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Abstract

Objective: To compare the performance of ultrasonographic customized and population fetal
growth standards for prediction adverse perinatal outcomes.

Study design: This was a secondary analysis of the Nulliparous Pregnancy Outcomes Study:
Monitoring Mothers-to-Be, in which | data were collected at visits throughout pregnancy and
after delivery. Percentiles were assigned to estimated fetal weights (EFWs) measured at 22-29
weeks using the Hadlock population standard and a customized standard (www.gestation.net).
Areas under the curve (AUCs) were compared for prediction of composite and severe composite
perinatal morbidity using EFW percentile.

Results: Among 8,701 eligible study participants, the population standard diagnosed more
fetuses with FGR than the customized standard (5.5% vs 3.5%, p<0.001). Neither standard
performed better than chance to predict composite perinatal morbidity. Although the customized
performed better than the population standard to predict severe perinatal morbidity (AUC 0.56 vs
0.54, p=0.003), both were poor. Fetuses considered FGR by the population standard but normal by
the customized standard had morbidity rates similar to fetuses considered normally grown by both
standards.

The population standard diagnosed FGR among black women and Hispanic women at nearly
double the rate it did among white women (p<0.001 for both comparisons), even though morbidity
was not different across racial/ethnic groups. The customized standard diagnosed FGR at similar
rates across groups. Using the population standard, 77% of FGR cases were diagnosed among
female fetuses even though morbidity among females was lower (p<0.001). The customized model
diagnosed FGR at similar rates in male and female fetuses.

Conclusion: At 22-29 weeks gestation, EFW percentile alone poorly predicts perinatal
morbidity, whether using customized or population fetal growth standards. The population
standard diagnoses FGR at increased rates in sub-groups not at increased risk of morbidity and
at lower rates in sub-groups at increased risk of morbidity, whereas the customized standard does
not.

Keywords

customized fetal growth standard; fetal growth restriction; intrauterine growth curve; perinatal
morbidity

Introduction:

Fetal growth restriction (FGR) occurs when intrinsic or extrinsic pathology prevents a
fetus from meeting its inherent growth potential, with a resultant increased risk of adverse
perinatal outcomes.12 The observation that fetuses at the lowest end of the weight-for-
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gestational age spectrum experience the highest rates of morbidity has led FGR to be widely
defined as estimated fetal weight (EFW) <10t percentile based on the mean weights of
fetuses from the population at a given gestational age (“population standard”).3 This is
problematic, however, as comparing fetal size to the population mean does not take into
account that all fetuses do not have the same growth potential. One fetus of a given small
size may be normally grown with a low risk of morbidity, whereas another fetus of the

same size and gestational age may be suffering from FGR and a higher risk of morbidity.
Because escalated prenatal surveillance of growth-restricted fetuses has been shown to
reduce perinatal mortality, the inability to accurately identify FGR prenatally represents a
critical obstacle to reducing morbidity and mortality from FGR.*

Efforts have been made to identify factors which contribute to non-pathologic variation in
fetal growth and integrate them into a model to project individualized growth potential.®
Analyses to date have focused primarily on using customized standards to assess birth
weights rather than EFWSs during pregnancy, when there is still time to adjust prenatal

care and delivery planning to reduce perinatal mortality. Even so, results from studies of
customized birth weight assessments are mixed with regard to whether their use improves
stratification of morbidity risk over population based standards.8-14 Accordingly, U.S.
professional societies and clinicians have not adopted routine use of customization, which is
more complex than population-based approaches. Therefore, our objective was to compare
a leading population-based, ultrasound-derived fetal growth standard (Hadlock, 1991) with
a well-developed, customized standard (gestation-related optimal weight, GROW) for the
performance in identifying fetuses perinatal morbidity.15-16

Study design:

This was a secondary analysis of the Nulliparous Pregnancy Outcomes Study: Monitoring
Mothers-to-Be (nuMoM2b). In this study, 10,038 nulliparous women with a singleton
gestation had comprehensive demographic, clinical, and biomarker data prospectively
collected across pregnancy, with a goal of developing an observational data set that could be
used to predict adverse pregnancy outcomes. Women were recruited from hospitals affiliated
with any of the following eight academic centers: Case Western University, Columbia
University, Indiana University, University of Pittsburgh, Northwestern University, University
of California at Irvine, University of Pennsylvania, and University of Utah. Participation
included study visits during each of 3 separate epochs during pregnancy (6 weeks 0 days

— 13 weeks 6 days, 16 weeks 0 days — 21 weeks 6 days, and 22 weeks 0 days — 29

weeks 6 days). Outcomes were abstracted from the medical records after delivery. Prior to
study initiation, institutional review board approval was obtained at each site and the data
coordinating center and all participants gave written informed consent.1’

In this analysis, we included women who gave birth to non-anomalous singletons, and

who had well-dated pregnancies during which ultrasonographic fetal measurements were
taken at visit 3. In some cases, a visit 3 occurred after the target window. A crown-

rump length (CRL) measurement by a certified study sonographer was required for
participation, and gestational age was determined using a standardized protocol (previously
published) based on the degree of concordance between the LMP and the CRL (previously
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published).1” Nevertheless, women whose visit 3 ultrasound took place after 29 weeks

6 days were not excluded from our analysis on this basis alone since our hypothesis

was not related to a specific gestational period. We also excluded neonates with major
anomalies, delivery prior to 24 weeks’ gestation, stillbirths occurring prior to EFW
measurement, or when information required to calculate EFWs, EFW percentile, or to
assess the perinatal composite outcome was missing. Major anomalies were defined as any
malformation predisposing to adverse perinatal outcomes or neonatal surgical intervention
(e.g., cardiac anomaly, abdominal wall defect, suspected skeletal dysplasia, neural tube
defect, brain anomaly). Clinicians were not informed of ultrasound findings unless pre-
specified disclosure criteria were met, which included major fetal structural malformation,
hydrops, death, EFW <5t percentile (according to the growth standard in use at each local
site), oligohydramnios, fetal tachycardia or bradycardia, placenta previa, vasa previa, or
cervical length <15mm.17” Measurements from indication-driven ultrasounds performed as
part of clinical care were not collected for this study. Umbilical artery Doppler velocimetry
was not assessed during the study visit. Sonographers were certified to perform ultrasound
for the nuMoM2b study by a standardized process that included review of a webinar and
submission of images for review and approval, which has been previously described.1’
EFWSs were calculated using the Hadlock formula that incorporates all four biometric
parameters (biparietal diameter, head circumference, abdominal circumference, and femur
length).18

To account for potential differences in EFW formula use by site, we used measured

fetal biometric parameters from visit 3 to re-calculate EFWs before assigning percentiles
using both the Hadlock population standard® and the GROW customized standard, which
integrates parity, maternal race/ethnicity, maternal height and weight, and fetal sex.1> We
chose the Hadlock standard for comparison against the customized model as it has the

best performance of ultrasound-derived fetal growth standards for the U.S. population.14:19
In order to calculate a customized EFW percentile, self-identified primary racial/ethnic
categories from the nuMoM2b data set were designated as one of 4 categories for which
coefficients have been developed in the United States population: European, Hispanic,
black, and Native American. For women with missing racial/ethnic information or who
self-identified as another group, the global average was substituted. Because more specific
racial/ethnic information was collected and coefficients exist for several other racial and
ethnic groups, we also performed the analysis using the most specific designations possible.
For this analysis, we used more general designations (such as those published specifically
for the U.S. population)® only when a more specific designation could not be made or
when women self-identified using multiple categories. FGR was defined as EFW <10t
percentile.3

Our primary outcome was composite perinatal morbidity. Composite perinatal morbidity
was defined as delivery room resuscitation with bag mask ventilation, intubation,

chest compressions, or medications, NICU or intermediate care nursery admission,
meconium aspiration syndrome, stillbirth, or neonatal death prior to discharge. Secondary
outcomes included severe composite morbidity, which was defined as delivery room chest
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compression or medication use, sepsis, high-frequency ventilation, persistent pulmonary
hypertension of the newborn (PPHN), NEC, seizures, grade I11/1V intraventricular
hemorrhage (1\VH), periventricular leukomalacia (PVL), length of NICU stay > 30 days,
stillbirth, or death prior to discharge.1* The areas under the receiver-operator curve (AUCs)
were used to assess the performance of EFW percentiles according to each growth standard
to identify fetuses that would later experience the primary and secondary outcomes.

Comparison groups and subanalyses

Results:

We compared the proportion of neonates who experienced the primary and secondary
outcomes among three groups: fetuses with normal growth according to both standards,
fetuses with FGR according to the customized standard, and fetuses with FGR according
the Hadlock standard but considered normal by the customized standard. We defined the
groups this way because preliminary data suggested that the customized standard diagnosed
fewer cases of FGR than the population standard. In this case, the relevant clinical question
is whether pregnancies with FGR by the more “inclusive” standard but not by the more
restrictive standard experience morbidity at rates similar to or higher than the baseline.

The primary analysis was stratified by gestational age at the time of ultrasound (<26 weeks
or = 26 weeks’ gestation), and sub-analyses of women at elevated risk for growth restriction
(current tobacco use, age = 35, BMI = 30, chronic hypertension, pre-gestational diabetes)
and among those with an EFW-delivery interval <60 days were performed. We chose the
cutoff of 26 weeks because this represents a reasonable time after which serial fetal growth
surveillance might begin in routine clinical practice and because it represented the mid-point
of the study visit 3 epoch. Because research umbilical artery Doppler velocimetry values
were not performed in the study cohort, we performed a sub-analysis among fetuses with
EFW <5 and 5M-10t percentiles to better stratify morbidity risk among FGR cases. We
also described the proportions of composite and severe composite morbidity and FGR by
each standard according to fetal sex, maternal race/ethnicity and BMI. Rates of composite
and severe composite morbidity were compared between the three FGR groups according to
each standard, as described above.

AUCs were compared using the Delong method, chi-square and McNemar tests were used
to compare independent and correlated proportions, respectively, and ANOVA was used for
continuous variables. The p values for pairwise comparisons were adjusted for multiplicity
using the Hommel multiple comparison procedure.20:21 For AUC analyses, a cutoff of

0.8 was considered to represent good discriminatory value, and significance was set at a
two-sided p value of 0.05. Statistical analyses were generated using NCSS 12 Statistical
Software.22 IRB approval was obtained for each participating institution.

Of the 10,038 women in the nuMoM2b study, 8,701 were eligible for inclusion in this
analysis (Fig. 1). The majority of study ultrasounds (90%) took place at or beyond 26
weeks’ gestation, with 2.0% occurring between 30-34 weeks. The mean interval between
EFW and delivery was 89 + 42 days. Only 37 met fetal size criteria for disclosure of study
ultrasound findings to managing clinicians. According to the visit 3 ultrasound results, 6.0%
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of fetuses (n=519) had an EFW consistent with FGR by either the Hadlock or customized
standard. Nineteen percent of neonates (n=1,654) experienced composite morbidity, and
2.2% (n=191) had severe composite morbidity.

Comparison of ultrasound fetal growth standards

Analysis of baseline characteristics demonstrated that non-white racial/ethnic groups,
women with low or normal BMI, and female fetal sex were overrepresented among those
diagnosed with FGR using the Hadlock population standard only. In contrast, overweight
and obese women were overrepresented in those with FGR using the customized standard
(Table 1). More fetuses were diagnosed with FGR by the Hadlock standard compared
with the customized standard (Table 2). Fetuses with FGR by the customized standard

had a higher rate of composite and severe composite morbidity than fetuses designated

as normally grown by both standards (p<0.001), whereas fetuses diagnosed with FGR by
Hadlock only did not experience morbidity at a higher rate than fetuses considered normally
grown by both methods (Table 3). The degree of overlap and discordance between the two
standards is illustrated in Figure 2.

For the prediction of severe composite morbidity, the customized standard performed
marginally better than the Hadlock standard and was the only standard to perform better than
chance. Nevertheless, it remained a very poor classifier of fetuses destined to have severe
composite morbidity. For overall performance of morbidity prediction, neither the Hadlock
nor the customized standard performed better than chance to predict composite perinatal
morbidity. These results are summarized in Table 4. These findings were unchanged when
the analysis was limited to women with risk factors for FGR (tobacco use, age = 35, BMI
> 30, chronic hypertension, pre-gestational diabetes) stratified according to gestational age
at EFW, or when the most detailed racial/ethnic information was used in the customization
model (data not shown). However, prediction did improve among deliveries occurring <60
days after EFW (Table 4).

Outcomes of fetuses with EFW <5th or 5th-10th percentile

Fetuses with EFW <5 percentile by either the customized or Hadlock standards
experienced higher rates of composite and severe composite morbidity than those with EFW
>5t percentile according to both standards (Table 5). Fetuses with EFW at the 5t-10th
percentile by either standard experienced similar rates of composite morbidity compared to
fetuses with EFW >10t percentile by both methods. Fetuses with EFW 5M-10™ percentile
by the customized standard were more likely to experience severe composite morbidity than
fetuses with EFW >10t™ percentile by both methods. In contrast, fetuses with EFW 5t-10th
percentile by Hadlock that were considered normal by the GROW standard did not have
more severe composite morbidity than fetuses at baseline risk. These results are summarized
in Table 6.

Patterns of FGR diagnosis and perinatal morbidity in population sub-groups

In our sub-analysis of FGR and morbidity rates among sub-groups defined by BMI, race/
ethnicity, and fetal sex, both composite and severe composite morbidity increased with
increasing BMI class (p<0.001 for both comparisons). The rate of FGR using the customized
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standard followed a similar pattern, with the rates of FGR with increasing BMI class
(p=0.003). The Hadlock population standard did not follow this pattern and instead had the
highest FGR rate among low BMI women (p=0.08, Figure 3).

Among racial/ethnic groups, there was no difference in either composite or severe composite
morbidity across groups (p=0.4 for both comparisons). Using the customized standard,

rates of FGR were also similar across groups (p=0.4). Using the Hadlock population
standard, however, black, Hispanic, and “other” groups had significantly higher rates of FGR
compared to white women (p<0.001, Figure 4). The Hadlock standard diagnosed FGR at
more than twice the rate of the customized standard among non-white groups (7.0 vs 3.5%,
p<0.0001), though neither composite nor severe composite morbidity among non-white
groups was higher than among white women (p=0.2 for both comparisons).

Both composite and severe composite morbidity were significantly higher in pregnancies
with male compared with female fetal sex (p<0.03 for both comparisons). The rate of

FGR by the customized standard was similar for both fetal sexes (p=0.9), whereas the rate
of FGR by the Hadlock population standard among female fetuses was almost twice that
among male fetuses (p<0.001, Figure 5). Put another way, female fetuses accounted for
77% of FGR diagnoses by the population standard while comprising only 45% of composite
morbidity and 41% of severe composite morbidity cases. Using the customized standard,
they accounted for 49% of FGR diagnoses.

Summary of findings

We evaluated and compared the performance of the leading ultrasound-derived population
fetal growth standard in the United States with a well-developed customized fetal

growth standard for the prediction of perinatal morbidity.1518 When applied to fetal
ultrasonographic measurements taken at 22-29 weeks, neither method performed well

to predict composite morbidity in our cohort, though the customized method performed
slightly better than the Hadlock population-based method to predict severe morbidity. We
also found that the population standard diagnosed FGR at a rate nearly 60% higher than
the customized standard, but that the rate of morbidity among fetuses considered FGR by
the population standard but normal by the customized standard was similar to fetuses with
normal growth according to both standards.

In the sub-analysis of fetuses with EFW <5t or 5-10t™ percentile, EFW <5t percentile
by either standard had a strong association with both composite and severe composite
morbidity. In contrast, while an EFW at the 51-10t" percentile using Hadlock was not
associated with morbidity, severe morbidity occurred more often among those with EFW
at 51-10t percentile using the customized standard than in those with normal fetal growth.
Finally, rates of FGR by the customized standard followed a similar pattern as the rates

of morbidity among sub-groups of race/ethnicity, BMI class, and fetal sex, whereas the
population standard tended to diagnose FGR at the highest rates in the groups with lowest
morbidity and at the lowest rates in groups with higher morbidity.
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Comparison with existing data

While customized fetal growth standards have been tested in a variety of populations, the
majority of studies focused on customization of birth weight assessment only and did not
address the more relevant question of how these models correlate with risk stratification

in ongoing pregnancies.’-10:12.13.23-29 Three studies have addressed this in a more limited
fashion.30-32 The first tested the GROW customized standard for prediction of neonatal
anthropometric measurements consistent with malnutrition in 258 fetuses.32 They found
the customized model to be moderately useful, but did not compare the model with a
population standard and did not assess neonatal morbidity or mortality. The second applied
the GROW customized model to 109 pregnancies diagnosed with FGR by a population
standard.3C They found that if the customized model had been used on prenatal ultrasounds,
the rate of FGR would have been reduced by more than half without adversely affecting
the prediction of NICU admission, especially among non-white women. Our finding that
the population model diagnosed FGR among non-white groups at more than twice the rate
of FGR among white women is consistent with these. The third study, which assessed a
variety of population and customized fetal growth standards to predict adverse outcomes
in over 3,000 African-American women, found that all methods had similar performance
in prediction of adverse outcomes.3! Though the study found that the rate of FGR was
different using each standard, the authors did not assess the frequency of morbidity in
fetuses diagnosed with FGR by more inclusive standards but considered normal by more
stringent standards. Our analysis extends these findings with a large cohort, detailed analysis
of neonatal outcomes, and application to ultrasounds performed at a standardized time
earlier in pregnancy.

Previous comparisons of customized and population standards, applied to birth weights,
have compared outcomes among newborns designated as small by one standard and normal
by the other (“SGA by population standard only” or “SGA by customized standard only™).
In contrast, we compared outcomes of fetuses with FGR by whichever standard was more
restrictive (identified as the customized standard by our analysis) with those of fetuses the
more restrictive standard labeled as normal but the more generous (population) standard
diagnosed with FGR. We arranged the comparisons this way to address the practical
question facing clinicians of whether additional FGR cases diagnosed by a more inclusive
standard over the more restrictive standard are at elevated or baseline risk of morbidity. In
other words, can the standard with a lower FGR rate and therefore a lower surveillance and
follow-up burden be safely adopted without adversely affecting identification of fetuses at
risk of morbidity? In our analysis, cases of FGR diagnosed by the population standard that
would not have been diagnosed by the customized standard did not experience higher rates
of morbidity.

Strengths and Weaknesses

Our study had multiple strengths. It made use of a large, prospectively-collected data set.
The blinding of clinicians to data from study ultrasounds and standardized data collection
methods all served to minimize bias. Detailed collection of self-described maternal racial
and ethnic data enhanced our ability to identify the optimal customization approach.

Am J Perinatol. Author manuscript; available in PMC 2022 August 01.
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Also, recalculation of EFWs and EFW population percentiles from individual biometric
parameters standardized EFW percentile assignment from data across study sites.

Our study also had limitations. Because only one EFW was measured for each study
participant between 22-29 weeks with a long mean interval until delivery, our findings can
only be applied to ultrasound measurements from this time period and do not allow for
assessment of performance of serial EFWs, EFWs in the late third trimester, or EFWs
performed close to delivery. Additionally, the inability to stratify using fetal Doppler
examinations means that our stratification of morbidity risk was based only on fetal size.
This may underestimate the performance of ultrasound to identify at-risk fetuses and does
not reflect contemporary practice in the U.S.. The disclosure of fetuses with EFW <5t
percentile (by the standards in local use at that time) mean we cannot rule out bias

from altered clinical management. The four racial/ethnic designations used by the GROW
customized model to generate coefficients for the U.S. population are inherently limited as
they do not allow for overlap between race and ethnicity and lack data for large portions of
the U.S. population, such as Asians. Despite this, using the most specific country-of-origin
designations did not improve performance of the customized model. One of the parameters
accounted for in the GROW model is parity, and because our cohort was exclusively
nulliparous, the full effect of customization may not have been realized. Finally, our analysis
of a U.S. study population and a U.S. population-derived fetal growth standard, limits
generalizability to non-United States populations.

Clinical implications and future directions

Though neither standard had good performance to predict morbidity, it is telling that the
population standard diagnosed FGR at a significantly higher rate among sub-groups that
did not experience higher rates of morbidity. In fact, in groupings by BMI and fetal sex,
the Hadlock standard made the highest rate of FGR diagnoses among the groups at lowest
risk of morbidity. In contrast, the rates of FGR using the customized standard were similar
across fetal sex and racial/ethnic groups and followed the pattern of morbidity in BMI
groups, which increased with increasing BMI class. In an era when health disparities

are increasingly a focus of research and quality improvement efforts, our study results
show that the population-based fetal growth standard in current use diagnoses FGR at a
disproportionately high rate among female fetuses and racial/ethnic minorities.

There has been recent controversy about whether additional study into fetal growth
standards is worthwhile.33:34 Inherent limitations of ultrasound and the many causes for
morbidity limit the utility of isolated fetal size assessment for accurate risk stratification.
Indeed, when fetal size is used in isolation, as in our analysis, the prediction of morbidity
and mortality is poor. These findings must be taken in context, however, since several
characteristics of the nuMoM2b data set may underestimate the performance of ultrasound
fetal growth assessment. The lack of umbilical artery Doppler assessments and the early
gestational period when EFWSs were measured likely precluded identification of most late-
onset FGR. Nonetheless, our data do not support the routine use of ultrasound for fetal
growth surveillance at 22-29 weeks.

Am J Perinatol. Author manuscript; available in PMC 2022 August 01.
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A variety of published norms and conceptual frameworks are available for clinicians

to choose from, and they do not perform equally well. 1419 If fetal size is to be one
component of a multi-modal risk prediction model, identifying the best available ultrasound
standard for use in such a model is worthwhile. Finally, because adopting an alternative
fetal growth standard is usually an approachable adjustment to office workflow that can
have an immediate impact on clinical care, identifying the optimal standard for a given
population represents an attractive target for improving care. While our data suggest that
customized standards may be superior to the population standard, the improvement in
morbidity prediction is marginal. Therefore, customized standards need to be assessed in
the context of sonograms performed later in pregnancy and in concert with Doppler studies.
Only if they demonstrate superior performance in these additional contexts would their use
justify the additional effort required for their implementation.

In summary, we found that when used at 22-29 weeks, both the customized and

population fetal growth standards performed poorly to identify fetuses at risk of perinatal
morbidity. When comparing the two methods, the customized standard had marginally better
performance than the population standard to stratify severe perinatal morbidity risk, while
diagnosing fewer fetuses with FGR and better reflecting morbidity patterns in population
sub-groups. While these findings need to be tested prospectively and replicated using
ultrasounds performed later in the 3'd trimester, they suggest that application of customized
models have potential to improve the value of care by diminishing false positive results and
redirecting FGR diagnoses to population groups at higher risk of morbidity.
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Exclusions: n=1,337 (overlapping)
* n=146: deliveries < 24 weeks GA
* n=1,213: missing or implausible information

* n=88: major anomalies

Y

n= 8701

Included in ultrasound analysis

I
{

v

v

EFW >10™ percentile by
all standards
n= 8182

FGR by GROW
Customized standard
n= 306

FGR by Hadlock
standard only
n=213

Figure 1: Study inclusion flow diagram

GA, gestational age.
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FGR by GROW FGR by GROW
n=306 n=306
Normal growth Normal growth
n=8182 n=8182
Composite
morbidity Severe
n=1521 *—— morbidity
n=163
FGR by Hadlock | FGR by Hadlock
n=481 n=481
A. B.

Figure 2: Overlap and discor dance between population and customized ultrasound growth
standards and perinatal mor bidity.

Panel A: Growth status and overlap with composite morbidity; Panel B: growth status and
overlap with severe morbidity. The circles and areas of overlap are proportional to their
respective groups’ sizes and degrees to which they overlap, except where FGR and normal
growth groups overlap, which is an artifact required to maintain each groups’ circular shape.
Fetuses in the “normal growth” category are those with estimated fetal weights > 10t
percentile by both population and customized standards.

FGR, fetal growth restriction; GROW, gestation-related optimal weight.
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Relative risk of morbidity and FGR
diagnosis by BMI category

2
1.5
1
. B - -
Composite morbidity Severe composite FGR by Hadlock FGR by GROW
(p<0.001) (p<0.001) (p=0.08) (p=0.003)

m<185 18.5-24.9 m25-299 m230
n=182 n=4324 n=2165 n=1888
(reference)

Figure 3. Relativerisk of composite morbidity and FGR by BMI category.
This figure demonstrates how the relative risk increases with increasing BMI category for

all variables except for FGR by Hadlock. P values are for the distribution of proportions
across groups (chi-square). Relative risks by ascending BMI category are as follows: for
composite morbidity: 0.63, 1 (reference), 1.2, 1.4; for severe composite morbidity: 0.33, 1
(reference), 1.1, 1.9; for FGR by Hadlock: 1.5, 1 (reference), 0.8, 1.0; FGR by GROW: 0.35,
1 (reference); 1.1, 1.5.

BMI, body mass index; FGR, fetal growth restriction; GROW, gestation-related optimal
weight.
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Relative risk of composite morbidity and FGR by

race/ethnicity
Composite morbidity Severe morbidity FGR by Hadlock FGR by GROW
(p=0.4) (p=0.9) (p<0.001) (p=0.5)
m Other/missing White m Hispanic mBlack
n=719 n=5488 n=1337 n=1149
(reference)

Figure 4. Relativerisk of composite morbidity and FGR diagnosis by race/ethnicity
This figure demonstrates how the relative risks are similar among race/ethnicity categories

for all variables except for FGR by Hadlock. P values are for the distribution of proportions
across groups (chi-square). The “other/missing” group is chosen as the reference group
because it has the lowest rate of composite morbidity. Relative risks for “other/missin”,
White, Hispanic, and Black groups, respectively, are as follows: for composite morbidity:
1,1.0, 1.1, 1.1; for severe composite morbidity: 1, 1.0, 1.1, 1.1; for FGR by Hadlock: 1,
0.7,1.2,1.3; FGR by GROW: 1, 0.9, 1.0, 0.7. For FGR by Hadlock, p<0.03 for all pairwise
comparisons of Hispanic, Black, and other/missing vs White.

FGR, fetal growth restriction; GROW, gestation-related optimal weight.

The number of Native Americans was too small (n=8) for sub-analysis and so are not
included in this table.
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Relative risk of morbidity and FGR
diagnhosis by neonatal sex

Composite morbidity  Severe morbidity FGR by Hadlock FGR by GROW
(p<0.001) (p=0.03) (p<0.001) (p=0.9)
M Female Male
n=4248 n=4453
(reference)

Figure5. Relativerisk of composite morbidity and FGR diagnosis by neonatal sex
This figure demonstrates how the relative risks of morbidity are higher for male than female

fetuses, lower for FGR by Hadlock, and similar for FGR by GROW. P values are for the
distribution of proportions between groups (chi-square). The female group is chosen as the
reference group because it has the lowest rate of composite morbidity. Relative risks for
female and male groups, respectively, are as follows: 1, 1.2; for severe composite morbidity:
1, 1.4; for FGR by Hadlock: 1, 0.5; FGR by GROW: 1, 1.0.

FGR, fetal growth restriction; GROW, gestation-related optimal weight.
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Table 1:
Study population characteristics by growth status
FGR by
Ol Sy RN ey
N=8701 n=8182 n=306 n=213 p
Maternal age (years) 27.05 5.6 27.1+5.6 26.2 +5.2 24.7+5.8 <0.001
BMI
<185 182 (2.1) 166 (2.1) 2(0.8) 14 (6.7)
18.5-24.9 4324(50.0) 4067 (50.5)  133(435)  124(59.1)  <0.001
25-29.9 2165 (24.9) 2050 (25.5) 76 (24.8) 39 (18.6)
>=30.0 1888 (21.7) 1765 (21.9) 90 (29.4) 33(15.7)
Race/Ethnicity
Non-Hispanic white 5488 (63.1) 5211 (63.7) 193 (63.1) 84 (39.4)
Hispanic 1337 (15.4)  1235(15.1) 53 (17.3) 49 (23.0) 000
Non-Hispanic Black 1149 (13.2) 1055 (12.9) 32 (10.5) 62 (29.1)
Native American 8(0.1) 8(0.1) 0 (0) 0 (0)
Other/missing 719 (8.3) 673 (8.2) 28 (9.2) 18 (8.5)
Insurance providerc
Public 2323(26.9) 2135 (26.3) 97 (32.1) 91 (43.1)
Military 59 (0.7) 56 (0.7) 2(0.7) 1(0.5) <0.001
Commercial 6041 (70.0)  5736(70.6) 197 (65.2) 108 (51.2)
Uninsured 1547 (17.9) 1484 (18.3) 39 (12.9) 24 (11.4)
Other 117 (1.4) 104 (1.3) 6 (2.0) 7(3.3)
Povertyd
<100% FPL 1072 (15.0) 977 (14.5) 56 (23.0) 39258 01
100-200% FPL 1005 (14.1) 942 (13.9) 35 (14.4) 28 (18.5)
>200% FPL 5071(70.9)  4835(71.6) 152 (62.6) 84 (55.6)
Diabetes
Pre-gestational DM 125 (1.4) 114 (1.4) 6 (1.9) 5(2.4) 0.5
Gestational DM 191 (2.2) 180 (2.2) 5(1.9) 6 (2.8)
Chronic hypertension 211 (2.4) 192 (2.3) 9(2.9) 10 (4.7) 0.04
Tobacco use 361 (4.1) 357 (4.4) 25 (8.2) 16 (7.5) 0.001
Alcohol use® 965 (11.1) 463 (5.7) 18 (5.9) 8(3.8) 0.5
Female fetal sex 4248 (48.8)  3932(48.1)  151(49.3)  165(77.4)  <0.001

EFW, estimated fetal weight; FGR, fetal growth restriction; GROW, gestation-related optimal weight; BMI, body mass index; FPL, federal poverty
level; DM, diabetes mellitus. Data are expressed as either n(%) or mean + standard deviation.

aNumber of fetuses in FGR by Hadlock only group in this table reflects the number of fetuses diagnosed with FGR by the Hadlock standard but
that were considered normal by the customized standard. It differs from the corresponding column in Table 2, which is a total count of fetuses

diagnosed with FGR using the Hadlock standard.

b . . . .
P values are for comparisons of values between growth status groups and do not include the “overall cohort” column in the comparison, as
indicated by box groupings.
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clnsurance information available for n=8641.
dHousehoId income information available for n=7148.

e . . . . .
No women reported using opioid replacement, amphetamine, or cocaine, and only 2 reported heroin use.
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Table 2:

Rates of fetal growth restriction according to fetal growth standard

GROW customized Hadlock population

N=8701 standard standard p

FGR (EFW < 10t percentile), n (%) 306 (3.5) 481 (5.5) <0.001
EFW < 5% percentile 121 (1.4) 183 (2.1) <0.001
EFW 5-10t" percentile 185 (2.1) 298 (3.4) <0.001

GROW, gestation-related optimal weight; FGR, fetal growth restriction; EFW, estimated fetal weight.
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Table 3:

pEech\fevnt>iI]£kl;y FGR by GROW FGR by Hadlogk
all standards customized standard standard only
N=8182% n=306 n=213
n(%) n(%) RR (95% CI)¢ n%)  RR(95%CI)°
Composite morbidity 1521 (18.6) 86 (28.1) 15(1.3-1.8) 47 (22.1) 1.2 (0.9-1.5)
Severe morbidity 163 (1.99) 25(8.2) 4.1(2.7-6.1) 3(1.4) 0.7 (0.2-2.1)
GA at delivery 39.3+1.7 38.8+2.8 p =0.002 39.2+1.8 p=04
Preterm birth (all) 582 (7.1) 52 (17.0) 2.4 (1.8-3.1) 20(94)  1.3(0.9-2.0)
Preterm birth (indicated) 348 (4.3) 20 (6.5) 1.5(1.0-2.4) 6(2.8) 0.7 (0.3-1.4)
BW (g) 32314508 2800 +701 p<0.001° 2824+483 < .001°
Delivery room resusc.
Bag mask ventilation 364 (4.5) 22(7.2) 1.6 (1.1-2.4) 12 (5.6) 1.3(0.7-2.2)
Intubation 143 (1.7) 7(2.3) 1.3 (0.6-2.7) 3(1.4) 0.8 (0.3-2.4)
Chest compressions 19 (0.2) 7(2.3) 9.9 (4.3-22.6) 0 -
Medications 4 (0.05) 7(2.3)  46.8(14.7-148.7) 0 -
NICU admission 1076 (13.2) 74 (24.2) 1.8 (1.5-2.3) 37(17.4)  1.3(1.0-1.8)
Level 1l nursery? 228 (2.8) 8(2.6) 0.9 (0.5-1.8) 6(2.8) 1.0 (0.5-2.2)
Meconium aspiration syndrome 48 (0.6) 1(0.3) 0.6 (0.1-3.2) 0 -
Sepsis 22(0.3) 2(0.7) 2.4 (0.6-9.2) 0 -
High-frequency ventilation 23(0.3) 3(1.0) 3.5(1.1-10.8) 0 -
PPHN 11 (0.1) 1(0.3) 2.4 (0.4-14.5) 0 -
NEC 6 (0.07) 1(0.3) 45 (0.7-28.0) 0 -
Seizures 18 (0.2) 1(0.3) 1.5(0.3-8.7) 0 -
IVH grade HI/IV 3(0.04) 1(0.3) 8.9 (1.3-61.9) 0 -
PVL 4 (0.05) 1(0.3) 6.7 (1.0-44.2) 0 -
NICU stay >30d 61 (0.7) 17 (5.6) 7.5 (4.4-12.5) 3(1.4) 1.9 (0.6-5.6)
Stillbirth 2(0.02) 1(0.3) 13.4 (1.8-101.6) 0 -
Death 4 (0.05) 1(0.3) 6.7 (1.0-44.2) 0 -

Page 21

Perinatal morbidity and mortality rates according to fetal growth status by customized or population standards.

EFW, estimated fetal weight; FGR, fetal growth restriction; GROW, gestation-related optimal weight; RR, relative risk; GA, gestational age; BW,
birth weight; NICU, neonatal intensive care unit; PPHN, persistent pulmonary hypertension of the newborn; NEC, necrotizing enterocolitis; IVH,
intraventricular hemorrhage; PVL, periventricular leukomalacia.

Measures of statistical significance are reported as relative risks for categorical variables and p values for continuous variables.

a
Referent group

bNumber of fetuses in FGR by Hadlock only group differs from that in Table 2 to reflect the number of fetuses diagnosed with FGR by the

Hadlock standard but that were considered normal by the customized standard.

cCompared to the referent group

dhighest level of care
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Table 4:

Overall performance of population vs customized fetal growth standards to predict perinatal morbidity

GROW customized Hadlock population

standard standard 95% CI for the
Entire cohort, N=8701 AUC AUC difference p
Composite morbidity 0.507 0.507 -0.005, 0.007 0.6
Severe morbidity 0567 0.54° 001,003  0.003
Deliveries occurring < 60 days from EFW, n=661
Composite morbidity 0.5917 0.58[7 -0.01, 0.03 0.2
Severe morbidity 0657 0627 001,005  0.002

GROW, gestation-related optimal weight; AUC, area under the curve; CI, confidence interval.
ap is non=significant when compared against the null of AUC = 0.5
b .

p<0.01 when compared against the null of AUC = 0.5

Cp=0.09 when compared against the null of AUC = 0.5
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Table 5.

Morbidity according to FGR <5t percentile by fetal growth standard

th
EFW >5h by both  EFW <5t by GROW EFW <57 by a
n=8500 n=121 Hadlock only, n=80 P
Composite morbidity 1588 (18.7) 40 (33.1)? 26 (32.5)7 <0.001
Severe morbidity 172 (2.0) 13 (10.7)? 6(75)” <0.001°

FGR, fetal growth restriction; EFW, estimated fetal weight; GROW, gestation-related optimal weight.

P >0.05 for pairwise comparisons except where otherwise specified.

aThis includes 59 fetuses that are otherwise excluded from “EFW >10th by Hadlock only” groups because their EFWs are <10th by GROW. They
are included here, however, because the reference group in this stratus is “EFW >5th percentile by both”.

bp <0.01 when compared to EFW >5th percentile by both standards

C_.
Fisher-Freeman-Halton exact test
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Table 6.

Morbidity according to FGR between the 5-10t" percentiles by fetal growth standard

EFW 5-10" by  EFW 5-10 by

EFW >10'" by GROW Hadlock only,

both, n=8182 n=185 n=192 P
Composite morbidity 1521 (18.6) 46 (24.9) 39 (20.3) 0.08
Severe morbidity 163 (2.0) 12 (6.4)% 2(1.0) 0.0012

FGR, fetal growth restriction; EFW, estimated fetal weight; GROW, gestation-related optimal weight.

P >0.05 for pairwise comparisons except where otherwise specified.
a_.
Fisher-Freeman-Halton exact test

bp <0.001 when compared to EFW >10th percentile by both standards
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