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Abstract

Introduction: Our aim was to develop and evaluate the
performance of population-based sex-specific and unisex
prescriptive fetal abdominal circumference growth charts in
predicting small-for-gestational-age (SGA) birthweight, se-
vere SGA (sSGA) birthweight, and severe adverse perinatal
outcomes (SAPO) in a low-risk population. Methods: This is a

post hoc analysis of the Dutch nationwide cluster-
randomized IRIS study, encompassing ultrasound data of
7,704 low-risk women. IRIS prescriptive unisex and IRIS sex-
specific abdominal circumference (AC) fetal growth charts
were derived using quantile regression. As a comparison, we
used the descriptive unisex Verburg chart, which is com-
monly applied in the Netherlands. Diagnostic parameters
were calculated based on the 34-36 weeks’ ultrasound.
Results: Sensitivity rates for predicting SGA and sSGA
birthweights were more than twofold higher based on the
IRIS prescriptive sex-specific (respectively SGA 43%; sSGA
59%) and unisex (SGA 39%; sSGA 55%) charts, compared to
the Verburg chart (SGA 16%; sSGA 23% both p < 0.01).
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Specificity rates were highest for Verburg (SGA 99%; sSGA
98%) and lowest for IRIS sex-specific (SGA 94%; sSGA 92%).
Results for predicting SGA with SAPO were similar for the
prescriptive charts (44%), and again higher than the Verburg
chart (20%). The IRIS sex-specific chart identified significantly
more males as SGA and sSGA (respectively, 42%; 60%, p <
0.001) than the IRIS unisex chart (respectively, 35%; 53%
p < 0.01). Conclusion: Our study demonstrates improved
performance of both the IRIS sex-specific and unisex pre-
scriptive fetal growth compared to the Verburg descriptive
chart, doubling detection rates of SGA, sSGA, and SGA with
SAPO. Additionally, the sex-specific chart outperformed the
unisex chart in detecting SGA and sSGA. Our findings
suggest the potential benefits of using prescriptive AC fetal
growth charts in low-risk populations and emphasize the
importance of considering customizing fetal growth charts
for sex. Nevertheless, the increased sensitivity of these charts
should be weighed against the decrease in specificity.

© 2024 The Author(s).
Published by S. Karger AG, Basel

Introduction

Ultrasound assessment of fetal size is a key element of
the screening for fetal growth restriction (FGR). FGR is a
condition in which the fetus does not reach its intrinsic
growth potential, mainly due to placental insufficiency,
and is associated with severe short- and long-term health
problems [1, 2]. To date, the only effective treatment for
FGR is timely delivery [3, 4].

Recognizing that the smallest fetuses are associated
with increased morbidity rates has led to the widespread
adoption of fetal small-for-gestational-age (SGA) as a
proxy for FGR identification. Fetal SGA is commonly
defined as the abdominal circumference (AC) and/or
estimated fetal weight (EFW) below the 10th percentile
(p10) on a population-based growth standard [5]. In the
Netherlands, the AC is used as a key indicator, consid-
ering it is a crucial component of EFW. Two earlier meta-
analyses have shown that third-trimester AC and EFW
comparably predict SGA at birth, while for a fixed 10%
false-positive rate the extrapolated sensitivity has been
reported to be higher for AC [6, 7].

In the IRIS study, a Dutch nationwide clinical trial
evaluating the effectiveness of routine third-trimester
ultrasound screening among low-risk women, we how-
ever found that AC<pl0 used as a proxy of SGA, per-
formed poorly in predicting SGA neonates [8]. The
suboptimal screening results may arise not only from the
low predictive accuracy in fundal height measurement
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and uncertainty in ultrasound fetal biometry but also
from a misalignment between neonatal and antepartum
growth charts [9, 10]. In the Netherlands, the commonly
used AC-based fetal growth chart by Verburg et al. (2008)
is unisex and descriptive, reflecting all risk levels of the
population, which might be less appropriate for identi-
tying abnormal growth in the low-risk population [11,
12]. In contrast, the Dutch Hoftiezer birthweight chart is
prescriptive, based on a healthy population sample and
sex-specific [13]. Earlier research suggests that custom-
izing fetal growth charts for sex is promising [14, 15]. The
goal of sex-specific customization is to enhance detection
by controlling for sex-specific biologically based factors
which are related to the fetal growth potential. Moreover,
not customizing for fetal sex has been related to un-
derdiagnoses of male SGA fetuses and overtreatment of
appropriate for gestational-age females suggesting its
relationship with genetic growth potential [16, 17]. The
World Health Organization, for example, showed that
male EFW is 3.5-4.5% higher than female EFW [18].
Nevertheless, in the Netherlands, fetal growth charts have
not adopted customization for fetal sex.

For fetal growth charts to be useful for clinical decision
making, charts are needed that adequately identify fetuses
that are at risk. We hypothesize that in low-risk pop-
ulations screening results will improve by optimizing
alignment of fetal growth charts with the prescriptive and
sex-specific neonatal growth chart [13]. By using data
from a large-scale low-risk prospective sample of the IRIS
study, we aim to determine whether developing a pre-
scriptive IRIS unisex and IRIS sex-specific AC fetal
growth chart improves the prediction of SGA birth-
weight, severe SGA birthweight, and SGA birthweight
with severe adverse perinatal outcomes (SAPO) as
compared to the descriptive unisex Verburg AC growth
chart [8, 11, 19].

Material and Methods

Study Design

This study is a secondary analysis using data derived from the
TUGR Risk Selection (IRIS) study, a nationwide stepped wedge
cluster-randomized trial in a low-risk population, evaluating the
effectiveness of routine third-trimester ultrasound screening
around 28-30 and 34-36 weeks’ gestation (intervention strategy)
in reducing SAPO, compared to usual care, i.e., symphysis fundal
height measurements combined with clinically indicated ultra-
sound scans (reference strategy) [8, 19]. Both strategies used the
same protocol for FGR detection and subsequent obstetric
management [19]. A total of 13,046 healthy women with a sin-
gleton pregnancy, a reliable gestational age, and a non-anomalous
20 weeks’ scan were included. The children were born between
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March 2015 and August 2016 [19]. In short, the assessment of
pregnant women and data collection consisted of fetal ultrasounds,
questionnaires, retrieval of information from medical records, and
linkage of perinatal registry data. Written consent was obtained
from all participants. The IRIS study was approved by the In-
stitutional Review Board of VU Medical Center (reference number
2013.409). The design of the IRIS study has been described
elsewhere [8, 19]

Inclusion and Exclusion Criteria

For the current analyses, we included women with ultrasound
data available between 18¥°-36%® weeks’ gestation, with at least
one biometry ultrasound scan in mid-wife-led care after 26*°
weeks’ gestation. Reasons for lacking ultrasound data comprised
early referrals to secondary or tertiary antenatal care due to
complications, e.g., pregnancy-related hypertension, early severe
SGA or FGR, and preterm birth. Ultrasound data were also absent
in women participating in the reference strategy of the IRIS study
with reassuring fundal height measurements and thus not having
an indication for biometry ultrasounds. Women who were referred
for secondary or tertiary care after the second study scan 34-36
weeks” ultrasound scan, were included in this dataset. Data of
women with missing values on infant sex, birthweight, and/or
gestational age at birth were also excluded.

Data Collection

The data collection process of the demographics, baseline
characteristics, maternal and perinatal outcomes, and sonographic
quality assessments and guidelines are extensively described
elsewhere [8, 19, 20]. Notably, sonographers conducted biometry
according to the guidelines of the Dutch Society of Obstetrics and
Gynaecology (NVOG) [20]. All sonographers successfully com-
pleted the national e-learning training for fetal biometry and either
possessed a certificate for structural anomaly screening or were
approved as adequate performers of ultrasonography based on 4
cases assessed by two well-experienced sonographers [8]. They also
used ultrasound equipment in accordance with the quality stan-
dards of the NVOG [20]. Furthermore, quality assessments during
the trial were performed by two independent board members of
the Dutch Professional Organisation of Sonographers [8, 19]

Measures

Descriptions

Maternal baseline characteristics comprised parity, age, height,
pre-pregnancy body mass index (BMI) (in kg/m?), and ethnicity
(Dutch, other western, non-western). Pregnancy and birth charac-
teristics were start of labor in mid-wifery-led care (MLC), mode of
birth (i.e., spontaneous birth without interventions, vaginal-assisted
birth, pre-labor cesarean, and emergency cesarean), and hypertensive
disorders. Neonatal characteristics were gestational age at birth,
birthweight (g), birthweight percentile based on the Dutch Hoftiezer
birthweight chart [13], Apgar score at 5 min <4, asphyxia (an arterial
base excess of cord blood less than —12 mmol/L), >24 h ventilation,
transfer to the pediatric unit, preterm birth <37 weeks, NICU ad-
mission at term, perinatal death, and SAPO. In the initial IRIS study,
SAPO was constructed by perinatologists and neonatologists to
optimally capture the morbidity and multifactorial co-morbidity
associated with FGR and was defined as a composite of one or
more of the following SAPOs: perinatal death between 34 weeks’
gestation and 7 days after birth; 5 Apgar score <4; asphyxia, stupor,
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or decreased response to pain; coma; neonatal seizures; assisted
ventilation >24 h; septicemia; meningitis; bronchopulmonary dys-
plasia; intraventricular hemorrhage; cystic periventricular leuko-
malacia; and/or necrotizing enterocolitis [8, 19]

Ultrasounds

The biometry ultrasounds used for fetal growth chart modeling
comprised the biometric measurements carried out at the fetal
anomaly scan between 180 to 23*® weeks™ gestation and ultra-
sounds that were performed in the IRIS study. Ultrasound data from
both the reference group of the IRIS study (clinically indicated
biometric measurements) and the intervention group (routine
biometric measurements first scan between 28 and 30 and second
scan between 34 and 36 weeks’ gestation in addition to clinically
indicated scans) were used. To develop growth charts all ultrasounds
were used from 18 weeks” gestation onward. For our analyses as-
sessing predictive accuracy regarding SGA birthweight <p10, SGA
birthweight with SAPO, and severe SGA birthweight <p3, we in-
cluded data from all women with a biometry ultrasound between
3271 and 36"° weeks’ gestation. In case there was more than one
ultrasound in that period of time, we chose the last ultrasound. We
specifically used this time frame because unlike the 28-30 weeks’
gestation time frame, late-onset FGR is more likely to remain
undetected, particularly among low-risk women, as it is less fre-
quently associated with hypertensive disorders in pregnancy [21].
AC was measured in mm [19].

Verburg Fetal Growth Chart

The Verburg fetal reference chart is a descriptive unisex chart
based on a multi-ethnic urban mixed-risk population of 8,313
pregnant women participating in the Generation R study between
2002 and 2006 in Rotterdam, the Netherlands [11]. Exclusion criteria
were enrollment >2470 weeks gestation, multiple pregnancy, major
fetal anomaly, termination of pregnancy for medical reasons, mis-
carriage, or perinatal death. Women were examined in a research
setting, on three occasions, i.e., early pregnancy (<17+° weeks), mid-
pregnancy (>18%° - <25 weeks), and late pregnancy (=25 weeks) [11].

Hoftiezer Birthweight Chart

The Hoftiezer birthweight chart is a sex-specific prescriptive
chart based on routinely collected data from the Dutch perinatal
registry of low-risk mothers between 2000 and 2014 [13]. Ex-
clusion criteria were multiple gestation, pre-existing maternal
medical conditions, maternal substance (ab)use, medical condi-
tions related to pregnancy, and congenital malformations. Sex-
and gestational-age-specific prescriptive birthweight charts were
derived from a total of 16,29,776 life-born singleton infants, born
between 23*0 and 41%® weeks’ gestation to allegedly low-risk
healthy mothers [13].

Outcomes

SGA at birth was defined as a birthweight <p10 based on the
Hoftiezer chart [13]. SGA birthweight with SAPO and severe SGA
birthweight (<p3) were also used as primary outcomes.

Statistical Analyses

Descriptive statistics (means, standard deviations (SD), fre-
quencies, percentages) were calculated for maternal and neonatal
characteristics by fetal sex. x* tests (for categorical variables) or
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independent t-tests (for continuous variables) were applied to test
fetal sex differences in maternal and neonatal characteristics.

Growth reference curves for fetal biometry of AC for each fetal
sex were fitted to data of fetuses with at least two ultrasound
measurements in our study sample. The growth charts are pa-
rameterized by a cubic spline of gestational age. Growth was fitted
by means of quantile regression, with quantiles 0.10, 0.50, 0.90. In
the model of the sex-specific growth chart, we included fetal sex,
gestational age (as a cubic spline), and their interaction as ex-
planatory variables. We obtained fetal sex-specific growth curves
from the fitted model. Analysis of variance was used to test the
contribution of each model term, random and fixed. Finally, from
the fitted model the pointwise (at each observed gestational age)
quantiles were derived and plotted as curves on the data. Growth
curves were also fitted using a fifth-order spline (but visual in-
spection revealed that it did not result in a substantially better fit).
AC <pl0 was defined as a gestational-age-specific AC measure-
ment below the p10 using the Dutch unisex fetal growth curve by
Verburg et al. [11] (2008) or the newly established IRIS sex-specific
and unisex fetal growth reference curves depicted above.

To compare the diagnostic accuracy of the Verburg unisex
curve and the newly established IRIS unisex and sex-specific fetal
growth charts based on third-trimester AC <p10 to detect SGA
birthweight and SGA birthweight with SAPO, we calculated
sensitivity, specificity, and positive and negative likelihood ratios
with their 95% confidence intervals (CI). The performance of the
three fetal growth charts as diagnostic tests was also evaluated by
examining the area under the receiver operating characteristic
(ROCQC) curve using the respective continuous percentiles of the
charts as predictor variables. McNemar binomial test was used to
assess significant differences in sensitivity and specificity between
Verburg, and the IRIS sex-specific and IRIS unisex reference
curves [22]. All analyses were performed using complete case
analyses. The two-sided significance level was set at p < 0.05.
Analyses were conducted using the Statistical Package for Social
Sciences (SPSS) version 26.0 for Windows (SPSS Inc., Chicago, I,
USA) and MedCalc Statistical Software version 19.2.6.

Results

For 13,046 women, data on at least one of the perinatal
outcomes were available. For 12,293 of these women, at
least two fetal biometry ultrasound measurements >18
weeks’ gestation (comprising a total of 28,128 ultrasounds,
12,226 of male and 13,902 of female fetuses) were available
to develop the IRIS unisex and IRIS sex-specific fetal
growth curves. For measuring third-trimester diagnostic
parameters, we excluded subjects without ultrasound
measurements 34-36 weeks’ gestation (n = 4,508). An-
other 28 women were excluded due to missing values on
birthweight centiles and 53 subjects with missing values on
SAPO (n = 53). Thus, 7,704 (3,853 male and 3,851 female)
subjects were included in our main analyses (see online
suppl. Fig. S1; for all online suppl. material, see https://doi.
0rg/10.1159/000540554; Flowchart).
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We observed no fetal sex differences in demographics,
maternal anthropometrics, most maternal morbidity-
and lifestyle-related factors, and perinatal characteristics
(Table 1). Also, we observed no sex differences in SGA
prediction using the IRIS sex-specific growth chart; both
male and female fetuses were equally often diagnosed
with SGA. We did find, however, that boys experienced
worse outcomes in various aspects compared to girls. For
instance, male fetuses were less likely to be diagnosed with
fetal SGA on the unisex fetal growth charts, while male
neonates had higher rates of SAPO, assisted
ventilation >24 h and were more frequently admitted to
the neonatal intensive care unit (NICU) at term, than
female counterparts (Table 1). Also, mothers of male
fetuses were less likely to experience spontaneous birth
without interventions and more likely to give birth
through emergency cesarean.

Table 2 shows the diagnostic parameters of antenatal
prediction of neonatal SGA based on the derived IRIS
sex-specific and unisex growth charts and the Verburg
unisex fetal growth chart. SGA detection was highest with
the IRIS sex-specific growth chart, predicting a little over
four out of ten SGA fetuses during pregnancy (sensitivity
43%) and was followed by the IRIS unisex fetal growth
chart with almost four out of ten fetuses (sensitivity 39%).
The use of the Verburg unisex fetal growth chart resulted
in a significant decrease in prediction rates, effectively
more than halving the numbers identified (sensitivity
16%). For male and female fetuses, this pattern was
comparable, although sensitivity for females did not differ
between the IRIS sex-specific and the IRIS unisex growth
chart. For all fetal growth charts, the sensitivity was lower
for male fetuses compared to female fetuses.

In contrast, the specificity of the IRIS sex-specific chart
was lowest (94%) followed by the IRIS unisex chart (95%).
The Verburg chart had a specificity of 99%. Differences
between the fetal growth charts were again significant
(McNemar p <0.001), except for females between the two
IRIS growth charts. For both the IRIS unisex chart and the
Verburg unisex chart, the specificity rate was slightly
higher for male than for female fetuses. Positive likeli-
hood ratios (LR+) were high for the Verburg chart, in-
creasing the post-test odds of SGA after a positive test
(LR+ 19.0), with even higher LR+ for male (LR+ 29.6)
than female (LR+ 14.6) fetuses. Conversely, negative
likelihood ratios (LR-) were for Verburg almost in-
discriminative (LR— overall 0.9). This pattern was similar
for the IRIS unisex chart, with much lower LR+ (overall
7.4) and lower LR— (overall 0.6). The IRIS sex-specific
growth chart had marginally lower LR+ and similar LR-
as compared to the IRIS unisex chart but revealed no
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Table 1. Maternal, fetal, and neonatal descriptions by infant sex

Males, n = 3,853 Females, n = 3,851 X>/ANOVA
mean (£SD) or n (%) mean (£SD) or n (%) p value

Nulliparous? 1,859 (48.7) 1,839 (48.2) 0.631
AgeP 30.7 (+4.5) 30.8 (+4.4) 0.534
Pre-pregnancy BMI, kg/m?2® 24.1 (x4.4) 24.0 (x4.4) 0.338
Height 169.6 (+£6.8) 169.7 (£7.0) 0.478
Ethnicity?

Dutch 2,900 (76.1) 2,886 (75.6) 0.373

Other western 405 (10.6) 420 (11.0)

Non-western 504 (13.2) 513 (134)
Committed relationship? 3,715 (97.6) 3,724 (97.8) 0.642
Paid job? 3,223 (84.9) 3,173 (83.5) 0.098
Low education® 374 (9.9) 386 (10.2) 0.671
Smoking >5 cigarettes after 1st trimester? 116 (3.0) 135 (3.5) 0.223
Hypertensive disorder after ultrasound 34-36 weeks 290 (8.5) 270 (7.9) 0.338
AC <p10 IRIS sex-specific chart 381 (9.9) 385 (10) 0.873
AC <p10 IRIS unisex chart 281 (7.3) 372 (9.7) <0.001
AC <p10 Verburg unisex chart 72 (1.9) 100 (2.6) 0.031
AC percentile IRIS unisex chart? 56.8 (+28.4) 51.8 (+28.4) <0.001
AC percentile IRIS sex-specific chart? 50.8 (+28.7) 51.8 (+28.6) 0.136
AC percentile Verburg unisex chart® 66.2 (+24.6) 61.9 (+25.2) <0.001
Premature birth <37 weeks 98 (2.5) 86 (2.2) 0.372
Spontaneous birth without intervention? 1,645 (44.6) 1,735 (47.5) 0.015
Vaginal-assisted birth 326 (8.5) 282 (7.3) 0.064
Any cesarean section 525 (13.6) 446 (11.6) 0.007
Pre-labor cesarean 201 (5.2) 192 (5.0) 0.508
Emergency cesarean 324 (84) 254 (6.6) 0.008
Gestational age at birth, weeks? 39.8 (+1.3) 39.9 (+1.3) 0.02
Birthweight, grams® 3,568 (+448) 3,445 (+459) <0.001
Birthweight percentile® 50 (+29) 51 (+29) 0.852
SGA birthweight 380 (9.9) 359 (9.3) 0.421
SAPO€ 61 (1.6) 41 (1.2) 0.046
SGA birthweight with SAPO 15 (0.4) 10 (0.3) 0317
5'Apgar <4 11 (0.3) 8 (0.2) 0.491
Perinatal death 4 (0.1) 5(0.1) 0.738
Asphyxia 47 (1.2) 30 (0.8) 0.052
Assisted ventilation >24 h 13 (0.3) 2 (0.1) 0.004
NICU >37 gestation 28 (0.8) 10 (0.2) 0.003

2n differs from total n due to missing values; nulliparity, n = 7,636; BMI and committed relationship, 7,613; height, n = 7,664, ethnicity, n =
7,628; paid job, n = 7,595; low education, n = 7,561; smoking >5 cigarettes after 1st trimester, n = 7,690; spontaneous birth without in-
tervention, n = 7,339. ®Continuous variable, p value refers to ANOVA (for categorial variables p values were based on x? tests). “SAPO is a
composite outcome, i.e., one or more of the following outcomes specified: stillbirth (not due to congenital anomaly), neonatal death at term
(not due to congenital anomaly), hypoxic-ischemic encephalopathy at term, use of inotropes at term, mechanical ventilation at term, severe
metabolic acidosis at term (defined as pH 12 mmol/L).
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Table 2. Test characteristics of small-for-gestational-age (SGA) birthweight detection with AC below the 10th percentile (AC <p10)
on the IRIS sex-specific and the IRIS unisex fetal growth charts and the Dutch Verburg unisex fetal growth chart late third trimester

between 34 and 36 weeks’ gestation

TP FN FP TN Sensitivity %

Specificity %

LR+ (95% Cl) LR— (95% CI) AUC (95% CI)

(95% Cl) (95% Cl)
AC <p10 IRIS sex-specific
All 319 420 436 6,529 43 (40-47)2 94 (93-94)2 6.9 (6.1-7.8) 0.6 (0.6-0.7)  0.84 (0.83-0.85)
Males 161 219 209 3,264 42 (37-48)2 94 (93-95)2 6.7 (5.9-8.4) 0.6 (0.6-0.7) 0.85 (0.83-0.87)
Females 158 201 227 3265 44 (39-49)° 94 (93-94)° 6.8 (5.7-8.0) 0.6 (0.6-0.7)  0.83 (0.81-0.85)
AC <p10 IRIS unisex
All 288 451 365 6,600 39 (35-43)2 95 (94-95)2 7.4 (6.5-8.5) 0.6 (0.6-0.7)  0.84 (0.82-0.85)
Males 134 246 147 3,326 35 (30-40)? 96 (95-96)2 8.3 (6.8-10.2) 0.7 (0.6-0.7) 0.85 (0.83-0.87)
Females 154 205 218 3,274 43 (38-48)P 94 (93-95)P 6.9 (5.8-8.2) 0.6 (0.6-0.7) 0.83 (0.81-0.85)
AC <p10 Verburg unisex
All 115 624 57 6,908 16 (13-18)? 99 (99-99)2 19.0 (14.0-25.9) 0.9 (0.8-0.9) 0.84 (0.82-0.85)
Males 55 325 17 3456 14 (11-18)? 100 (99-100)* 29.6 (17.4-50.5) 0.9 (0.8-0.9)  0.85 (0.83-0.87)
Females 60 299 40 3452 17 (13-21)P 99 (98-99)P 14.6 (9.9-21.5) 0.8 (0.8-0.9) 0.83 (0.81-0.85)

SGA birthweight was defined as birthweight <p10 on the Dutch Hoftiezer birthweight chart. 2®McNemar showed significant
differences between IRIS sex-specific, IRIS unisex, and Verburg unisex mutually (p < 0.001). PMcNemar showed significant dif-
ferences between IRIS sex-specific and Verburg and between IRIS unisex and Verburg unisex (p < 0.001).

difference between male and female fetuses. All charts
performed equally well in predicting SGA birthweight,
with areas under the ROC curves around 0.84.

Repeating these analyses for predicting severe SGA
birthweight with AC <pl10 on the three fetal growth
charts, we found similar patterns, but sensitivity increased
and specificity slightly decreased (Table 3). LR— for the
IRIS sex-specific chart slightly improved to 0.4, lowering
the post-test odds on SGA <p3 more than 50%.

Table 4 presents prediction rates for SGA birthweight
with SAPO. Sensitivity doubled with both the prescriptive
IRIS sex-specific and IRIS unisex chart (sensitivity overall
both 44%) in comparison to the descriptive Verburg chart
(sensitivity overall 20%). Detection rates for males were
40%, and for females 50%, but this difference was not
statistically significant. Specificities for Verburg were
again high, around 98%, resulting in very few false
positives.

Figure 1 presents the ROC curves for detecting (a) SGA
birthweight <p10; (b) severe SGA birthweight; and (c)
SGA birthweight with SAPO using AC percentiles on the
IRIS sex-specific, IRIS unisex, and Verburg fetal growth
charts, respectively. Online supplementary Figure S2 in
the supplementary material shows scatterplots of the
individual ultrasound measurements and fitted 10th,
50th, and 90th percentile lines by fetal sex. Fetal sex
significantly explained the difference in the regression
curves and moderated the effect of gestational age (p <
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0.001). Nevertheless, the variation of the AC measure-
ments within and between days of gestation exceeds the
differences that were observed between the sexes. online
supplementary Table S1 outlines the formula of the
quantile curves.

Discussion

The current study revealed that in a Dutch low-risk
population detection of SGA birthweight, severe SGA
birthweight, and SGA birthweight with SAPO more than
doubled with both the derived prescriptive unisex and
sex-specific IRIS fetal growth charts in comparison to the
commonly used descriptive unisex Verburg fetal growth
chart. This came at the cost of a decreased specificity.
Moreover, utilizing the prescriptive sex-specific IRIS fetal
growth chart resulted in slightly higher sensitivity and
marginally lower specificity in predicting SGA and severe
SGA, compared to the unisex IRIS fetal growth chart. The
AUCG: of all fetal growth charts were comparable.

Both the unisex and sex-specific IRIS growth charts
exhibited significantly improved sensitivity rates com-
pared to the presently utilized Verburg growth chart,
resulting in more than doubled predictions for all out-
comes. In the current sample, the IRIS fetal growth chart,
derived from a healthy low-risk population, aligns more
appropriately with the existing prescriptive Dutch
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Table 3. Test characteristics of severe SGA birthweight <p3 detection with AC below the 10th percentile (AC <p10) on the IRIS
sex-specific and the IRIS unisex fetal growth charts and the Dutch Verburg unisex fetal growth chart late third trimester between 34

and 36 weeks' gestation

TP FN FP N Sensitivity %

Specificity %

LR+ (95% CI) LR— (95% CI)  AUC (95% Cl)

(95% ClI) (95% Cl)
AC<p10 IRIS sex-specific
All 118 81 637 6,868 59 (52-66)° 92 (91-92)* 7.0 (6.1-8.0) 04 (04-0.5) 0.86 (0.84-0.88)
Males 68 46 302 3,437 60 (50-69)° 92 (91-93) 7.4 (6.1-8.9) 0.4 (0.4-0.6) 0.88 (0.85-0.91)
Females 50 35 335 3431 59 (47-69)° 91 (90-92)° 6.6 (5.4-8.1) 0.5 (04-0.6)  0.84 (0.80-0.88)
AC<p10 IRIS unisex
All 109 90 544 6,961 55 (48-62)° 93 (92-93)* 7.6 (6.5-8.8) 0.5 (04-0.6) 0.86 (0.84-0.88)
Males 60 54 221 3,518 53 (43-62)° 94 (93-95)2 8.9 (7.2-11.1) 0.5 (0.4-0.6) 0.88 (0.85-0.91)
Females 49 36 323 3,443 58 (46-68)° 91 (90-92)° 6.7 (5.5-8.3) 0.5 (0.4-0.6) 0.84 (0.80-0.88)
AC<p10 Verburg unisex
All 46 153 126 7,379 23 (17-30)? 98 (98-99)2 13.8 (10.1-18.7) 0.8 (0.7-0.8) 0.86 (0.84-0.88)
Males 19 66 81 3,685 22 (14-33)2 98 (97-98)* 104 (6.6-16.3) 0.8 (0.7-0.9)  0.88 (0.85-0.91)
Females 27 87 45 3,694 24 (16-33)P 99 (98-99)P 19.7 (12.7-31) 0.8 (0.7-0.9) 0.84 (0.80-0.88)

Severe SGA birthweight was defined as birthweight <p3 on the Dutch Hoftiezer birthweight chart. ®McNemar showed sig-
nificant differences between IRIS sex-specific, IRIS unisex, and Verburg unisex mutually (p < 0.01). PMcNemar showed significant
differences between IRIS sex-specific and Verburg and between IRIS unisex and Verburg (p < 0.001) but not between IRIS unisex and

IRIS sex-specific.

birthweight chart. This suggests that implementing a
prescriptive fetal growth chart is likely to enhance the
detection of SGA fetuses in low-risk women, enabling
subsequent in-depth FGR diagnostic assessments. The
improvement in sensitivity came at the cost of a decreased
specificity, which is a crucial consideration in low-risk
populations. Lower specificity may contribute to un-
necessary healthcare utilization such as medically initi-
ated (preterm) birth resulting in iatrogenic effects and
increased healthcare costs associated with the manage-
ment of false-positive cases [23]. In our sample, the
unisex descriptive Verburg growth chart with its high
specificity and LR+ provided strong evidence of true SGA
status for screen positives, with minimal risk of over-
utilization. Yet, our findings also suggest that a screen-
negative result on the Verburg chart does not rule out
SGA in low-risk populations, as illustrated by low sen-
sitivity rates of around 16% and non-discriminative LR-
around 0.9. In daily practice, in low-risk populations,
where ultrasound biometry screening is commonly based
on non-reassuring fundal height measurements, this
underdetection may lead to undertreatment of potentially
at-risk fetuses requiring additional surveillance and
possibly interventions. The LR— of IRIS fetal growth
charts for ruling out SGA was better than that of the
Verburg chart. Nevertheless, the LR— of the IRIS charts
fell short of the desirable <0.1 cut-off, that is considered
useful in ruling out a disease [24]. Despite this, we

Prescriptive Fetal Growth Charts Improve
Detection of Small-for-Gestational Age

generally argue that the doubled sensitivity and satis-
factory specificity of the IRIS charts have the potential to
more effectively identify those fetuses that may benefit
from additional FGR diagnostics and monitoring [16].
When comparing the IRIS prescriptive charts with each
other, the sex-specific IRIS chart demonstrated improved
detection rates for SGA and severe SGA in males without a
decrease in SGA detection in females. Additionally, overall
detection rates of SGA with SAPO were not improved using
the IRIS sex-specific chart as compared to the IRIS unisex
chart. These findings partially align with recent French
population-based research by Monier et al. [16] In contrast
to our findings, Monier et al. showed that customizing
reference charts for fetal sex increased SGA detection in
males but led to a decrease in SGA detection in females.
However, similarly to our findings, they did not find im-
provements in overall sensitivity in detecting SGA fetuses
with morbidity. In contrast to this earlier study we used AC
instead of EFW, which might account for some variations.
Additionally, we speculate that these different findings might
be due to differences in sample characteristics as our low-risk
sample may be more homogeneous than the population-
based French sample that also applied other growth curves,
e.g., the WHO fetal growth curve [16, 18]. These differences
and the inconsistencies of findings between the study of
Monier et al. and ours stress that more research into the
performance of sex-specific charts compared to unisex
charts is needed. Nevertheless, we emphasize the limitations
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Table 4. Test characteristics of small-for-gestational-age (SGA) birthweight with SAPO detection with AC below the 10th percentile
(AC <p10) on the IRIS sex-specific and the IRIS unisex fetal growth charts and the Dutch Verburg unisex fetal growth chart late third

trimester between 34 and 36 weeks’' gestation

TP FN FP N Sensitivity %

Specificity %

LR+ (95% Cl) LR— (95% CI)  AUC (95% Cl)

(95% Cl) (95% ClI)
AC<p10 sex-specific
All 11 14 744 6935 44 (24-65)° 90 (90-91)P 45 (2.9-7.1) 0.6 (0.4-0.9) 0.79 (0.69-0.88)
Males 6 9 364 3,474 40 (16-68) 91 (90-91)° 4.2 (2.3-7.9) 0.7 (0.4-1.0) 0.84 (0.75-0.93)
Females 5 5 380 3,461 50 (19-81) 90 (89-91)° 5.1 (2.7-9.5) 0.6 (0.3-1.0) 0.71 (0.52-0.89)
AC<p10 IRIS unisex
All 11 14 642 7,037 44 (24-65)° 92 (91-92)° 5.3 (34-8.2) 0.6 (0.4-0.9) 0.78 (0.69-0.87)
Males 6 9 275 3,563 40 (16-68) 93 (92-94)° 5.6 (3.0-10.4) 0.7 (0.4-1.0) 0.83 (0.75-0.93)
Females 5 5 367 3,474 50 (19-81) 90 (89-91)° 52(2.8-9.8) 0.6 (0.3-1.0) 0.71 (0.53-0.89)
AC<p10 Verburg unisex
All 5 20 167 7,512 20 (7-41)° 98 (97-98)° 9.2 (4.2-20.5) 0.8 (0.7-1.0) 0.78 (0.69-0.88)
Males 3 12 69 3,769 20 (4-48) 98 (98-99)° 11.1 (3.9-314) 0.8 (0.6-1.1) 0.84 (0.76-0.93)
Females 2 8 98 3,743 20 (3-56) 97 (97-98)° 7.9 (2.2-27.5) 0.8 (0.6-1.1) 0.71 (0.52-0.89)

SGA birthweight was defined as birthweight <p10 on the Dutch Hoftiezer birthweight chart. SAPO is a composite outcome,
i.e., one or more of the following outcomes specified: stillbirth (not due to congenital anomaly), neonatal death at term (not due to
congenital anomaly), hypoxic-ischemic encephalopathy at term, use of inotropes at term, mechanical ventilation at term, severe
metabolic acidosis at term (defined as pH 12 mmol/L). ®McNemar showed significant difference between RIS sex-specific and
Verburg and between IRIS unisex and Verburg (p = 0.031) but not between IRIS sex-specific and IRIS unisex. °"McNemar showed
significant difference between IRIS sex-specific, IRIS unisex, and Verburg mutually (p < 0.001).

of relying on a unisex fetal growth chart, which results in cut-
off points that particularly lower the sensitivity of detecting
SGA males. This latter aspect is important because previous
work showed that male neonates were overrepresented in
SGA with SAPO compared to female neonates [25].
Importantly, SGA in itself is a poor predictor of SAPO
[4]. Also, AC or EFW <pl0 are not optimal cut-offs to
distinguish between physiologic and pathologic circum-
stances in utero and even severe SGA is a poor standalone
parameter to predict SAPO [4, 7, 26, 27]. Therefore, uti-
lizing the FIGO recommended criteria for the diagnosis of
FGR, including standalone AC/EFW <p3, or AC/
EFW <p10 combined with maternal hypertensive disease in
pregnancy, abnormal maternal uterine arteries and fetal
umbilical and middle cerebral artery Dopplers and/or fetal
growth declining >2 quartiles, may prevent diagnosing FGR
based solely on a single measurement of SGA [4, 26]. If the
fetal AC/EFW is between the p3 and the p10 and the growth
pattern and other parameters remain normal, the fetus is
likely to be constitutionally small [4, 26]. This approach
should prevent increased rates of medically indicated
(preterm) delivery based on ultrasound-derived FGR <p10
indications only [17]. Recent studies comparing various
definitions of FGR and various fetal growth charts have
shown that, irrespective of the used definition and growth
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chart, prenatal prediction of SAPO was low overall [28,
29]. The nature of the disease and the intervention that
applies hamper conclusions of the actual relation to SAPO
as both the disease (hypoxia and starvation due to placenta
insufficiency) and the intervention (relative preterm de-
livery) result in similar neonatal features [23]. These
findings highlight the complexity of daily practice and the
ongoing challenge of distinguishing normal from patho-
logical fetal growth. To move forward, future research
should focus on developing and evaluating stepwise
screening algorithms. These algorithms should integrate
ultrasonography, utilizing the best-performing ultrasound
growth chart tailored to the specific population, baseline
maternal (and paternal) characteristics, sex-specific pla-
cental markers [30, 31], Doppler measurements [32, 33],
and maternal awareness of fetal well-being [34].

Strengths and Limitations

A strength of this study is that we used a large amount of
ultrasound data of low-risk women from a large-scale na-
tionwide trial with reliable prospective data collection,
making our results relevant for low-risk populations in other
high-income countries. In line with the WHO, we used
quantile regression to explain AC by sex and days of ges-
tation. This enables us to particularly estimate the tails of the
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Fig. 1. a Receiver operating characteristic (ROC) curve for detecting SGA birthweight <p10 detection using AC
on IRIS sex-specific, IRIS unisex, and Verburg fetal growth charts. b ROC curve for detecting severe SGA
birthweight <p3 detection using AC on IRIS sex-specific, IRIS unisex, and Verburg fetal growth charts. ¢ ROC
curve for detecting SGA birthweight <p10 with severe adverse perinatal outcomes (SAPO) detection using AC on
IRIS sex-specific, IRIS unisex, and Verburg fetal growth charts.

distribution, e.g., the 10% quantile. Moreover, quantile re-
gression does not rely on the normality assumption of the
error. Furthermore, our study was conducted among women
who were still at low risk during the third-trimester ultra-
sound. As diagnostic parameters vary with the prevalence of
diseases, a lower sensitivity and higher specificity might be
expected than in the general population [35]. Therefore, it
would be interesting to evaluate the diagnostic accuracy of the
IRIS charts in a clinical population, especially because recent
studies in a nationwide cohort [28] and tertiary center [29]
did not find the improved performance of prescriptive in-
ternational standards that were constructed for universal use.

Prescriptive Fetal Growth Charts Improve
Detection of Small-for-Gestational Age

The study was a proof of principle and not purposefully
designed with the objective of creating new charts of fetal size
and we did not adhere to consensus guidelines regarding data
collection and participant recruitment for developing a fetal
growth chart [36]. For some gestational-age windows, the
number of ultrasound measurements was low. However, as
fetal growth follows a continuous trajectory, interpolation
using cubic splines between these timeframes is justified. In
addition, having data on several timeframes based on many
observations contributed to the reliable estimation of the
curve’s slope using cubic splines. Moreover, clinically indi-
cated ultrasounds, when available, were also used, so
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indication bias cannot be ruled out. Nevertheless, women
who received clinically indicated ultrasounds were still in
mid-wife-led care and ultrasound data were mainly derived
from women receiving routine ultrasounds. Therefore, we
believe that our sample was adequate to investigate whether
developing a prescriptive unisex and/or sex-specific fetal AC
growth chart could improve SGA detection in low-risk
populations. However, more scientific rigor will have to be
applied to develop a more future-proof fetal growth chart.
Furthermore, the differences in sensitivity rates between the
IRIS and Verburg charts could potentially be overestimated
by the differences in methodological approaches, rather than
solely reflecting the performance of prescriptive and de-
scriptive growth charts. Although based on expert consensus,
the used definition of SGA and SAPO is imperfect and does
not uniquely and accurately capture the phenomenon of
FGR. To improve the accuracy assessment of FGR, future
research should incorporate the markers that may improve
phenotyping. These include the earlier mentioned ultrasound
and Doppler-based markers and may be expanded with
serum biomarkers and placental histological confirmation.
Moreover, it is imperative that care is taken to focus on
outcomes that represent FGR truly and uniquely, and dis-
tinguish them from outcomes that are related to the inter-
vention for suspected FGR [23]. Finally, the current study
had the primary aim to explore changes in diagnostic ac-
curacy when customizing for fetal sex and thus did not
consider other factors potentially reflecting the actual fetal
growth potential, such as maternal height. Future studies
should address whether (or not) additionally customizing for
maternal height next to customizing for fetal sex might
further improve the diagnostic accuracy of fetal growth
charts.

Conclusion

Our results suggest that a prescriptive fetal growth
chart as opposed to a descriptive fetal growth chart has
the potential to improve SGA prediction in low-risk
populations. Furthermore, developing a prescriptive
sex-specific abdominal circumference growth chart
may additionally improve the antenatal diagnoses of
SGA and severe SGA fetuses but not that of SGA with
SAPO. These findings shed light on the potential
benefits of utilizing prescriptive fetal growth charts in
low-risk populations for the detection of fetuses in need
of subsequent in-depth diagnostic assessments and
emphasize the significance of considering customizing
fetal growth charts for sex. Nevertheless to prevent
overutilization, such a strategy would require a bal-
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anced approach to weigh increased sensitivity against
decreased specificity, considering the implications of
the FIGO diagnostic criteria for FGR.
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