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Abstract

Background: Sexual dimorphism in placental size and function has been described. Whether this influences the
clinically important umbilical artery (UA) waveform remains controversial, although a few cross-sectional studies
have shown sex differences in UA pulsatility index (Pl). Therefore, we tested whether fetal sex influences the UA
Doppler indices during the entire second half of pregnancy and aimed to establish sex-specific reference ranges for

UA Doppler indices if needed.

Methods: Our main objective was to investigate gestational age-associated changes in UA Doppler indices during
the second half of pregnancy and compare the values between male and female fetuses. This was a prospective
longitudinal study in women with singleton low-risk pregnancies during 19-40 weeks of gestation. UA Doppler
indices were serially obtained at a 4-weekly interval from a free loop of the umbilical cord using color-directed
pulsed-wave Doppler ultrasonography. Sex-specific reference intervals were calculated for the fetal heart rate (HR),
UA PI, resistance index (Rl), and systolic/diastolic ratio (S/D) using multilevel modeling.

Results: Complete data from 294 pregnancies (a total of 1261 observations from 152 male and 142 female fetuses)
were available for statistical analysis, and sex-specific reference ranges for the UA Doppler indices and fetal HR were
established for the last half of pregnancy. UA Doppler indices were significantly associated with gestational age (P
<0.0001) and fetal HR (P < 0.0001). Female fetuses had 2-8% higher values for UA Doppler indices than male
fetuses during gestational weeks 20*°-36*° (P < 0.05), but not later. Female fetuses had higher HR from gestational

week 260 until term (P < 0.05).

Conclusions: We have determined gestational age-dependent sex differences in UA Doppler indices and fetal HR
during the second half of pregnancy, and correspondingly established new sex-specific reference ranges intended
for refining diagnostics and monitoring individual pregnancies.

Keywords: Fetal Doppler, Obstetric ultrasound, Placental blood flow, Sex differences, Umbilical artery, Reference

ranges

Background

The importance of conducting longitudinal studies and
analyzing data accounting for biological differences re-
lated to sex has been highlighted a decade ago [1]. Previ-
ous studies have shown sex-specific differences in fetal
development regarding growth and adaption to intra-
uterine environment [2]. Male sex is an independent risk
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factor for unfavorable perinatal outcomes including fetal
distress during labor [3, 4], premature birth [5, 6], ad-
verse neonatal outcome [7], and early neonatal death [2].
This has been referred to as “the male disadvantage” [8]
and the female neonatal survival advantage is well recog-
nized [9]. However, the total mortality from conception
to birth is greater among female fetuses [10]. The hu-
man placenta demonstrates sex-related differences at
both structural and functional levels [11, 12]. Both birth
weight and placental weight [13] are higher for males
compared with females. Sexual dimorphism in the regu-
lation and expression of genes, and signaling pathways
[14-17], generate differences in placental function and
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intrauterine environment that may lead to sex differ-
ences in health status later in life [12, 18].

Antenatal growth charts show significant differences
in biometrics between male and female fetuses [19].
When using two-dimensional ultrasonography to assess
fetal growth, these sex-specific growth charts perform
better in identifying small for gestational age (SGA) fe-
tuses [20] at increased risk of fetal demise [21].

Umbilical artery (UA) Doppler indices, i.e., pulsatility
index (PI), resistance index (RI), and systolic/diastolic ra-
tio (S/D) calculated from blood flow velocities, are used
as an important clinical tool for evaluating fetal well-
being in high-risk pregnancies and to predict outcome
of growth restricted fetuses [22]. Their use in high-risk
pregnancies has the potential to reduce obstetric inter-
ventions and perinatal deaths [23]. The increased UA PI
is a marker of raised placental vascular impedance asso-
ciated with microvascular lesions [24] and correspond-
ingly reduced placental function. Longitudinal reference
ranges for UA Doppler indices calculated from both
cross-sectional and serial measurements have previously
been published [25, 26]. However, these studies do not
take into account possible sex differences.

Doppler ultrasonographic studies exploring fetal sex
differences in the ductus venosus during the first trimes-
ter have shown antagonistic results [27-29]. Another
study performed just prior to active labor, in term preg-
nancies, demonstrated no differences in UA PI, but sta-
tistically significant lower values for the middle cerebral
artery (MCA) PI, MCA peak systolic velocity (PSV) and
normalized umbilical venous blood flow (Q.,) in male
compared with female fetuses [30], but these differences
did not translate into differences in perinatal outcome.
One recent study of the feto-placental circulation and
cardiac function during 28-34 gestational weeks showed
higher preload and lower afterload (significantly lower
UA PI) in male fetuses [31]. In a cross-sectional study
investigating maternal hemodynamics and placental cir-
culation, we recently demonstrated significantly lower
UA PI in male compared with that in female fetuses at
227°-24"° weeks of gestation [32].

Based on such observations, the main objective of our
present study was to assess the effect of fetal sex on UA
Doppler indices during the entire second half of preg-
nancy and correspondingly establish sex-specific longitu-
dinal reference ranges for clinical use.

Methods

In this study, we used data from a total of 306 healthy
pregnant women with uncomplicated singleton preg-
nancy participating in three prospective longitudinal ob-
servational studies that included investigation of feto-
placental hemodynamics. The women, all > 18 years old,
were recruited at the time of routine ultrasound
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screening at 17-20 weeks of gestation at the University
Hospital of North Norway. The gestational age was
based on the biometry of fetal head performed during
this scan. Women with singleton pregnancy with no his-
tory of any systemic diseases that may affect the course
and outcome of pregnancy were included. A history of
preeclampsia, intrauterine growth retardation (IUGR),
gestational diabetes or preterm labor before 34 weeks in
previous pregnancy, multiple pregnancy, maternal smok-
ing, or presence of any chromosomal or major structural
fetal anomaly in the current pregnancy were reasons for
exclusion. The study protocols were approved by the Re-
gional Committee for Medical and Health Research Eth-
ics —North Norway (REK Nord 74/2001, 52/2005, and
105/2008), and informed written consent was obtained
from each participant.

For Doppler ultrasonography, an Acuson Sequoia 512
ultrasound system with a 6-MHz curvilinear transducer
(Mountain View, CA, USA) or a Vivid 7 Dimension
ultrasound system equipped with a 4MS sector trans-
ducer with frequencies of 1.5-4.3 MHz (GE Vingmed
Ultrasound AS, Horten, Norway) was used. Four experi-
enced clinicians performed the examinations at approxi-
mately 4-weekly intervals. In two of the studies all
measurements were performed by two single operators,
and in the third study three different operators did the
examinations. The sex of the fetus was neither acknowl-
edged nor recorded prenatally during ultrasonography.
Each participant was examined 3-6 times by the same
clinician, starting from 19 to 22 gestational weeks until
delivery. The estimated fetal weight (EFW) was com-
puted at each visit from measurements of the biparietal
diameter (BPD), abdominal circumference (AC), and
femur length (FL) based on the Hadlock 2 formula [33].
Blood flow velocity waveforms of the UA were obtained
from the free-floating loop of the umbilical cord using
pulsed-wave Doppler optimizing the insonation with
simultaneous use of color Doppler. The angle of insona-
tion was always kept < 15 degrees, and angle correction
was used if the angle was not zero. To ensure Doppler
recording of the spatial maximum blood velocity, an ex-
panded sample gate of 5-12 mm was used depending on
gestational age. The high-pass filter was set at low. The
blood flow velocities (i.e, PSV, end-diastolic velocity
(EDV), and time-averaged maximum velocity (TAMXYV))
, and fetal heart rate (HR) were measured online using
the maximum velocity envelope recorded over the car-
diac cycle. An average of three consecutive cycles were
used for analysis. The ALARA (as low as reasonably
achievable) principle [34] was employed. At all times
during the ultrasonographic examination the mechanical
and thermal indices were kept below 1.9 and 1.5, re-
spectively. We recorded the UA blood flow successfully
in 1243 out of 1261 (98.57%) observations. The UA



Widnes et al. Biology of Sex Differences (2018) 9:16

Doppler indices were calculated from the recorded vel-
ocities as follows: PI=(PSV - EDV)/TAMXV ([35], RI
= (PSV - EDV)/PSV [36], and S/D ratio = PSV/EDV [37].

The reproducibility of the Doppler parameters studied,
expressed by the intra-observer coefficient of variation
(CV) and the inter-observer CV, has previously been
assessed and reported [26, 38, 39].

All women had a regular antenatal follow-up accord-
ing to local guidelines. Following delivery, the course
and outcome of pregnancy, including any maternal or
fetal complications, gestation at delivery, mode of deliv-
ery, birth weight, placental weight, neonatal sex, Apgar
scores, umbilical cord blood acid-base status, and neo-
natal outcome was obtained from the electronic medical
records. On the second day post-partum, a pediatrician
routinely examined all neonates prior to discharge.

Statistical Analysis Software version 9.3 (SAS institute
Inc., Cary, NC, USA) was used for statistical analysis.
Logarithmic or power transformations were performed
on all numerical variables that were not normally dis-
tributed, in order to best meet the criteria of normal dis-
tribution. The best transformation for each variable was
determined using the Box-Cox regression. Fractional
polynominals were used to achieve best-fitting curves in
relation to gestational age for each variable, accommo-
dating for nonlinear associations. We used multilevel
modeling to construct gestational age-specific reference
percentiles from each fitted model according to Royston
and Altman [40]. The comparison between groups was
done using independent samples ¢ test for continuous
variables, while the chi-square test was used for categor-
ical variables. The comparison of UA Doppler indices
between male and female fetuses was performed for each
gestational week after having checked and adjusted for
possible confounding factors (fetal HR, EFW, and pla-
cental weight) by including a cross-product term be-
tween sex and gestational age in the aforementioned
multilevel models. The level of statistical significance
was set at a two-tailed p value of < 0.05.

Results

From a total study population of 306 women, 12 were
excluded because they had <3 observations, leaving
complete data from 294 pregnancies available for statis-
tical analysis. There were 152 male and 142 female fe-
tuses. The baseline characteristics of the study
population, including pregnancy and neonatal outcomes,
are presented in Table 1. We observed no statistically
significant differences between the two groups in any of
the listed baseline variables.

There were 650 and 611 observations for male and fe-
male fetuses, respectively. The UA Doppler indices (PI,
RI, and S/D ratio) and the fetal HR were significantly as-
sociated with gestational age (P < 0.0001), and there was
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Table 1 Baseline characteristics of the study population and
pregnancy outcomes

Female Male P value
(n=142) (n=152)
Maternal
Age (years) 29 (range 20-43) 30 (range 18-40) 0.646
Body mass index 24.85+4.00 2445 +3.65 0374
at booking (kg/m?)
Nulliparous 70 (49.3%) 76 (50.0%) 0.904
Fetal
Gestational age 279 (range 238- 280 (range 234- 0.633
at birth (days)? 297) 297)
Birth weight (g) 3593 +431 3603 + 533 0.860
Placental weight (g) 631+128 645 + 142 0.385
Fetal-placental ratio 584+ 103 5.74+098 0413
5-min Apgar score 10 (range 2-10) 9 (range 0-10)  0.348
Umbilical artery pH 725+0.10 7.25+0.08 0.831
Umbilical artery -4.16+391 -4.54 +3.06 0472
base excess (mmol/L)
Meconium stained 29 (20.4%) 25 (16.6%) 0443
liquor
Admission to NICU 8 (5.7%) 11 (7.3%) 0577
Preterm birth, 1 (0.7%) 6 (3.9%) 0.068
<377 weeks' gestation
Preeclampsia 3(2.1%) 6 (3.9%) 0361
SGA/IUGR 1 (0.7%) 3 (2.0%) 0348
Mode of delivery
Normal 114 (80.3%) 126 (82.9%) 0.563
Vacuum/forceps 6 (4.2%) 7 (4.6%) 0.874
Cesarean section 22 (15.5%) 19 (12.5%) 0459

Data are presented as n (%), median (range), or mean + SD, as appropriate
P values were calculated using independent samples t test for continuous
variables and chi-square tests for categorical variables

NICU neonatal intensive care unit, SGA small for gestational age, IUGR
intrauterine growth retardation

2279 days = 39 weeks, 280 days = 40*° weeks

also an association between UA Doppler indices and
fetal HR (P <0.0001). We found no sex differences in
EFW at any gestational week, and there was no con-
founding effect of EFW on UA Doppler indices.

Sex-specific reference curves for the UA Doppler indices
and the fetal HR for gestational weeks 20-40 are pre-
sented in Figs. 1 and 2. The reference values with their re-
spective 2.5th, 5th, 10th, 25th, 50th, 75th, 90th, 95th, and
97.5th percentiles are presented in Tables 2, 3, 4, 5, 6, 7, 8,
and 9. The corresponding gestational age-related sex dif-
ferences in the mean values for UA PI, RI, and S/D ratio,
all adjusted for fetal HR, are displayed in Fig. 3, along with
the gestational age-specific mean fetal HR for male and fe-
male fetuses during the second half of pregnancy.

The results for the gestational age-specific sex differ-
ences for fetal HR and, for the adjusted UA Doppler
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Fig. 1 Umbilical artery pulsatility index and resistance index. Sex-specific reference ranges for umbilical artery (UA) pulsatility index and resistance
index (left male, right female). The solid line represents the mean, and the interrupted lines represent 2.5th, 5th, 95th, and 97.5th percentiles
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Fig. 2 Umbilical artery systolic/diastolic ratio and heart rate. Sex-specific reference ranges for umbilical artery (UA) systolic/diastolic ratio and fetal
heart rate (left male, right female). The solid line represents the mean, and the interrupted lines represent 2.5th, 5th, 95th, and 97.5th percentiles
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Table 2 Umbilical artery pulsatility index (male)
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Gestation (week) — 2.5th percentile  5th percentile  10th percentile ~ 25th percentile  Mean  75th percentile  90th percentile  95th percentile  97.5th percentile
20 0.90 0.95 1.01 1.11 1.23 1.35 148 155 1.62
21 0.88 092 0.98 1.08 1.20 133 145 152 1.59
22 0.85 0.90 0.96 1.06 1.18 1.30 142 149 1.56
23 0.83 0.88 0.93 1.03 1.15 127 1.39 147 153
24 0.81 0.86 091 1.01 113 125 1.37 1.44 151
25 0.79 083 0.89 098 1.10 1.22 1.34 142 148
26 0.76 081 0.86 0.96 1.08 1.20 132 139 146
27 0.74 0.79 0.84 0.94 1.05 117 1.29 1.37 143
28 072 0.76 0.82 091 1.03 1.15 127 1.34 141
29 0.69 0.74 0.79 0.89 1.00 113 1.25 132 1.39
30 067 0.72 0.77 0.87 0.98 1.10 1.22 1.30 1.36
31 065 0.70 0.75 0.84 0.96 1.08 1.20 1.28 1.34
32 063 067 073 0.82 0.94 1.06 1.18 1.25 1.32
33 061 0.65 0.70 0.80 091 1.04 1.16 1.23 1.30
34 058 063 068 078 0.89 1.02 1.14 1.21 1.28
35 0.56 0.61 0.66 0.76 0.87 1.00 112 119 1.26
36 0.54 0.59 0.64 073 0.85 098 1.10 1.17 1.24
37 052 057 062 071 0.83 096 1.08 1.16 1.23
38 050 0.54 0.60 069 0.81 094 1.06 1.14 1.21
39 048 052 0.58 067 079 092 1.04 1.12 1.19
40 046 0.50 0.56 065 077 090 1.02 1.10 117

Sex-specific reference values of the umbilical artery pulsatility index (UA PI) for the 2.5th, 5th, 10th, 25th, 50th, 75th, 90th, 95th, and 97.5th percentiles during the
second half of pregnancy (male fetuses)

Table 3 Umbilical artery pulsatility index (female)

Gestation (week)  2.5th percentile  5th percentile  10th percentile ~ 25th percentile  Mean  75th percentile  90th percentile  95th percentile  97.5th percentile
20 0.93 0.98 1.04 115 127 141 1.53 161 1.68
21 0.91 0.96 1.02 112 125 1.38 1.50 1.58 1.65
22 0.89 0.94 0.99 1.10 122 135 147 154 161
23 0.86 091 0.97 1.07 1.19 1.32 144 151 1.58
24 0.84 0.89 0.94 1.04 1.16 1.29 141 148 1.55
25 0.82 0.86 0.92 1.02 1.13 1.26 1.38 145 1.51
26 0.80 0.84 0.90 0.99 1.11 1.23 1.35 142 148
27 0.77 0.82 087 0.97 1.08 1.20 1.32 139 145
28 0.75 0.80 0.85 094 1.06 117 1.29 1.36 142
29 0.73 0.77 0.83 092 1.03 1.15 1.26 133 1.39
30 0.71 0.75 0.80 0.90 1.00 1.12 1.23 1.30 137
31 0.69 0.73 0.78 0.87 0.98 1.10 1.21 1.28 1.34
32 067 0.71 0.76 0.85 0.96 1.07 1.18 125 131
33 0.64 0.69 0.74 083 093 1.04 1.15 122 128
34 062 067 0.71 0.80 091 1.02 113 1.20 1.26
35 0.60 0.64 0.69 0.78 0.88 1.00 1.10 117 123
36 0.58 062 0.67 0.76 0.86 097 1.08 1.15 121
37 0.56 0.60 0.65 0.74 0.84 095 1.05 112 1.18
38 0.54 0.58 0.63 0.71 0.82 0.92 1.03 1.10 1.16
39 0.52 0.56 0.61 0.69 0.79 0.90 1.01 1.07 113
40 0.51 0.54 0.59 067 0.77 0.88 0.98 1.05 1.11

Sex-specific reference values of the umbilical artery pulsatility index (UA PI) for the 2.5th, 5th, 10th, 25th, 50th, 75th, 90th, 95th, and 97.5th percentiles during the

second half of pregnancy (female fetuses)
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Table 4 Umbilical artery resistance index (male)
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Gestation (week) — 2.5th percentile  5th percentile  10th percentile ~ 25th percentile  Mean  75th percentile  90th percentile  95th percentile  97.5th percentile
20 061 0.64 0.66 0.70 074 078 0.82 0.84 0.86
21 0.60 062 065 069 073 0.77 0.81 0.83 0.85
22 059 061 0.64 068 072 076 0.80 0.82 0.84
23 0.58 0.60 0.63 0.67 0.71 0.76 0.79 0.82 0.84
24 0.57 059 0.62 0.66 0.70 0.75 0.78 081 0.83
25 0.56 058 061 065 069 074 078 0.80 082
26 0.55 057 0.60 064 068 073 077 079 081
27 053 0.56 058 063 067 072 0.76 078 0.80
28 052 055 057 062 066 071 0.75 0.77 0.79
29 0.51 053 0.56 061 0.65 0.70 0.74 0.77 0.79
30 050 052 055 0.60 064 069 073 0.76 078
31 048 051 0.54 058 063 068 073 0.75 0.77
32 047 0.50 053 057 062 067 072 0.74 0.76
33 046 048 051 0.56 061 0.66 071 073 0.76
34 044 047 0.50 0.55 060 066 0.70 073 0.75
35 043 046 049 0.54 0.59 0.65 0.69 0.72 0.74
36 042 045 048 053 058 064 0.68 071 073
37 040 043 046 052 057 063 067 0.70 073
38 039 042 045 0.51 056 062 067 0.69 072
39 037 040 044 049 055 061 0.66 0.69 071
40 036 039 043 048 054 060 0.65 068 0.70

Sex-specific reference values of the umbilical artery resistance index (UA RI) for the 2.5th, 5th, 10th, 25th, 50th, 75th, 90th, 95th, and 97.5th percentiles during the
second half of pregnancy (male fetuses)

Table 5 Umbilical artery resistance index (female)

Gestation (week)  2.5th percentile  5th percentile  10th percentile ~ 25th percentile  Mean  75th percentile  90th percentile  95th percentile  97.5th percentile
20 0.63 0.65 0.68 0.72 0.76 0.80 0.84 0.86 0.88
21 0.62 0.64 0.67 0.71 0.75 0.79 083 0.85 0.87
22 061 063 0.66 0.70 0.74 0.78 0.82 0.84 0.86
23 0.60 062 0.65 0.69 0.73 0.77 0.81 0.83 0.85
24 0.59 061 0.64 0.68 0.72 0.76 0.80 0.82 0.84
25 0.58 0.60 0.62 0.67 0.71 0.75 0.79 0.81 083
26 0.57 0.59 061 0.65 0.70 0.74 0.78 0.80 0.82
27 0.56 058 0.60 0.64 0.69 0.73 0.77 0.79 0.81
28 0.54 0.57 0.59 063 0.68 0.72 0.76 0.78 0.80
29 0.53 0.56 0.58 0.62 067 0.71 0.75 0.77 0.79
30 0.52 0.54 0.57 0.61 0.66 0.70 0.74 0.76 0.78
31 0.51 0.53 0.56 0.60 0.65 0.69 0.73 0.75 0.77
32 0.50 0.52 0.55 0.59 0.64 0.68 0.72 0.74 0.76
33 048 051 0.53 0.58 0.63 067 0.71 0.74 0.76
34 047 049 0.52 0.57 061 0.66 0.70 0.73 0.75
35 046 048 0.51 0.55 0.60 0.65 0.69 0.72 0.74
36 044 047 0.50 0.54 0.59 0.64 0.68 0.71 0.73
37 043 045 048 0.53 0.58 063 0.67 0.70 0.72
38 041 044 047 0.52 057 0.62 0.66 0.69 0.71
39 040 043 046 0.51 0.56 061 0.65 0.68 0.70
40 0.38 041 044 049 0.55 0.60 0.65 0.67 0.69

Sex-specific reference values of the umbilical artery resistance index (UA RI) for the 2.5th, 5th, 10th, 25th, 50th, 75th, 90th, 95th, and 97.5th percentiles during the

second half of pregnancy (female fetuses)
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Table 6 Umbilical artery systolic/diastolic ratio (male)

Gestation (week) — 2.5th percentile  5th percentile  10th percentile ~ 25th percentile  Mean  75th percentile  90th percentile  95th percentile  97.5th percentile

20 26 27 29 33 39 46 55 6.3 7.1
21 25 27 28 32 37 44 53 6.0 6.7
22 24 26 28 3.1 36 43 5.1 57 6.4
23 24 25 2.7 30 35 4.1 49 55 6.1
24 23 24 26 29 34 40 47 53 58
25 22 24 25 28 33 38 4.5 50 56
26 22 23 25 28 32 37 44 49 54
27 2.1 22 24 27 3.1 36 4.2 4.7 52
28 2.1 22 23 26 30 35 41 45 50
29 20 2.1 23 25 29 34 39 43 48
30 20 2.1 22 25 28 33 38 42 46
31 19 20 2.1 24 27 32 37 4.1 45
32 19 20 2.1 23 27 31 36 39 43
33 1.8 19 20 23 26 30 35 38 4.2
34 1.8 19 20 22 25 29 34 37 4.1
35 1.7 1.8 19 22 25 28 33 36 39
36 1.7 18 19 2.1 24 28 32 35 38
37 1.7 18 19 2.1 23 27 3.1 34 37
38 16 1.7 18 20 23 26 30 33 36
39 16 1.7 1.8 20 22 26 29 32 35
40 16 16 1.7 19 22 25 29 3.1 34

Sex-specific reference values of the umbilical artery systolic/diastolic (UA S/D) ratio for the 2.5th, 5th, 10th, 25th, 50th, 75th, 90th, 95th, and 97.5th percentiles
during the second half of pregnancy (male fetuses)

Table 7 Umbilical artery systolic/diastolic ratio (female)
Gestation (week)  2.5th percentile  5th percentile  10th percentile ~ 25th percentile  Mean  75th percentile  90th percentile  95th percentile  97.5th percentile

20 2.7 29 3.1 35 42 50 6.2 7.1 8.1
21 26 28 30 34 40 48 58 6.6 75
22 26 27 29 33 38 46 55 6.2 70
23 25 26 28 32 37 44 52 59 6.6
24 24 26 27 3.1 36 4.2 50 56 6.2
25 24 25 27 30 34 4.0 47 53 58
26 23 24 26 29 33 39 45 50 55
27 23 24 25 28 32 37 43 48 53
28 22 23 25 27 31 36 4.2 46 50
29 2.1 23 24 26 30 35 40 44 4.8
30 2.1 22 23 26 29 33 38 4.2 46
31 20 2.1 23 25 28 32 37 40 44
32 20 2.1 22 24 27 3.1 36 39 4.2
33 19 20 22 24 27 30 34 37 40
34 19 20 2.1 23 26 29 33 36 39
35 19 19 20 22 25 28 32 35 37
36 1.8 19 20 22 24 28 3.1 34 36
37 1.8 19 20 2.1 24 27 30 33 35
38 1.7 1.8 19 2.1 23 26 29 32 34
39 1.7 1.8 19 20 23 25 28 3.1 33
40 1.7 1.7 18 20 22 25 28 30 32

Sex-specific reference values of the umbilical artery systolic/diastolic (UA S/D) ratio for the 2.5th, 5th, 10th, 25th, 50th, 75th, 90th, 95th, and 97.5th percentiles
during the second half of pregnancy (female fetuses)
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Table 8 Fetal heart rate (male), beats per minute
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Gestation (week) — 2.5th percentile  5th percentile  10th percentile ~ 25th percentile  Mean  75th percentile  90th percentile  95th percentile  97.5th percentile
20 129 132 135 141 147 153 159 162 165
21 128 131 134 140 146 152 157 161 164
22 127 130 133 139 145 151 156 160 163
23 127 129 133 138 144 150 156 159 162
24 126 129 132 137 143 149 155 158 161
25 125 128 131 136 142 149 154 158 160
26 124 127 130 136 142 148 154 157 160
27 123 126 130 135 141 147 153 156 159
28 123 126 129 134 141 147 153 156 159
29 122 125 128 134 140 146 152 156 159
30 121 124 128 133 140 146 152 155 158
31 121 124 127 133 139 146 152 155 158
32 120 123 127 132 139 145 151 155 158
33 120 123 126 132 138 145 151 155 158
34 19 122 125 131 138 145 151 154 158
35 118 121 125 131 138 144 151 154 157
36 118 121 125 131 137 144 150 154 157
37 17 120 124 130 137 144 150 154 157
38 17 120 124 130 137 144 150 154 157
39 116 120 123 129 136 143 150 154 157
40 116 119 123 129 136 143 150 154 157

Sex-specific reference values of the fetal heart rate (HR) for the 2.5th, 5th, 10th, 25th, 50th, 75th, 90th, 95th, and 97.5th percentiles during the second half of
pregnancy (male fetuses)

Table 9 Fetal heart rate (female), beats per minute

Gestation (week)  2.5th percentile  5th percentile  10th percentile ~ 25th percentile  Mean  75th percentile  90th percentile  95th percentile  97.5th percentile
20 131 134 137 142 147 153 158 161 164
21 131 133 136 141 146 152 157 160 163
22 130 132 135 140 146 151 156 159 162
23 129 132 134 139 145 151 156 159 161
24 128 131 134 139 144 150 155 158 161
25 127 130 133 138 144 150 155 158 161
26 127 129 132 138 143 149 154 157 160
27 126 129 132 137 143 149 154 157 160
28 125 128 131 136 142 148 154 157 160
29 125 127 131 136 142 148 153 156 159
30 124 127 130 135 141 147 153 156 159
31 124 126 130 135 141 147 153 156 159
32 123 126 129 135 141 147 152 156 159
33 123 125 129 134 140 147 152 156 159
34 122 125 128 134 140 146 152 156 159
35 122 124 128 133 140 146 152 155 158
36 121 124 127 133 139 146 152 155 158
37 121 124 127 133 139 146 152 155 158
38 120 123 127 132 139 145 151 155 158
39 120 123 126 132 139 145 151 155 158
40 120 123 126 132 138 145 151 155 158

Sex-specific reference values of the fetal heart rate (HR) for the 2.5th, 5th, 10th, 25th, 50th, 75th, 90th, 95th, and 97.5th percentiles during the second half of
pregnancy (female fetuses)
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indices, are shown in Table 10. We found significant dif-
ferences in UA PI, RI, S/D ratio, and HR between male
and female fetuses. Female fetuses had significantly higher
values for UA PI (range 2.1-4.2%), RI (range 1.7-3.3%),
and S/D ratio (range 4.0-8.1%) from 20*° weeks to 32*°
and 36" and 35%® weeks, respectively, but equalized
towards term (40 weeks of gestation). For fetal HR, the
mean values were similar between male and female
fetuses from 20*° to 25 weeks, but a divergent trend was
observed thereafter with the female fetuses showing
higher HR (range 0.7-2.2%) compared with male fetuses.

Discussion

The present longitudinal study has demonstrated signifi-
cant sex differences in UA Doppler indices, female fetuses
having significantly more pulsatile waveform than male fe-
tuses during gestational weeks 207°-36"° but not
thereafter. The magnitude of effect ranged between 2.1
and 4.2% for the UA PIL Correspondingly, the study
provided sex-specific reference ranges for 20-40 weeks’
gestation for the most commonly used indices. As for the
fetal HR, the pattern was different; male and female fe-
tuses had similar HR from 20%° to 25 weeks, but
thereafter, the female fetuses had significantly higher HR.

The strength of the study is its longitudinal design and
a relatively large sample size (650 observations for male
and 611 for female fetuses) providing sufficient power to
discover significant sex differences and to construct ro-
bust sex-specific reference ranges. The prospective lon-
gitudinal design with serial measurements at reasonably
spaced intervals during pregnancy is preferable to a
cross-sectional design for constructing reference inter-
vals since it better reflects the development during
gestation and, in our case, improves the precision of in-
dividual participants’ observations. The limitations of
our study are related to technical issues concerning UA
Doppler velocimetry, and the data being collected from
three separate studies, with different operators. However,
all the measurements were obtained at a free loop of
umbilical cord, under fetal quiescence, keeping the angle
of insonation as low as possible (always <15°). The
intra-observer CV for UA PI, RI, and S/D ratio were 10.
5, 6.8, and 13.0%, respectively [26].

This study confirms the findings of previous cross-
sectional studies that report sex differences in UA
Doppler indices during the second and third trimester of
pregnancy [31, 32] and that these differences tapered off
towards term [30]. However, we were not able to estab-
lish at what time in gestation these differences emerged.
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Table 10 Level of significance for sex differences in umbilical
artery Doppler indices and fetal heart rate

Gestation UA P UA RI? UA S/D ratio® Fetal HR
(week) P value P value P value P value

20 0.00795 0.00282 0.00213 0.58551

21 0.00695 0.00219 0.00171 044020
22 0.00621 0.00172 0.00139 0.30634
23 0.00573 0.00139 0.00117 0.19662
24 0.00552 0.00117 0.00103 0.11804
25 0.00564 0.00104 0.00097 0.06888
26 0.00616 0.00102 0.00100 0.04136
27 0.00724 0.00109 0.00113 0.02704
28 0.00915 0.00132 0.00141 0.01991

29 0.01234 0.00178 0.00196 0.01656
30 0.01748 0.00264 0.00295 0.01526
31 0.02550 0.00421 0.00473 0.01518
32 0.03755 0.00699 0.00784 0.01586
33 0.05486 0.01172 0.01309 0.01706
34 0.07849 0.01939 0.02150 0.01864
35 0.10911 0.03110 0.03424 0.02049
36 0.14679 0.04786 0.05239 0.02253
37 0.19098 0.07041 0.07670 0.02470
38 0.24064 0.09901 0.10746 0.02696
39 0.29443 0.13342 0.14444 0.02926
40 0.35092 0.17300 0.18692 0.03159
Overall 0.07560 0.01850 0.01980 0.02560

The results for the gestational age-specific sex differences in mean values for
fetal heart rate (HR) and for the adjusted umbilical artery (UA) Doppler indices,
organized by gestational week

UA umbilical artery, PI pulsatility index, R/ resistance index, S/D ratio systolic/
diastolic ratio, HR heart rate

?Adjusted for fetal heart rate

POverall level of significance for sex differences during 20-40 weeks of gestation

It would have been desirable to have serial measure-
ments starting from early pregnancy.

Our findings add weight to the recognition of sex differ-
ences in fetal development and adaption to the intrauter-
ine environment. The male disadvantage in perinatal
outcome when it comes to fetal distress during labor [3,
4], premature birth [5, 6], adverse neonatal outcome [7],
and early neonatal death [2] is well documented. It is also
well documented that there are significant sex differences
in growth of estimated fetal weight [19], birth weight, and
placental weight [13], and male and female fetuses have
significant differences in growth patterns of individual bio-
metric measurements [41]. Such differences in growth dy-
namics corroborate the findings of Orzack et al. [10] who
found that the unbiased male/female ratio at conception
had increased at birth due to a higher female mortality
during pregnancy. However, male and female mortality
during pregnancy had temporal differences causing
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undulations in the sex ratio. These findings constitute a
plethora of details in which our circulatory results add
another piece of evidence to sex differentiation being
reflected in all organ systems.

With this background, our finding that there was no sig-
nificant effect of fetal sex on fetal growth (i.e., EFW) is un-
expected, as a recent multinational study showed that
fetal sex had an effect of 3.5-4.5% on EFW [42]. However,
that study had a considerably higher power than our
present study. One can therefore speculate that the
present finding of no sex effect on fetal weight could be
due to chance, or, as shown in the recent WHO study,
due to variations in growth patterns. However, the negli-
gible (10 g) difference in birth weight we observed be-
tween the sexes (3593 vs. 3603 g) corroborates our
intrauterine growth estimates and ensures that the effect
on the Doppler indices was due to sex differences. The
issue is important because a difference in size could pos-
sibly have explained some of the results. It is interesting,
however, that a previous study found “no meaningful cor-
relation between fetal weight and impedance indices” [43].

Mechanisms associated with potential male suscepti-
bility are difficult to underpin. Male fetuses appear to
prioritize growth to a greater extent than females and
continue to grow in spite of unfavorable intrauterine en-
vironment [14]. This may put them at higher risk due to
lack of reserve. A higher UA PI, as we have observed in
females, could result in a reduction in fetal growth vel-
ocity and thereby reduce the risk of adverse outcomes.
The mechanisms behind the observed differences in UA
Doppler indices are not clear. Slightly higher UA
Doppler indices cannot be equated to reduced placental
function, and these differences were less pronounced
close to term. However, it has been shown that male fe-
tuses born at 24-28 weeks of gestation have more
peripheral vasodilatation compared to female fetuses
[44]. Furthermore, pregnant women carrying male fe-
tuses are reported to have higher angiotensin (Ang) 1-7
to Ang II ratio in the second trimester [45]. As Ang II is
a potent vasoconstrictor and Ang 1-7 is a known vaso-
dilator, relative vasodilatation of placental vessels could
be responsible for lower UA PI, RI, and S/D ratio
observed in male fetuses.

UA Doppler indices, a surrogate for placental imped-
ance [46], have proved valuable in assessing fetal wellbeing
and have the potential to save lives [23]. However, these
relations are not consistent [47], as shown in sheep experi-
ments [48, 49]. Although PI increases when embolization
causes reduction in vascular cross-section, comparable re-
duction in vascular cross-section due to angiotensin II did
not increase the PI and could even decrease the PI while
vascular resistance increased. The reason for this may be a
difference in vessel geometry that could impact the wave
reflection, a major modifier of the arterial waveform [50,
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51]. Thus, the exact mechanism behind the sex difference
in the UA pulsatility is not certain.

Another significant finding in the present study was
the relatively higher HR in female compared with male
fetuses after 26*° weeks of gestation, a difference that
increased with gestational age (Fig. 3). Higher HR
among female fetuses has also been reported previously
by others [31, 52]. A plausible cause for having different
heart rates in male and female fetuses is differences in
hormone levels and rate of maturation of their
autonomic nervous system. Higher heart rate variability
[53], more complex heart rate patterns [54], and higher
catecholamine levels observed in female compared to
male fetuses could explain these differences.

In fetal sheep experiments, Morrow et al. demon-
strated a significant inverse correlation between the UA
Doppler indices (PI, RI, and S/D ratio) and HR [51].
When the HR increased, the UA Doppler indices de-
creased. We found both higher HR and UA PI, RI, and
S/D ratio in female fetuses compared to males, but while
the sex differences in HR increased as the pregnancy ad-
vanced, the sex differences in the Doppler indices de-
creased and ceased to exist by term. When we adjusted
the gestational age-related sex differences in the mean
values for UA PI, RI, and S/D ratio for the fetal HR, the
effect size actually increased, i.e., the sexual dimorphism
in the UA Doppler indices became more prominent.

Several studies have shown a male preponderance
when abnormal UA Doppler waveform is used as a
marker of placental dysfunction in pregnancies with
IUGR [55, 56]. Increased UA PI correlates with reduced
feto-placental perfusion [57] and the degree of micro-
vascular lesions in the placenta [24]. Use of sex-specific
reference intervals of UA Doppler indices could poten-
tially improve the identification of pregnancies with pla-
cental dysfunction.

Conclusions

We have demonstrated gestational age-dependent sex
differences in UA Doppler indices during the second half
of physiological pregnancies and therefore established
sex-specific reference ranges. Although the sex differ-
ence is modest (2—8%), we believe such references are
useful for refining prediction and monitoring of risk
pregnancies at a time when such parameters easily are
added into software applications increasingly used in
clinical practice, particularly since individualized diag-
nostics and management is an issue.
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