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Abstract

Background—The assessment of fetal growth disorders requires a standard. Current nomograms 

for the assessment of fetal growth in African American women have been derived either from 

neonatal (rather than fetal) biometry data or have not been customized for maternal ethnicity, 

weight, height, parity, and fetal sex.

Objective—We sought to 1) develop a new customized fetal growth standard for African 

American mothers; and 2) compare such a standard to three existing standards for the 

classification of fetuses as small (SGA) or large (LGA) for gestational age.

Study Design—A retrospective cohort study included 4,183 women (4,001 African American 

and 182 Caucasian) from the Detroit metropolitan area who underwent ultrasound examinations 

between 14 and 40 weeks of gestation (the median number of scans per pregnancy was 5, 
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interquartile range 3-7) and for whom relevant covariate data were available. Longitudinal quantile 

regression was used to build models defining the “normal” estimated fetal weight (EFW) centiles 

for gestational age in African American women, adjusted for maternal height, weight, parity, and 

fetal sex, and excluding pathologic factors with a significant effect on fetal weight. The resulting 

Perinatology Research Branch/Eunice Kennedy Shriver National Institute of Child Health and 

Human Development (hereinafter, PRB/NICHD) growth standard was compared to 3 other 

existing standards—the customized gestation-related optimal weight (GROW) standard; the 

Eunice Kennedy Shriver National Institute of Child Health and Human Development (hereinafter, 

NICHD) African American standard; and the multinational World Health Organization (WHO) 

standard—utilized to screen fetuses for SGA (<10th centile) or LGA (>90th centile) based on the 

last available ultrasound examination for each pregnancy.

Results—1) First, the mean birthweight at 40 weeks was 133g higher for neonates born to 

Caucasian than to African American mothers and 150g higher for male than female neonates; 

maternal weight, height, and parity had a positive effect on birthweight.Second, analysis of 

longitudinal EFW revealed the following features of fetal growth: (1) all weight centiles were 

about 2% higher for male than for female fetuses; (2) maternal height had a positive effect on 

EFW, with larger fetuses being affected more (2% increase in the 95th centile of weight for each 

10-cm increase in height); and (3) maternal weight and parity had a positive effect on EFW that 

increased with gestation and varied among the weight centiles. Third, the screen-positive rate for 

SGA was 7.2% for the NICHD African American standard, 12.3% for the GROW standard, 13% 

for the WHO standard customized by fetal sex, and 14.4% for the PRB/NICHD customized 

standard. For all standards, the screen-positive rate for SGA was at least two-fold higher among 

fetuses delivered preterm than at term.Fourth, the screen-positive rate for LGA was 8.7% for the 

GROW standard, 9.2% for the PRB/NICHD customized standard, 10.8% for the WHO standard 

customized by fetal sex, and 12.3% for the NICHD African American standard. Finally, the 

highest overall agreement among standards was between the GROW and PRB/NICHD customized 

standards (Cohen’s inter-rater agreement, kappa=0.85).

Conclusions—We developed a novel customized PRB/NICHD fetal growth standard from fetal 

data in an African American population without assuming proportionality of the effects of 

covariates and also without assuming that these effects are equal on all centiles of weight; we also 

provide an easy-to-use centile calculator. This standard classified more fetuses as being at risk for 

SGA compared to existing standards, especially among fetuses delivered preterm, but classified 

about the same number of LGA fetuses. The comparison among the four growth standards also 

revealed that the most important factor determining agreement among standards is whether they 

account for the same factors known to affect fetal growth.
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Introduction

Growth is a time-dependent change of bodily dimensions1. The human fetus grows at a 

particularly rapid rate2, 3, and this is important because a principle of developmental biology 

is that organisms are more susceptible to injury during periods of fast growth4. Birthweight 

has been used extensively as a parameter to characterize the appropriateness of fetal growth5 

and, to date, remains the most frequently used index to assess size as a proxy to growth. 

Therefore, in clinical practice, many obstetricians rely on the assessment of sonographic 

estimation of fetal weight to evaluate fetal size and growth6-12. Although the terms “fetal 

size” and “fetal growth” are not synonymous, there is a relationship between the two, and 

this is why “fetal size charts” have been referred to as “fetal growth charts.”

Fetal weight is estimated from ultrasound measurements of fetal biometric parameters [e.g. 

biparietal diameter (BPD), abdominal circumference (AC), femur length (FL), and head 

circumference (HC)] using one of many mathematical formulas13-16. One widely used 

equation for estimated fetal weight (EFW) is that proposed by Hadlock et al14, which 

includes HC, AC, and FL. Assessment of the appropriateness of fetal size is performed by 

comparing the observed estimated fetal weight (EFW) to a standard. Yet, which standard 

should be used is a subject of debate.

One issue is whether the same standard, referred to as “population-based,” should be used 

for all fetuses16, or whether the standard should be customized for physiologic and 

constitutional factors known to affect neonatal size at birth17-19 as well as EFW20, 21.

One of the most widely used population-based growth charts was proposed by Hadlock et al.
22 based on data collected from 392 Caucasian women in the United States. The same 

investigators suggested using the 10th and 90th centiles of the EFW to evaluate fetal size and 

growth—adopting the concepts of Battaglia and Lubchenco,5 who classified neonates with a 

birthweight below the 10th centile as small for gestational age (SGA) and those above the 

90th centile as large for gestational age (LGA). However, fetuses with an EFW below the 

10th or above the 90th centile are a heterogeneous group: some SGA fetuses have growth 

deceleration, and others are constitutionally small. Growth-restricted fetuses are those who 

have deviated from their growth potential, unlike those who are constitutionally small. 

Similar concepts apply to LGA fetuses, which could experience either fetal growth 

acceleration or be constitutionally large23.

To address the need for distinguishing between constitutionally small or large fetuses and 

those affected by growth disorders, Gardosi et al17, 18 proposed to customize the chart of 

Hadlock et al22 by shifting the normal EFW centiles proportionally up or down so that the 

mean weight at 40 weeks matches “term optimal weight.” Term optimal weight is 

personalized for each fetus based on maternal ethnicity, height, weight, parity, and fetal sex, 

and excludes pathological factors known to affect birthweight, such as smoking. This 

approach, referred to as “gestation-related optimal weight” (GROW), derives customization 

coefficients for non-pathologic maternal characteristics and fetal sex by analyzing 

birthweight data in local populations19, 24, 25.
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Other approaches to the customization of growth charts include the Individualized Growth 

Assessment26-28 that assumes all relevant factors that determine the growth potential of a 

fetus are captured in the rate of growth during the second trimester. The importance of 

considering longitudinal measurements to derive fetus-specific growth velocity was also 

highlighted by Sovio et al.,29 who found that the SGA fetuses identified based on the chart 

of Hadlock et al.22 were at risk for neonatal morbidity only if their fetal AC growth velocity 

was in the lowest decile29, 30.

Although several studies suggest that estimates for the association between adverse neonatal 

outcomes and abnormal birthweight are higher for customized than non-customized 

(population-based) standards31-37, recent initiatives undertaken to develop growth standards 

proposed either population-based or only partially customized standards. For example, the 

INTERGROWTH-21st study16, 38-40 proposed a one-size-fits-all standard derived from a 

multi-ethnic population. By contrast, the Eunice Kennedy Shriver National Institute of Child 

Health and Human Development (NICHD) fetal growth studies21 reported standards specific 

to four different ethnic-racial groups (non-Hispanic White, Hispanic, African American, and 

Asian)21, yet customization by factors other than race was not provided. Recently, a study 

sponsored by the World Health Organization (WHO)20, 41 proposed a multi-ethnic growth 

standard customized only by fetal sex, despite the observation that other factors (e.g. country 

of origin, maternal age, height, and parity) had independent effects on EFW. Of interest, by 

using quantile regression to model EFW data (an approach that does not rely on assuming 

normal distribution of the data), the investigators reported that the effects of several factors 

(e.g. maternal height and weight, fetal sex) were graded among the centiles of weight 

distribution. For example, maternal weight had a higher effect on larger fetuses than on 

smaller fetuses20.

The most widely adopted customization approach is that of Gardosi et al18, which is based 

on birthweight data and assumes that the effects of covariates are proportional during 

gestation (e.g. fetuses of parous mothers will have a higher EFW than those of nulliparous 

mothers by the same proportion at all gestational ages). However, the assumption of 

proportionality has not been tested thus far using longitudinal fetal data. Our study is based 

on a cohort of pregnant women who attended our Center in Detroit, Michigan, where the 

predominant ethnic group is African American based on self-reporting. The objectives of 

this study were to 1) develop a new customized fetal growth standard for African American 

women; and 2) compare the standard derived from our population to three existing standards 

for the classification of fetuses as SGA and LGA.

Materials and methods

Study population

This retrospective longitudinal cohort study was conducted at the Center for Advanced 

Obstetrical Care and Research of the Perinatology Research Branch, NICHD, National 

Institutes of Health, U.S. Department of Health and Human Services (NICHD/NIH/DHHS). 

The Center is housed at Hutzel Women’s Hospital in partnership with the Wayne State 

University (WSU) School of Medicine in Detroit, Michigan, USA. All patients included in 

this study provided written informed consent for ultrasound examinations and were enrolled 
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in research protocols approved by the Human Investigation Committee of WSU and the 

Institutional Review Board of NICHD.

From 2002 through 2016, 4,681 pregnant women were enrolled and had ultrasound 

examinations performed by a maternal-fetal specialist or a senior sonographer with more 

than three years of experience who performs a minimum of 300 ultrasound scans per year. 

More than 95% of women were actually enrolled from 2006 through 2015, at an average 

enrollment of 445 per year, which represents about 25% of the yearly enrollment at our 

clinic. Women self-reported as African American, 4,239 (90.6%); Caucasian, 197 (4.2%); 

Hispanic, 31 (0.7%); Asian, 31 (0.7%); and 183 (3.9%) either as “Other” or as “Unknown” 

race or ethnicity. African American and Caucasian women were included in this study, 

regardless of pregnancy outcome, if they met the following criteria: 1) age 18-40 years; 2) 

had at least one ultrasound examination performed between 14-40 weeks of gestation with 

available measurements of the AC, HC, FL, BPD, and gestational age at each examination. 

Of the 4,143 African American and 188 Caucasian women who met these inclusion criteria, 

four were excluded because of outlier fetal biometric measurements, and 144 (3.3%) were 

excluded because of missing data on maternal weight, height, parity, or fetal sex, resulting in 

4,001 African American and 182 Caucasian women (Figure S1).

Ultrasound examinations

Ultrasound studies were performed using the General Electric Voluson Expert and Voluson 

E8 (GE Healthcare, Milwaukee, WI, USA) ultrasound systems and 5- to 2-MHz probes. 

Biometric measurements were obtained using methods previously described by Chitty et 

al42-44 and Altman and Chitty45, which are consistent with recommendations of the 

International Society of Ultrasound in Obstetrics and Gynecology (ISUOG)46 and the 

American Institute of Ultrasound in Medicine (AIUM)47. Fetal biometric parameters 

included: 1) BPD (outer edge to inner edge of the calvarium); 2) HC (ellipse around the 

outside of the calvarium); 3) AC (ellipse placed at the outer surface of the skin); and 4) FL 

(calipers placed at the ends of the ossified diaphysis). Estimated fetal weight was computed 

from the AC, HC, and FL measurements using the formula of Hadlock et al.14 to enable 

direct comparison to previous standards. The indices of proportionality (HC/AC, FL/AC, 

and BPD/FL) were also determined. The median number of ultrasound examinations per 

pregnancy was 5 [interquartile range (IQR) 4-7]. Gestational age was determined based on 

the last menstrual period and validated during the first ultrasound examination either by 

crown-rump length or BPD measurement.

Statistical analysis

Effect of covariates on birthweight—We used multi-linear regression with backward 

elimination as described by Gardosi and Francis19, to assess the effect of covariates on 

birthweight at 40 weeks of gestation (280 days). The birthweight of neonates born ≥37 

gestational weeks was regressed on self-reported ethnicity, height and weight, parity, fetal 

sex, and gestational age at delivery as well as the following pathological factors: extremely 

low or high body mass index (BMI) (defined as <20.5 kg/m2 and >40.5 kg/m2, respectively), 

smoking status, gestational diabetes mellitus, hypertension, preeclampsia, and fetal 

anomalies. A p-value <0.05 was considered significant.
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Development of a customized (PRB/NICHD) fetal growth standard for African 
American women—We used penalized fixed-effects quantile regression models48, 49 to fit 

individual centiles (5th, 10th, 50th, 90th, and 95th) of the distributions of fetal biometric 

parameters, indices of proportionality, and EFW as a function of gestational age. We relied 

on Bayesian information criteria recommended by Lee et al.50 to determine the “shrinkage 

parameter” of the fetus-specific fixed effects. The resulting population-level centiles (i.e. 

non-customized and representing the entire study population) were superimposed on the raw 

data for visualization purposes and compared to other non-customized standards, such as the 

NICHD African American standard21 and the WHO standard non-customized by fetal sex.

To determine the effect of covariates on fetal weight centiles, additional covariates were 

considered for inclusion in the quantile regression models and retained if significant: 

maternal height, weight, and parity; fetal sex; extremely low or high BMI; smoking status; 

diabetes; hypertension; preeclampsia; preterm delivery; fetal anomalies; and, importantly, 

interaction terms between these covariates and gestational age. The 5th, 10th, 50th, 90th, and 

95th centiles of EFW were derived from a model that had the same terms but eventually 

different coefficients for each centile curve. The EFW data was first log transformed; 

therefore, each covariate without a significant interaction with gestational age had a constant 

proportional effect on a given EFW centile throughout gestation. The effects of covariates 

were reported as a percentage of change in estimated weight.

Although fitting of the quantile regression models involved EFW data from all pregnancies 

regardless of outcome, the prediction of customized “normal” centiles from the quantile 

regression models was based only on the contribution of non-pathologic factors that affect 

growth. This is in keeping with the concept proposed by Gardosi et al.18

All statistical analyses were conducted using the R statistical language and environment 

(www.r-project.org), including the rqpd package for longitudinal quantile regression, 

available from R-Forge (https://r-forge.r-project.org). Centiles for the customized GROW 

standard were obtained using the bulk centile calculator version 6.7.8_US from the authors’ 

website (https://www.gestation.net/).

Results

Maternal characteristics

For the group of 4,001 African American women, the median maternal age, height, and 

weight were 23 (IQR 20-27) years, 163 (IQR 157-168) cm, and 73 (IQR 61-91) kg, 

respectively. There were 632 women (15.8%) who delivered preterm (<37 weeks of 

gestation), and 1,457 (36%) were nulliparous.

For the group of 182 Caucasian women, the median maternal age, height, and weight were 

26 (IQR 22-30) years, 163 (IQR 157-168) cm, and 68 (IQR 59-84) kg, respectively. There 

were 29 women (15.9%) who delivered preterm, and 67 (37%) were nulliparous.

Tarca et al. Page 6

Am J Obstet Gynecol. Author manuscript; available in PMC 2018 February 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://r-forge.r-project.org
https://www.gestation.net/


Factors affecting birthweight of neonates delivered at term

Neonatal data were analyzed from 3,368 African American and 152 Caucasian women who 

delivered at term and had available birthweight data. Table 1 shows the results of multi-

linear regression of birthweight on gestational age at delivery, maternal weight, height, and 

parity, and fetal sex as well as pathologic risk factors: extremely low or high BMI, smoking, 

and diabetes. All of these variables explained 28% of the variance in birthweight at term 

(R2=0.28).

The mean birthweight at 40 weeks (280 days) was 3,223g for a female fetus born to a 

nulliparous African American mother, having a height of 163 cm, weighing 64 kg at the first 

visit, non-smoking, and without diabetes (Table 1). Such a combination of maternal weight 

and height for the reference pregnancy was used to enable direct comparisons to previously 

reported effects on birthweight in a different U.S. population19. Independent of all other 

factors listed in Table 1, mean birthweight was higher for male fetuses (by 150g), Caucasian 

mothers (by 133g), and parous women (58g, 96g, and 85g for parity 1, 2, and ≥3, 

respectively). An additional 10 cm in maternal height increased birthweight by 78g, and an 

additional 10 kg of maternal weight were associated with a 25-g increase in birthweight. 

Such increments in maternal height and weight were chosen to enable comparison to a 

previous study20.

A low BMI (<10th percentile, 20.5 kg/m2) was associated with an 81-g decrease in mean 

birthweight, whereas a high BMI (>90th percentile, 40.4 kg/m2) had a negative effect on the 

mean birthweight that did not reach statistical significance (40g, p=0.21). Smoking was 

associated with a 92g decrease in mean birthweight, while diabetes was associated with a 

247g increase in mean birthweight. Preeclampsia, gestational hypertension, and fetal 

anomalies were considered as pathologic covariates, but they did not have a significant effect 

on term birthweight (all p>0.05) and were not included in the regression model (Table 1). 

Neonates with congenital anomalies had a lower mean birthweight (71-g difference); 

however, this was not significant, probably due to the low prevalence of congenital 

anomalies in our cohort (1.8%). Although more prevalent, preeclampsia (4.8%) and 

gestational hypertension (13.1%) had a smaller magnitude of effect; hence, they were also 

non-significant in this analysis.

Customized fetal growth standard for the African American population in Detroit

Given the ethnic differences in EFW reported in the NICHD study21 and in birthweight data 

reported herein, combined with the limited number of Caucasian women in our study 

population, we decided to focus on developing a customized fetal growth standard for 

African American women. Non-customized centiles (5th, 10th, 50th, 90th, and 95th) of fetal 

biometric parameters, EFW, and indices of proportionality for all 4,001 African American 

women (regardless of clinical outcome) are shown in Figure S2. The centile curves in Figure 

S2 can be considered a local reference since about 10% of the data points are below/above 

the 10th/90th centiles and no pathologic factors were excluded. The local reference for EFW 

was superimposed onto the non-customized NICHD African American and WHO standards 

(Figure S3). While the 10th, 50th, and 90th EFW centile curves for our local reference were 

systematically lower than those of the WHO standard, the variability in estimated weight at 
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40 weeks (distance between the 10th and 90th centiles) were similar. By contrast, the 10th 

centile of the NICHD standard was lower (especially close to term), the 50th centile was 

about the same, and the 90th centile was higher than that of our local reference (Figure S3).

To define a customized EFW chart that corresponds to normal growth, we fitted quantile 

regression models that included maternal height, weight, and parity and fetal sex, while 

accounting for and excluding the contribution of pathologic factors with significant effect on 

at least one of the weight centiles: extremely low and high BMI, smoking, diabetes, preterm 

delivery and fetal anomalies (Table S1). Figure 1 shows the effects of non-pathologic 

covariates on the predicted normal fetal weight centiles (10th, 50th and 90th). In Figure 1, the 

EFW standard used as the baseline (continuous lines) corresponds to a female fetus of a 

nulliparous African American mother, who is 163 cm in height and 64 kg in weight. Since 

the effects (derived from the quantile regression models described in Table S1) may vary 

with gestational age for some covariates, these effects are presented at two gestational ages 

(30 and 40 weeks) in Table 2 and can be summarized as follows:

a) Fetal sex—The EFW of male fetuses was about 2% higher than that of female fetuses, 

independent of all other factors listed in Table 2. This effect was similar among all centiles 

of the distribution that were evaluated (5th, 10th, 50th, 90th, and 95th). Since no interaction 

was found between fetal sex and gestational age, customization by fetal sex involves a 

proportional increase of the entire chart (all centile curves) by about 2% for male fetuses 

(Figure 1A and Table 2).

b) Maternal height—This covariate had a significant effect on all centiles of EFW, yet the 

effect was higher for the most extreme centiles. The 95th EFW centile increased by about 

2% for each additional 10cm of maternal height while the 5th centile increased by about 1%. 

The interaction between maternal height and gestational age was not significant; therefore, 

customization by maternal height involved a proportional shift of the EFW chart for taller 

mothers, with higher centile curves being shifted more than the lower centiles (Table 2).

c) Maternal weight—For women with a BMI between the 10th and 90th percentiles of the 

population, the effect of maternal weight on all centiles of EFW at 40 weeks was up to a 

1.4% increase for each additional 10kg in maternal weight. However, since the interaction 

between maternal weight and gestational age was significant for all centiles, the effect of 

maternal weight increased with gestational age, being about twice as high at 40 weeks as it 

was at 30 weeks of gestation (Table 2 and Figure 1B).

d) Parity—Fetuses of parous women had a higher EFW than those of nulliparous women, 

although the magnitude of such an effect varied among centiles and changed with gestational 

age. For example, compared to nulliparous women, the 90th centile of EFW for women in 

their third pregnancy (Parity=2) was 4.1% higher at 40 weeks but only 2.4% higher at 30 

weeks of gestation (Figure 1C and Table 2).

Figure 1D illustrates the combined effect of change in multiple covariates on the normal 

growth chart of African American women. For example, at 40 weeks of gestation, the 90th 

centile of EFW for a male fetus of a mother in her third pregnancy (Para=2), who is 173 cm 
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tall and weighs 74 kg, is 9% higher (4,122g) than for a female fetus of a nulliparous mother 

who is 10 cm shorter and weighs 10 kg less (3,773g).

The effects of pathologic factors on EFW were higher than those of non-pathologic 

variables, and such effects also varied across gestation and among the centiles (Table 2). The 

effect of maternal complications that led to a preterm delivery was associated with a 12% 

reduction in the 5th centile of EFW at 30 weeks, and with a 5.3% and a 7.8% reduction at 40 

weeks for women with a high BMI and those who smoked, respectively.

The equations describing the PRB/NICHD customized chart are provided in Table S1 along 

with an example of the calculation of centiles. In addition, we provide a user-friendly 

spreadsheet calculator, available from the authors’ website (http://

bioinformaticsprb.med.wayne.edu/). This tool allows: 1) interactive exploration of the effect 

of covariates on the growth chart; 2) obtaining the customized centile corresponding to an 

observed EFW value (determined from AC, HC, and FL measurements) for a given 

gestational age; and 3) printing of the entire customized chart for a given pregnancy.

Comparison of fetal growth standards for classifying fetuses as small or large for 
gestational age

Our next objective was to determine how different fetal growth standards affect the 

classification of pregnancies as being at risk for either an SGA or an LGA fetus. Therefore, 

we applied four different growth standards, including the PRB/NICHD standard developed 

herein, to classify fetuses of 4,001 African American women based on the observed EFW at 

the last available ultrasound examination. The median gestational age at the last examination 

was 36.0 (IQR 33-38) weeks. We determined the overall proportions of fetuses that screened 

positive for SGA or LGA, but also separately for women with a term or a preterm delivery 

(Table 3).

The percentage of fetuses classified as SGA (<10th centile) was as follows: 1) NICHD 

African American standard, 7.2%; 2) GROW standard, 12.3%; 3) WHO standard, 12.2% 

(13% if customized by fetal sex); and 4) PRB/NICHD standard, 14.4%. All fetal growth 

standards except the NICHD African American standard classified more SGA fetuses than 

the expected 10% cut-off.

The proportion of fetuses classified as SGA was 2- to 3-fold higher among women who 

delivered preterm compared to those who delivered at term, depending upon the standard 

used. The rate of SGA among fetuses delivered preterm was as follows: NICHD African 

American standard, 17.6%; WHO standard, 24.2% (24.5% if customized by fetal sex); 

GROW standard, 26.3%; and PRB/NICHD standard, 29%.

To illustrate the similarity among the four different standards, we constructed a Venn 

diagram to represent the number of fetuses classified as SGA by each combination of 

standards (Figure 2A). All fetuses identified as SGA by the NICHD African American 

standard were also identified by at least two other standards. Of note, the WHO standard 

classified 71 fetuses as SGA that were not identified as such by any other standard. The 

highest agreement among standards, as assessed by Cohen’s kappa coefficient, occurred 
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between the PRB/NICHD and GROW standards (kappa= 0.84), followed by the PRB/

NICHD standard and the WHO standard customized by fetal sex (kappa=0.79). On the other 

hand, the lowest agreement, although still substantial51, was between the NICHD African 

American and PRB/NICHD standards (kappa = 0.63).

The percentage of fetuses classified as LGA was: 1) GROW, 8.7%; 2) PRB/NICHD 

customized, 9.2%; 3) WHO, 10.1% (10.8% if customized by fetal sex); and 4) NICHD 

African American standards, 12.3%. Of note, the LGA rates for the GROW and NICHD 

African American standards were significantly lower or higher than the expected 10% cut-

off, respectively (Table 3).

Unlike the rate of SGA, the rate of LGA was similar between fetuses delivered preterm or at 

term, for all fetal growth standards (Table 3).

The agreement among the different standards for LGA classification can be visualized in the 

Venn diagram in Figure 2B. The PRB/NICHD and GROW standards were in high agreement 

(kappa=0.85), and the same was true for the WHO standard customized by fetal sex and 

NICHD African American standards (kappa=0.85). Even the least similar pair of standards 

(NICHD African American and GROW) was still in substantial agreement for the LGA 

classification (kappa=0.61).

Comment

The principal findings of the study are as follows. First, the birthweight of a term neonate is 

affected by maternal ethnicity, weight, height, and parity and fetal sex; 2) longitudinal fetal 

weight analysis revealed the following features of fetal growth: i) all weight centiles were 

about 2% higher for male than for female fetuses; ii) maternal height had a positive effect on 

fetal weight, with larger fetuses being affected more (2% increase in the 95th centile of 

weight for each 10 cm increase in height); and iii) maternal weight and parity had positive 

effects on fetal weight that increased with gestation and varied among the weight centiles; 3) 

the rate of SGA was 7.2% for the NICHD African American standard, 12.3% for the GROW 

standard, 13% for the WHO standard customized by fetal sex, and 14.4% for the PRB/

NICHD customized standard herein. For all standards, the proportion of SGA was at least 

two-fold higher among fetuses delivered preterm than at term; 4) the rate of LGA was 8.7% 

for the GROW standard, 9.2% for the PRB/NICHD customized standard, 10.8% for the 

WHO standard customized by fetal sex, and 12.3% for the NICHD African American 

standard; and 5) the highest agreement among any two standards was between the GROW 

and PRB/NICHD standards for both SGA and LGA classifications (Cohen’s inter-rater 

agreement kappa=0.85).

Factors affecting birthweight in term neonates

We found that the mean birthweight of a female neonate born at 40 weeks to a reference 

African American mother (nulliparous, 163 cm tall, and weighing 64 kg) was 3223 g, which 

is similar to the 3226 g reported by Gardosi and Francis19 in a U.S. population. The effects 

of several non-pathologic and pathologic factors on birthweight were also similar between 

these two studies, such as 150g versus 132g for fetal sex, 133g versus 161g difference 
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between Caucasian and African American women, and 247g versus 241g for diabetes. 

Although consistent in terms of significance and direction of effect, the magnitude of the 

effects of other covariates was somewhat lower in this study compared to those reported by 

Gardosi and Francis.19 The negative effect of a high BMI (>90th centile) on birthweight in 

the current study was similar to the one reported by Gardosi and Francis19 (40 g versus 63.4 

g), but it did not reach statistical significance. One reason for differences in the magnitude of 

effects for some covariates is that the U.S. population in the study by Gardosi and Francis19 

was comprised mostly of women of European origin, while this study was comprised of 

mostly African American women.

Ethnic differences in fetal biometric parameters were also recently assessed by other 

investigators for women with a low-risk pregnancy21. The difference in mean birthweight 

between African American and Caucasian women at term in the study herein was about one-

half (133g) compared to that reported in the NICHD study (246g)21. Possible explanations 

for this discrepancy are differences in population characteristics and the covariates 

accounted for in each analysis.

One-size-fits-all versus customized fetal growth standards

There is controversy as to whether a population-based or a customized chart should be used 

to screen fetuses as being at risk for SGA or LGA. SGA fetuses are at increased risk for fetal 

death and adverse neonatal outcomes (eg cesarean delivery for non-reassuring fetal heart rate 

status, neonatal death, and admission to a neonatal intensive care unit)35, 52-55. Although 

other customization methods exist, such as the Individualized Growth Assessment26-28, the 

GROW approach of Gardosi et al.18 is the most widely adopted customized standard and has 

been applied to several populations, including a mostly Caucasian population in the U.S.
19, 24, 25. The same authors reported that customization of fetal growth improved the 

detection of small fetuses that were at risk for fetal death and adverse neonatal outcomes, 

such as neonatal death and a low five-minute Apgar score56. However, previous comparisons 

between customized and population-based growth charts for the detection of fetuses at risk 

for adverse outcome yielded conflicting results10, 53, 54, 57-70. A recent meta-analysis71 

reported that the odds ratios of the association between adverse pregnancy outcomes (e.g. 

perinatal mortality and neonatal intensive care unit admission) and abnormal birthweight 

were higher for the customized GROW standard compared to the non-customized standards, 

although the difference was not statistically significant. Reaching a consensus regarding 

which type of fetal growth standards should be implemented in clinical care remains an 

important question, as it has a direct effect on patient management and care.

Development of a customized fetal growth standard for the African American population

Previous fetal growth standards were derived from fetal biometric data by excluding patients 

who developed complications during the current pregnancy21 and/or those with certain risk 

factors, such as an abnormal BMI, smoking, and adverse perinatal outcomes in previous 

pregnancies20, 21.

Our approach was to adjust for the presence of pathology in the current pregnancy while 

assessing the effects of non-pathologic factors on fetal growth. The effects of pathologic 
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variables included in the quantile regression models do not contribute to defining the normal 

fetal weight chart (eg the chart will not be lowered because of a risk factor, such as 

smoking), but the additional data from patients with pathologic factors increased the power 

to dissect the effect of non-pathologic covariates on fetal growth and helped to better 

calibrate the model so as to distinguish normal from abnormal growth.

Of interest, all variables that had a significant effect on birthweight of neonates delivered at 

term (Table 1) had also a significant effect on EFW in the longitudinal analysis (Table S1 

and Table 2). This is important because it increases the confidence that these variables are 

indeed needed to define the fetal growth potential, since birthweight data is more reliable 

than EFW data. In addition, although a high BMI (>90th centile) was not associated with a 

significant decrease in term birthweight (Table 2), it had a negative effect on the lower 

centiles of EFW. The 5th and 10th centiles of weight at 40 weeks were about 4.6% lower for 

women with a BMI >40.4; hence, this group of women are at higher risk of delivering an 

SGA neonate contrary to other observations72. Similarly, although the negative effect of fetal 

anomalies on birthweight of neonates delivered at term was not significant, fetal anomalies 

were associated with up to a 5% reduction in the median, 10th centile, and 5th centile of 

EFW (Table 2).

While our approach is conceptually similar to Gardosi et al.18, 19, the customization 

parameters in our study were based directly on EFW data rather than on birthweight. 

Moreover, instead of assuming that each covariate has a proportionally constant effect on 

EFW at each gestational age, we have tested for the first time and found significant 

interactions between parity as well as maternal weight and gestational age (Figure 1 and 

Table 2). Testing for these interactions would not have been feasible using cross-sectional 

birthweight data. Additionally, similar to the study by WHO20, we used quantile regression 

to determine the effect of covariates on each centile of the distribution, rather than assessing 

the effect on mean fetal weight and assuming a normal distribution of weight around the 

mean value at each gestational age. Growth chart customization by differentially adjusting 

the centile curves according to the specific contribution and timing of each factor is novel. 

Such differences in both study design and analytical approach are reflected in our new 

customized fetal growth standard and impact the number of fetuses that will screen positive 

for SGA or LGA as well as who those fetuses are.

SGA and LGA screening rates using different fetal growth standards

The newly developed PRB/NICHD customized growth standard was compared to three 

existing standards: GROW19, WHO with and without adjustment by fetal sex20, and NICHD 

African American21. A comparison to the INTERGROWTH-21st standard16 was not 

performed due to differences in the ultrasound protocols that were previously noted73 (eg the 

biparietal diameter was measured from the outer to the outer, while we measured from the 

outer to the inner, borders of the parietal bones) and also due to the different EFW formula 

used in the INTERGROWTH-21st standard. Among the four standards compared in this 

study, there were significant differences in the fraction of fetuses classified as SGA (<10th 

centile) based on the last available ultrasound examination for each pregnancy. The 

proportion of fetuses that screened positive for SGA in a certain population is determined, in 
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part, by the burden of pregnancy complications present in the population that are related to 

growth restriction. Indeed, since 15.8% of the African American women in the current study 

population delivered preterm, it is not surprising that most standards classified significantly 

more fetuses as SGA (<10th centile) than the expected 10%. For fetuses delivered preterm, 

the SGA screen positive rate was significantly higher than 10% for all standards, with the 

GROW and PRB/NICHD customized standards classifying 26.3% and 29% of the preterm 

population as being at risk, respectively. This finding is consistent with previous reports 

showing that SGA fetuses are at an increased risk of a preterm delivery74, 75. The rate of 

fetuses classified as SGA (<10th centile) in women who delivered at term was close to 10% 

for the WHO and GROW standards, and significantly higher than 10% for the PRB/NICHD 

(11.6%) and lower for the NICHD African American (5.3%) standards. The fact that the 10th 

centile of the NICHD African American standard is low for our population, and hence it 

screens positive for fewer SGA fetuses than expected (7.2%), can also be understood from 

Figure S3, where the 10th centile curve of the NICHD standard is lower than the 

corresponding centile of the local reference, especially after 37 weeks of gestation. However, 

the customized PRB/NICHD standard is built excluding the contribution of fetuses with risk 

factors associated with lower weight (e.g. preterm delivery), thus the 10th centile of the PRB/

NICHD standard is higher than the 10th centile of the local reference shown in Figure S3, 

therefore classifying 14.4% of fetuses as SGA.

Only the NICHD African American standard classified significantly more fetuses as LGA 

(12.3%) than the reference cut-off of 10%, which, combined with a lower than expected rate 

of SGA, suggests that this standard is low for our patient population. The GROW standard 

identified significantly less than expected (8.7%), while the PRB/NICHD standard identified 

9.2% of fetuses as LGA. Since this was an unselected population, it is reasonable to assume 

that not all fetuses reached their growth potential; hence, standards classifying slightly less 

fetuses as LGA are actually tracking the growth potential of fetuses rather than being 

miscalibrated.

In addition to comparing the SGA and LGA screening rates among the four growth 

standards, we provided complementary information regarding the agreement among the 

standards in terms of which fetuses are at risk. Using Venn diagrams (Figure 2) and inter-

rater agreement statistics for all pairs of standards, we found that the two fully customized 

standards (GROW and PRB/NICHD) were the most similar, reaching an inter-rater 

agreement kappa of about 0.85 for both SGA and LGA classifications. Considering the 

multiple differences in the design of the four standards compared herein, such as the 

population on which they were based (homogenous versus multi-ethnic), the type of data 

they were derived from (birthweight versus fetal weight), the analytical assumptions they 

relied on, and the factors these standards were customized for (ethnicity or fetal sex only 

versus fully customized), this study suggests that customization by the same set of covariates 

is key for the reproducibility of growth assessment.

Research and Clinical Implications

This study confirms previous observations that maternal ethnicity, height, weight, and parity 

and fetal sex are factors affecting birthweight and/or fetal growth76-78; hence, they should be 
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considered when defining fetal growth potential72, 79. Customization of growth charts is 

commonly performed by assuming a proportionally constant effect of covariates during 

gestation, and we found that, indeed, this assumption holds for genetically determined (fetal 

sex) or transmissible traits (height). However, the effects of maternal weight and parity are 

proportionally graded with gestational age. Additionally, the effects of maternal height and 

parity in African American women were graded among the different centiles of EFW. The 

customization approach proposed herein can be applied to other populations as well, 

provided that ultrasound data and relevant covariate information are available. An easy-to-

use implementation of the PRB/NICHD customized growth chart for African American 

women is freely available from the authors’ website (http://

bioinformaticsprb.med.wayne.edu/).

The higher similarity of the two fully customized standards compared to the similarity 

between the two partially customized standards suggests that the use of customized charts is 

more likely to lead to reproducible growth assessment across studies.

Depending on the standard used, the rate of fetuses that screened positive for SGA can vary 

by a factor of two in a given population. The use of fully customized standards in high-risk 

populations may identify more fetuses as being at risk for growth restriction. However, 

comparing how the in utero SGA and LGA screenings based on different standards relate to 

an SGA or LGA diagnosis at birth and to adverse pregnancy outcomes was outside the scope 

of the current study. Of note, the ability of ultrasound-based estimated fetal weight to predict 

actual birthweight was described previously14, 29, 73. For example, in a blinded study 

conducted in a low-risk population, Sovio et al.29 reported that an EFW<10th centile at 36 

weeks of gestation correctly identified 57% of fetuses (sensitivity) that were destined to have 

a birthweight <10th centile, with a specificity of 95%. In their study, a non-customized EFW 

standard was used for screening while the gold standard for SGA was based on a fetal sex-

customized birthweight reference29.

Strengths and Limitations

We conducted the largest longitudinal fetal growth study in an African American population 

to date. Additional strengths of our study are that all patients were enrolled at a single 

ultrasound unit and that a consistent protocol was implemented to acquire ultrasound data. 

Moreover, the large sample size combined with advanced analytical approaches allowed the 

development of customized fetal growth centiles for an African American population under 

less-restrictive analytical assumptions than before. Although a possible limitation is that the 

ultrasound examinations studied herein were not scheduled at fixed gestational-age time 

points (as was the case for other fetal growth studies), the average number of scans (five) 

still compares favorably to previous reports21.

Conclusion

We report herein the largest longitudinal fetal growth study of pregnant women self-reported 

as African American. We found that the effects of maternal weight and parity on estimated 

fetal weight increase with gestational age and that maternal height and parity affect small or 
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large fetuses differently. The PRB/NICHD African American customized growth chart was 

designed to account for these features of fetal growth. This standard classified more fetuses 

as being SGA (14.4%) than other standards, especially among fetuses delivered preterm. 

Moreover, this standard classified as LGA about the same fraction of fetuses as expected 

(10%). The comparison among the four growth standards considered herein revealed that the 

most important factor determining the agreement among standards is whether they account 

for the same factors known to affect fetal growth.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effect of covariates on fetal growth in African American women
Unless otherwise stated in the legend of each panel, continuous lines represent the estimated 

fetal weight (EFW) median and the 10th/90th centiles for a female (F) fetus born at term to a 

nulliparous African American (AA) mother, having a height of 163 cm, weighing 64 kg at 

first visit. Interrupted lines show how the chart would change for a male fetus (A), for 10 

additional kg of maternal weight (B), for a mother in her third pregnancy (Parity=2) (C), and 

for a combination of factors [10 additional kg in maternal weight (Wt.), 10 additional 

centimeters in height (Ht.), parity of 2, and a male (M) fetus] (D).
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Figure 2. Agreement among standards for small- and large for gestational age screening
Fetuses of African American women were classified as small (SGA<10th) (A) or large 

(LGA>90th) (B) for gestational age based on the last available scan before delivery using 

four standards: NICHD African American (AA) standard, the WHO standard customized by 

fetal sex, the customized GROW standard, and the PRB/NICHD AA customized standard. 

For SGA classification, the highest agreement among standards, as assessed by Cohen’s 

kappa coefficient, was among the PRB/NICHD AA and GROW standards (k= 0.84), 

followed by PRB/NICHD AA and WHO customized by sex (k=0.79), while the least 

agreement was between NICHD AA and PRB/NICHD AA (k = 0.63). For LGA 

classification, the highest agreement among standards was between Detroit African 
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American and GROW standards and between WHO standard customized by sex and NICHD 

African American standards (both pairs k=0.85).
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Table 1
Effect of covariates on birthweight in women with term delivery

The analysis involved data from 3,368 AA and 152 Caucasian women who delivered at term and had available 

birthweight data. In the regression model described below (R2=0.28), the intercept (3223g) represents the 

mean birthweight at 40 weeks (280 days) of gestation (GA) for a nulliparous African American (AA) mother, 

having a height of 163 cm, weighing 64 kg at first visit, non-smoking, and without diabetes. The 10th/90th 

centiles of Body Mass Index (BMI) in AA women in the study population were used to define abnormal low 

and high BMI, respectively. SE: standard error.

Birthweight (g)

Variable Coefficient SE p-value

Intercept 3223 16.3 <0.001

GA from 40 weeks

 Linear 144 10.3 <0.001

 Quadratic −15 6.0 0.02

 Cubic 3 2.7 0.36

Sex

 Male 150 13.3 <0.001

Race

 Caucasian 133 32.9 <0.001

Maternal Height (from 163 cm)+ 78 10.6 <0.001

Maternal Weight (from 64 kg)++ 25 5.1 <0.001

Parity

 Para 1 58 16.6 <0.001

 Para 2 96 19.6 <0.001

 Para 3 85 20.5 <0.001

Low BMI (<20.5 kg/m2) −81 25.4 0.001

High BMI (>40.4 kg/m2) −40 32.1 0.21

Smoking −92 17.2 <0.001

Diabetes 247 35.1 <0.001

+
The effect is estimated for 10 cm increments in maternal height;

++
The effect is estimated for 10 kg increments in maternal weight.
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