) at birth
and neonatal lowest blood glucose level (r=-0.47,
p<0.0001). Positive correlations were found between
amniotic fluid erythropoietin levels and umbilical ar-
tery pCO, (r=0.49, p<0.0001) and last maternal HbA c

(r=0.43, p<0.0001). Furthermore, a U-shaped correla-
tion was demonstrated between amniotic fluid erythro-
poietin levels and birthweight z score (z score below
—0.6 SD units: =-0.63, p=0.0007; z score above +1.0
SD units: 7=0.32, p=0.0014). Neonatal hypoglycaemia,
hypertrophic cardiomyopathy and admission to the
neonatal intensive care unit occurred significantly
more often in cases with high amniotic fluid erythro-
poietin levels (>63.0 mU/ml) than in those with normal
levels. Multivariate logistic regression analysis re-
vealed that amniotic fluid erythropoietin was the only
variable independently related to low umbilical artery
pH (<7.21; p<0.0001) and neonatal hypoglycaemia
(p=0.002). Low umbilical artery pO, (<15.0 mm Hg)
was explained by amniotic fluid erythropoietin
(p<0.0001) and birthweight z score (p=0.004).
Conclusions/interpretation. Antenatal high amniotic
fluid erythropoietin levels can identify Type 1 diabetic
pregnancies at increased risk of severe perinatal com-
plications.
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Introduction

Abnormal fetal heart rate, cord blood acidosis and low
Apgar scores occur more often in diabetic pregnancies
than in non-diabetic pregnancies, indicating an in-
creased risk of intrauterine hypoxia [1, 2]. Fetal plas-
ma and amniotic fluid erythropoietin (EPO) levels are
also frequently elevated, suggesting an increased inci-
dence of chronic fetal hypoxia in pregnancies compli-
cated by diabetes [3, 4]. This is further supported by
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the polycythaemia and increased nucleated red cells
often observed in the fetuses and newborn infants of
diabetic women [5, 6]. The depletion of iron stores in
fetal liver, brain and heart in stillborn fetuses of dia-
betic mothers suggests that chronic fetal hypoxia pre-
cedes fetal death in the majority of cases [7].

Amniotic fluid EPO levels are strongly correlated
with umbilical plasma EPO concentrations in both
normal and abnormal pregnancies, including diabetic
pregnancies, before the onset of labour [4, 8, 9, 10].
Since EPO does not cross the placenta [11], elevated
amniotic fluid EPO levels are indicative of subchronic
or chronic fetal hypoxia. Accordingly, both fetal
plasma and amniotic fluid EPO levels are negatively
correlated with umbilical arterial pH, pO, and base
excess [4, 10, 12, 13].

This study aimed to investigate the occurrence of
chronic fetal hypoxia, as reflected by amniotic fluid
EPO, and whether this is associated with fetal and
neonatal complications in pregnancies complicated by
Type 1 diabetes.

Subjects and methods

Diabetic subjects. Between 1 September 1995 and 31 Decem-
ber 2000, a total of 331 women with Type 1 diabetes had at
least one childbirth at the Department of Obstetrics and Gynae-
cology, University Central Hospital, Helsinki. Since labour
contractions can increase fetal EPO levels [14], only diabetic
women with a singleton pregnancy delivered by Caesarean
section before the onset of labour were included in the study.
When a woman had more than one childbirth during the study
period, one pregnancy was chosen at random to be included in
the study. A total of 234 (70.7%) Type 1 diabetic women were
delivered by Caesarean section before the onset of labour. Of
these 234 women, 156 had amniotic fluid sampled by amnio-
centesis either within 2 days before delivery or at delivery by
Caesarean section. In one Type 1 diabetic woman with a vagi-
nal delivery, amniotic fluid was sampled for EPO measurement
1 day after fetal death. Thus, a total of 157 diabetic women
were included in this study. The local ethics committee ap-
proved the study protocol and subjects gave their informed
consent before the samples of amniotic fluid were taken.

Relative birthweight adjusted for gestational age and sex
was expressed as a z score using a Finnish reference popula-
tion [15]. Macrosomia was defined as a birthweight more than
2 SD units above the mean of the reference population. Neona-
tal hypoglycaemia was defined as a neonatal capillary whole
blood glucose value below 2.0 mmol/l more than 6 h after de-
livery. Respiratory distress syndrome was defined as respirator
or continuous positive airway pressure treatment for more than
24 h with or without surfactant treatment. Respirator treatment
for meconium aspiration (n=1) and for apnoea episodes (n=2)
were not classed as respiratory distress syndrome. Echocardi-
ography was performed in 38 newborn infants during the first
week of life by a paediatric cardiologist or a neonatologist.
Hypertrophic cardiomyopathy was defined as interventricular
septal thickness more than 2 SD units above the normal mean
[16]. Neonatal hyperbilirubinaemia was defined as the pres-
ence of an indication to treat with blue light.

Control subjects. Nineteen healthy, non-smoking women deliv-
ered by elective Caesarean section with an uneventful single-
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ton pregnancy and a healthy newborn infant were chosen as
control subjects. The indications for elective Caesarean sec-
tions were repeat Caesarean section or breech presentation. An
amniotic fluid sample and an umbilical vein sample were ob-
tained at delivery for the determination of EPO levels.

Sampling of amniotic fluid. At this hospital, amniotic fluid is
obtained routinely by amniocentesis for fetal lung maturity
evaluation in Type 1 diabetic pregnancies at around 37 weeks
of gestation or earlier when indicated. The amniocenteses were
performed by senior staff obstetricians under ultrasound guid-
ance. The median time interval between the last amniotic fluid
EPO sample and delivery was 1 day (range 0-2 days). The
EPO level from the last amniotic fluid sample before or at de-
livery was used for the analyses.

Sampling of umbilical cord blood. The umbilical cord was
doubly clamped before the infant’s first cry, and umbilical
artery blood was sampled into a heparinised syringe. Samples
were kept on wet ice and analysed within 15 min of delivery for
pH, acid-base and haemoglobin measurements using the Corn-
ing pH/Blood Gas Analyzer (Model 178; Corning, N.Y., USA).
In 22 diabetic women, umbilical venous blood was centrifuged
and the plasma separated for EPO analysis in addition to the am-
niotic fluid sample obtained at delivery by Caesarean section.

Measurement of erythropoietin. Up to 31 July 1998, erythro-
poietin levels were measured in duplicate in amniotic fluid and
cord plasma by RIA (EPO-Trac, Incstar, Stillwater, Minn.,
USA), after which time a chemiluminescent immunological
method (Immulite EPO Assay; Diagnostic Products, Los An-
geles, Calif., USA) was used. To allow comparison, both meth-
ods were used to analyse EPO concentrations in amniotic fluid
samples from 80 high-risk patients and 18 healthy controls.
The results obtained were similar for the two methods and so
all measurements were used in the final analyses. The assays
were standardised according to the World Health Organiza-
tion’s Second International Reference Preparation for EPO.

Measurement of HbAlc. In the Type I diabetic women, HbA ¢
levels in blood samples taken at each outpatient visit (2- to
4-week intervals) were assessed by HPLC (Diamat; Bio-Rad
Laboratories, Hercules, Calif., USA). The mean HbA c level in
non-diabetic, healthy, non-pregnant adults as determined using
this method is 4.93% (SD 0.32%). The last HbA ;¢ concentration
obtained before delivery was used in the analyses. HbA c levels
were not measured in the healthy, non-diabetic control subjects.

Statistical analyses. Comparisons of normally distributed con-
tinuous variables were performed using the Student’s ¢ test or
one-way ANOVA with the Bonferroni correction. EPO values
had a skewed distribution and were logarithmically trans-
formed before analyses. Variables that were not normally dis-
tributed were analysed by the Mann—Whitney U-test or the
Kruskal-Wallis test. Categorical variables were analysed by
the chi square test. Linear regression was used to examine as-
sociations between continuous study variables. Multiple logis-
tic regression was used to assess the independent effects of
clinical variables and EPO levels on umbilical artery low pH
and low pO, at birth and fetal macrosomia and neonatal hypo-
glycaemia. Receiver operating characteristic (ROC) curves
were constructed to determine the sensitivity and specificity of
amniotic fluid EPO cut-off values in predicting low pH and
low pO, in arterial cord blood at birth, neonatal hypoglycaemia
and cardiomyopathy. All tests were two-sided, and p values
less than 0.05 were considered statistically significant. Statisti-
cal calculations were performed using the NCSS 2000 soft-
ware program (NCSS, Kaysville, Utah, USA).
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Results

Type 1 diabetic women were younger, somewhat more
obese and more often nulliparous than the control sub-
jects (Table 1). Of the 234 diabetic women delivered
by Caesarean section, 156 (66.7%) women had at least
one amniotic fluid sample taken for EPO measurement
within 2 days before delivery. Elective Caesarean sec-
tion was performed in 129 (82.7%) of the 156 diabetic
women after fetal lung maturity had been confirmed by
the ratio of lecithin : sphingomyelin and phosphatidyl
glycerol measurements in the amniotic fluid (Table 1).
Newborn infants of Type 1 diabetic women with
nephropathy (n=16) had a shorter gestational age and
a lower birthweight z score than those born to other
Type 1 diabetic women (data not shown).

All 156 newborn infants delivered by Caesarean
section in this study were born alive. The newborn in-
fants were put under observation in the neonatal inter-
mediate care unit for at least 12-24 h or were trans-
ferred to the neonatal intensive care unit. None of the
newborn infants died during the neonatal period. In-
traventricular haemorrhage (grade 2) occurred in one
(0.6%) newborn infant, and respiratory distress oc-
curred in 15 (9.6%). Nineteen newborn infants
(12.2%) were treated in the neonatal intensive care
unit. Neonatal hypertrophic cardiomyopathy was ob-
served in ten (6.4%) newborn infants. None of the
newborn infants had outflow tract obstruction.

The median amniotic fluid EPO level was signifi-
cantly higher (p<0.0001) in diabetic pregnancies
(14.0 mU/ml, range 2.0-1975, n=155) than in the con-
trol pregnancies (6.3 mU/ml, range 1.7-13.7, n=19).
One case with an extremely high amniotic fluid EPO
level (9300 mU/ml) was excluded from the analyses as
a clear outlier and because of unknown developmental
problems in the newborn infant (Figs. 1, 2, 3, 4).

Logarithmically transformed amniotic fluid EPO
levels correlated with umbilical venous plasma EPO
levels obtained simultaneously at delivery in diabetic
pregnancies (y=—0.31+0.85x; r=0.89, p<0.0001, n=22).
Amniotic fluid EPO levels correlated negatively with
umbilical artery pH (r=-0.49, p<0.0001), pO, (r=
-0.62, p<0.0001; Fig. 1) and base excess (r=-0.21,
p=0.008) at birth, and with the lowest blood glucose
level more than 6 h after delivery of the newborn in-
fant (r=-0.47, p<0.0001; Fig. 2). A positive correla-

Fig. 1. Logarithmically transformed last amniotic EPO con-
centration obtained 1 day (median) before delivery correlated
negatively with umbilical artery pH (y=92.4-12.4x, r=-0.49,
p<0.0001, n=153) (a) and with umbilical artery pO, (y=2661.2—
4570.0x+2886.2x2-780.0x3+75.6x*%, r=-0.62, p<0.0001, n=152)
(b) and positively with umbilical artery pCO, at birth (y=—1.28+
0.48x, r=0.49, p<0.0001, n=152) (¢) in Type 1 diabetic pregnan-
cies. The arrow indicates the case that was excluded as a clear
outlier and because of unknown developmental problems in the
newborn infant. 1 kPa=7.5 mm Hg
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tion was found between amniotic fluid EPO and
umbilical artery pCO, (r=0.49, p<0.0001; Fig. Ic).
A U-shaped correlation was demonstrated between
amniotic fluid EPO and birthweight z score (Fig. 3).
The correlation was negative when the birthweight
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Table 1. Characteristics of Type 1 diabetic women and healthy controls

Characteristic Control pregnancies (n=19) Type 1 diabetic pregnancies (n=156) p value
Maternal age (years) 33.1+4.7 30.3+4.9 0.02
Nulliparous 4 (21.1) 77 (49.4) NS
Pre-pregnancy BMI (kg/m?2) 22.4+1.7 24.6x4.0 [147] 0.02
Smoker 0(0) 31(19.9)

Gestation (weeks) 39.0+0.5 36.5+1.6 <0.0001
Elective Caesarean section 19 (100) 129 (82.7)

Fetal macrosomia 0(0) 61 (39.1)

Last HbA ¢ (%) NA 6.8 (5.0-10.9)

Amniotic fluid EPO (mU/ml) 6.3 (1.7-13.7) 14.0 (2.0-9300) <0.0001
Plasma EPO (mU/ml) 16.4 (6.7-35.8) 28.6 (11.3-9252) [22] 0.006

Values are means + SD, medians (ranges) or n (%). All women
had a singleton childbirth by Caesarean section before the
onset of labour contractions. Fetal macrosomia was defined as
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Fig. 2. Logarithmically transformed last amniotic fluid EPO
concentration obtained 1 day (median) before delivery correlat-
ed negatively with lowest blood glucose concentration of the
newborn infant obtained more than 6 h after birth (y=4.98-
0.83x, r=-0.47, p<0.0001, n=155) in Type 1 diabetic pregnan-
cies. The arrow indicates the case that was excluded (see
Fig. la—)

z score was below —0.6 SD units (r=-0.63, p=0.0007;
n=25) and positive when it was above +1.0 SD units
(r=0.32, p=0.0014, n=97); it was not significant be-
tween —0.6 and +1.0 SD units (r=0.04, n=33). Am-
niotic fluid EPO correlated positively with the last
maternal HbA c before delivery (r=0.43, p<0.0001;
Fig. 4). Amniotic fluid EPO levels did not correlate
with umbilical vein haemoglobin concentration at
birth.

Amniotic fluid EPO levels above 63.0 mU/ml
(more than ten times higher than the median of the
healthy controls) were considered to indicate chronic
fetal hypoxia. Amniotic fluid EPO levels were elevat-

a birthweight z score higher than 2.0 SD units. NA, not avail-
able; [ ], number of subjects, if different
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Fig. 3. Logarithmically transformed last amniotic fluid EPO
concentration obtained 1 day (median) before delivery was cor-
related in a U-shaped fashion with birthweight z score (4th de-
gree polynomial regression line is shown) in Type 1 diabetic
pregnancies. The correlation was negative when the birthweight
z score was below —-0.6 SD units (r=-0.63, p=0.0007, n=25),
not significant between —0.6 and +1.0 SD units (=0.04, n=33)
and positive above +1.0 SD units (r=0.32, p=0.0014; n=97).
The arrow indicates the case that was excluded (see Fig. 1a—c)

ed to values above 63.0 mU/ml in 22 (14.1%) of the
156 Type 1 diabetic women.

The diabetic patients were divided into groups
according to the last amniotic fluid EPO level (low
EPO group <13.8 mU/ml, intermediate EPO group
13.8-63.0 mU/ml, high EPO group >63.0 mU/ml).
The cut-off value for the low EPO group was chosen
based on the upper range for the healthy control sub-
jects (13.7 mU/ml). The diabetic mothers in the high
EPO group were younger and had higher HbAc
levels than the diabetic mothers in the other two
groups (Table 2). Maternal BMI before pregnancy did
not differ between the three groups. Newborn infants
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Table 2. Maternal and fetal data (median and range or frequencies) in 155 Type 1 diabetic women grouped according to last amniotic

fluid EPO level
Characteristic Type 1 diabetic pregnancies p value
Low EPO group Intermediate EPO group  High EPO group
(n=76) (n=58) (n=21)
AF EPO (mU/ml) 10.0 (2.0to 13.4) 21.0 (14.0 to 57.0) 153.0 (66.0 to 1975)
Maternal age (years) 31 (18to41) 30 (22 to 40) 272 (21 to 38) 0.02
BMI (kg/m?) 23.3(19.0 to 37.0) [71] 24.1 (19.0 to 43.7) [55] 24.9 (21.6 to 32.7) NS
Last HbA ¢ (%) 6.7 (5.0 to 10.9) 6.9 (5.4 t09.0) 7.7° (6.2 to 10.3) <0.0001
Gestational age (days) 259 (212 to 275) 259 (203 to 272) 254 (212 to 271) NS
Birthweight (g) 3522 (1690 to 5250) 3760 (840 to 5350) 42302 (1280 to 5240) 0.03
Birthweight z score 1.3 (-2.5t0 6.8) 1.7 (-3.1t0 5.8) 2.8 (-1.4t0 6.5) 0.0005
UA pH 7.26 (7.12 to 7.32) [74] 7.24 (7.11 to 7.32) 7.190 (7.06 to 7.26)  <0.0001
UA pO, (kPa) (1 kPa=7.5 mm Hg) 2.4 (1.1t04.2) [74] 2.2 (0.7 to 3.5) 1.3% (0.4 t0 2.6) [20]  <0.0001
UA pCO, (kPa) (1 kPa=7.5 mm Hg) 8.5(6.2to 11.0) [74] 8.9 (7.1to 11.8) 10.3b (8.1 to 12.5) [20] <0.0001
UA base excess (mmol/l) -1.4 (-8.3to 4.4) [74] -1.6 (-5.6 t0 2.2) [57] -2.52(-9.6 t0 0.0) <0.0001
UV haemoglobin (g/1) 159 (105 to 184) [74] 155 (124 to 200) [57] 153 (108 to 173) NS
1-min Apgar score <8 8 (10.5) 5(8.6) 2(9.5) NS

Values are medians (ranges) or n (%). One case with an ex-
tremely high amniotic fluid EPO level (9300 mU/ml) was ex-
cluded from the high EPO group because of unknown develop-
mental problems of the newborn infant (see also Figs. 1-4).
a p value significantly different vs low EPO group by one-way
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Fig. 4. Last amniotic fluid logarithmic EPO concentration ob-
tained 1 day (median) before delivery correlated positively
with maternal HbA c obtained 8 days (median) before delivery
(y=-0.50+0.50x, r=0.43, p<0.00001, n=155) in Type 1 diabetic
pregnancies. The arrow indicates the case that was excluded
(see Fig. la—c)

in the high EPO group were more macrosomic, more
acidotic and had lower pO, levels than those in the in-
termediate or high EPO groups (Table 2). Gestational
age at birth, number of newborn infants delivered
before the completion of 35 weeks of gestation, 1-min
Apgar scores and umbilical venous haemoglobin
concentration did not differ between the three groups
(Tables 2 and 3).

ANOVA; b p value significantly different vs low and interme-
diate EPO groups by one-way ANOVA. AF, amniotic fluid;
UA, umbilical artery; UV, umbilical vein; [ ], number of sub-
jects, if different

Neonatal hypoglycaemia (blood glucose <2.0 mmol/l
more than 6 h after delivery), admission to the neonatal
intensive care unit, cardiomyopathy and hyperbilirubi-
naemia occurred significantly more often in the high
EPO group than in the low EPO group (Table 3). The
median amniotic fluid EPO level in cases with cardio-
myopathy (113.5 mU/ml, range 10.0-1594.0, n=10)
was significantly higher (p=0.005) than in cases without
cardiomyopathy (13.0 mU/ml, 2.0-1975.0, n=145).

Figure 5 shows the individual amniotic fluid EPO
levels of the diabetic women in the high EPO group.
There were six diabetic women with at least two am-
niotic fluid EPO measurements. All had an emergency
Caesarean section for fetal distress, and in all six cas-
es the amniotic fluid EPO level was observed to in-
crease exponentially. In three of the six cases, amniot-
ic fluid EPO levels were not known prior to delivery
and thus did not influence clinical decisions. In the
other three cases, amniotic fluid EPO levels were
known before delivery and thus could have influenced
the decision to perform an emergency Caesarean
section. All six cases had abnormal fetal heart rate
recordings with late decelerations on the day of deliv-
ery. In the stillbirth case of a White’s class C diabetic
patient, the amniotic fluid EPO level obtained 1 day
after the fetal death was 2290 mU/ml (Fig. 5).

Figure 6 shows the receiver operating characteristic
(ROC) curves of amniotic fluid EPO concentrations
for predicting low pH (<7.21) and low pO, (<2.0 kPa
or <15.0 mm Hg) in umbilical artery blood at birth,
and low plasma glucose (<2.0 mmol/l) and hypertro-
phic cardiomyopathy in the newborn infant. An amni-
otic fluid EPO cut-off value of 17.6 mU/ml had 66.7%
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group (EPO >63.0 mU/ml). The lower dotted horizontal line
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EPO levels of the control subjects and the upper horizontal
dotted line represents ten times the median value of the con-
trols (63.0 mU/ml). The case indicated by the arrow was ex-
cluded from the analyses as a clear outlier and because of
unknown developmental problems in the newborn infant. The
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obtained 1 day after fetal death; this value was not included
in the analyses. In six cases, two or three amniotic fluid
samples were obtained (connected by continuous lines). All
six cases with sharply increasing EPO levels had an emer-
gency Caesarean section for fetal distress. Closed circles,
cases in which the EPO level was not known prior to delivery;
open circles, cases in which the EPO level was known prior to
delivery
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sensitivity and 70.1% specificity for predicting low
pH (<7.21) and 68.1% sensitivity and 75.2% specifici-
ty for predicting low pO, (<2.0 kPa or <15.0 mm Hg)
at birth. The corresponding sensitivity and specificity
levels of this cut-off value for macrosomia (birth-
weight z score >2 SD units) were 50.8% and 70.6%
respectively. An amniotic fluid EPO cut-off value
of 26.3 mU/ml had 58.1% sensitivity and 79.0%
specificity for predicting low blood glucose levels
(<2.0 mmol/l) and 60.0% sensitivity and 73.8% speci-
ficity for predicting cardiomyopathy in the newborn
infant (Fig. 6).

Multivariate logistic regression analysis was used
to examine the effects of maternal age, maternal BMI,
gestational age at birth, birthweight z score, last amni-
otic fluid EPO level and last maternal HbA,c level
obtained before delivery on low umbilical artery pH
and pO, at birth and low plasma glucose level of the
newborn infant. After adjusting for these variables,
amniotic fluid EPO was the only one to remain in-
dependently related to low pH (p<0.0001) and neona-
tal hypoglycaemia (p=0.002). Low pO, was explained
by amniotic fluid EPO (p<0.0001) and birthweight
z score (p=0.004). Fetal macrosomia was explained
by last maternal HbA,c (p=0.008) and maternal BMI
(p=0.04).

Discussion

We observed that elevated EPO levels in antenatally
obtained amniotic fluid samples were significantly as-
sociated with adverse fetal and neonatal outcome in
Type 1 diabetic pregnancies. The associations between
high amniotic fluid EPO levels and neonatal hypogly-
caemia, hypertrophic cardiomyopathy and increased
admission to the neonatal intensive care unit are new
observations. The U-shaped correlation between amni-
otic fluid EPO levels and relative birthweight is also
a new observation, and suggests that the fetuses of

Table 3. Number of preterm deliveries before 35 weeks of gestation and number of neonatal complications in 155 Type 1 diabetic

women grouped according to last amniotic fluid EPO level

Characteristic Type 1 diabetic women p value?
Low EPO group Intermediate EPO High EPO group
(n=76) group (n=58) (n=21)
Amniotic fluid EPO (mU/ml) 10.0 (2.0-13.4) 21.0 (14.0-57.0) 153.0 (66.0-1975)
Gestational age <35 weeks 6(7.9) 4(6.9) 4(19.0) NS
Hypoglycaemia (plasma glucose <2.0 mmol/l) 9 (11.8) 9 (15.5) 13 (61.9) <0.0001
NICU admission 8 (10.5) 4(6.9) 6 (28.6) 0.03
Hypertrophic cardiomyopathy 2 (2.6) 2(3.4) 6 (28.6) <0.0001
Hyperblirubinaemia 28 (40.0) [70] 21 (38.2) [55] 17 (81.0) 0.002

Values are medians (ranges) or n (%). One case with an ex-
tremely high amniotic fluid EPO level (9300 mU/ml) was
excluded from the high EPO group because of unknown devel-

opmental problems of the newborn infant (see also Figs. 1-4).
a chi square test. NICU, neonatal intensive care unit; [ ], num-
ber of subjects, if different
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mothers with Type 1 diabetes are actually growth
restricted when their birthweight z score is below
—0.6 SD units. Thus, both growth-restricted fetuses and
macrosomic fetuses are at increased risk of intrauterine
hypoxia in Type 1 diabetic pregnancies.

Strengths and weaknesses of the study. This is the
largest study to date to investigate the associations be-
tween amniotic fluid EPO levels and fetal and neona-
tal outcome in Type 1 diabetic pregnancies. Since our
hospital is the only referral centre for pregnant Type 1
diabetic women in Southern Finland (District of Uusi-
maa, catchment population 1.6 million), and the preg-
nancies were studied consecutively over a 5-year peri-
od, the study is also population based. Repeated amni-
otic fluid sampling revealed that once EPO levels start
to increase above the normal range, they do so expo-
nentially in most cases.

One of the limitations of this study is that the con-
trols could not be matched for gestational age and tim-
ing of amniotic fluid sampling. It is also important to
point out that the patients included in the study had a
better fetal and neonatal outcome than those not in-
cluded in the study because of lack of amniotic fluid
sampling. This is due to the fact that the main reason
for not obtaining an amniotic fluid sample was the oc-
currence of signs of fetal distress. Another limitation
of this study is that fetal blood flow measurements
were not taken systematically, thus precluding the
comparison of amniotic fluid EPO levels and fetal
blood flow indices.

Other studies. Although the exact mechanisms of fetal
hypoxia in diabetic pregnancies are not fully under-
stood, several factors may compromise fetal oxygen
supply [17]. Experimental studies in fetal sheep have
shown that both fetal hyperglycaemia and fetal hyper-
insulinaemia can independently cause fetal hypox-
aemia [18, 19, 20]. Maternal HbA c levels measured
during the last month of pregnancy are correlated with
fetal plasma EPO levels at birth [21], suggesting that
maternal antepartum hyperglycaemia, and hence fetal
hyperglycaemia, is associated with fetal hypoxaemia.
Similarly, amniotic fluid EPO levels correlated with
the last maternal HbA ¢ level obtained before birth in
this study. Furthermore, it has been shown that amni-
otic fluid insulin levels are correlated with fetal plas-
ma erythropoietin levels, independently of the mater-
nal glycaemic level [21]. Thus, both fetal hypergly-

Fig. 6. The receiver operating characteristic (ROC) curves of
amniotic fluid EPO concentrations obtained 1 day (median)
before delivery by Caesarean section before the onset of labour
for predicting low pH (<7.21) (a) and low pO, (<2.0 kPa or
<15.0 mm Hg) (b) of umbilical artery blood at birth, and low
blood glucose (<2.0 mmol/l) (¢) and hypertrophic cardiomyop-
athy (d) in the newborn infant. The numbers next to the ROC
curve points are EPO levels expressed in mU/ml
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caemia and fetal hyperinsulinaemia may cause fetal
chronic hypoxaemia and eventually fetal death in hu-
mans. In the present study, multiple regression analy-
sis showed that an elevated amniotic fluid EPO level
was the most important variable associated with um-
bilical artery acidosis and hypoxaemia at birth. The
amniotic fluid EPO concentration was very high in the
stillbirth case in which amniotic fluid was obtained 1
day after fetal death (Fig. 5). This also supports the
view that fetal demise in diabetic pregnancy is preced-
ed by a period of chronic fetal hypoxaemia.

Prior to the introduction of modern electronic fetal
surveillance, the fetal death rate in diabetic pregnan-
cies increased during the last weeks of pregnancy
[22]. Although overall glycaemic control has im-
proved among Type 1 diabetics over the last 20 years,
it is unlikely that the trend of increasing fetal distress
and fetal deaths during the last weeks of pregnancy
has totally disappeared. Unexplained fetal deaths still
occur [23], and perinatal mortality is still clearly in-
creased in these pregnancies [24]. The fetuses of
mothers with poor glycaemic control during the last
weeks of pregnancy are particularly at risk of fetal hy-
poxaemia [21, 24]. In the present study we showed
that, in addition to poor glycaemic control, fetal
growth restriction and fetal macrosomia both correlat-
ed with increased levels of amniotic fluid EPO levels
and hence with chronic fetal hypoxaemia. Strategies
to prevent stillbirths in diabetic pregnancies include
fetal surveillance by fetal heart rate and ultrasono-
graphic monitoring during the last weeks of pregnan-
cy [25]. However, there is no established best method
of monitoring fetal well-being in diabetic pregnancies.

Our results confirm and extend previous observa-
tions that amniotic fluid EPO levels are elevated in
diabetic pregnancies prior to labour [3, 4, 21]. In ac-
cordance with previous observations, amniotic fluid
EPO levels correlated strongly with simultaneously
obtained fetal plasma EPO levels in the present study
[4, 9, 10]. How EPO reaches amniotic fluid and how
long it takes for EPO levels to increase in the amniotic
fluid after the fetus becomes hypoxaemic remain to be
determined. In experimental models, fetal serum or
plasma EPO levels increase 3 to 4 h after the begin-
ning of moderate to severe hypoxaemia [26, 27] and
amniotic fluid EPO levels increase 6 h after [27].
These observations suggest that a minimum of several
hours of fetal hypoxia is needed before EPO levels in-
crease in the amniotic fluid.

It has been shown in fetal sheep during glucose in-
fusion that when arterial oxygen content falls below
60% of basal levels, fetal arterial plasma EPO levels
start to rapidly increase [19]. Although arterial oxygen
content is a more sensitive indicator of tissue oxy-
genation than arterial pO, [28], a similar relationship
was observed in the present study between umbilical
artery pO, and amniotic fluid EPO levels: amniotic
fluid EPO levels correlated inversely and exponential-
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ly with umbilical artery pO, levels below 2.0 kPa
(<15.0 mm Hg) at birth (Fig. 1b).

Repeated amniotic fluid EPO measurements
showed sharply increasing EPO levels in all 6 cases
with high amniotic fluid EPO concentration. Similar
increases in amniotic fluid EPO levels have also been
observed in pregnancies complicated by hypertension
[29] and by severe Rh-immunisation [8]. The rapid in-
crease in amniotic fluid EPO concentration suggests
that fetal hypoxia, irrespective of aetiology, results in
marked increase in fetal EPO synthesis with the likely
effect of increasing fetal oxygen-carrying capacity by
increasing fetal erythrocyte production. This sharp in-
crease in fetal EPO levels may also have a different
purpose. Recent experimental [30, 31] and clinical
studies [32] indicate that EPO also has a neuroprotec-
tive function in the brain. It has been shown in human
adults that, following i. v. administration, recombinant
EPO can cross the blood—brain barrier, producing a
60- to 100-fold increase in cerebrospinal fluid EPO
levels [32]. Whether this occurs also in the fetus is not
known.

Measurement of amniotic fluid EPO levels would
be a novel way of identifing fetuses with chronic hy-
poxaemia and increased risk of severe neonatal com-
plications, particularly hypoglycaemia and hypertro-
phic cardiomyopathy, in Type 1 diabetic pregnancies.
In the present study, repeated measurements of amni-
otic fluid EPO levels showed that EPO concentrations
increased sharply in cases with elevated amniotic fluid
EPO levels. In the three cases in which high EPO
levels were not known before delivery, EPO levels in-
creased above normal levels several days before fetal
heart rate changes were observed. Thus, increased am-
niotic fluid EPO levels would have warned of immi-
nent fetal distress in these cases. Fetal lung maturity
measurements from amniotic fluid would help in the
decision of whether to deliver the fetus with a high
amniotic fluid EPO level.

Future research. Future studies should investigate the
site and the mechanisms controlling the increased
EPO synthesis in hypoxaemic fetuses. Another impor-
tant field of research is the possible neuroprotective
role of EPO in the fetus. Further studies are also need-
ed to evaluate the clinical usefulness of antenatal am-
niotic fluid EPO measurements in diabetic and other
high-risk pregnancies.
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