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Abstract. We conducted a prospective longitudinal study of fetal size in rural Papua New Guinea (PNG) involving
439 ultrasound-dated singleton pregnancies with no obvious risk factors for growth restriction. Sonographically estimated
fetal weights (EFWs; N = 788) and birth weights (N = 376) were included in a second-order polynomial regression model
(optimal fit) to generate fetal weight centiles. Means for specific fetal biometric measurements were also estimated. Fetal
weight centiles from a healthy PNG cohort were consistently lower than those derived from Caucasian and Congolese
populations, which overestimated the proportion of fetuses measuring small for gestational age (SGA; < 10th centile).
Tanzanian and global reference centiles (Caucasian weight reference adapted to our PNG cohort) were more similar to
those observed in our cohort, but the global reference underestimated SGA. Individual biometric measurements did not
differ significantly from other cohorts. In rural PNG, a locally derived nomogram may be most appropriate for detection
of SGA fetuses.

INTRODUCTION

Fetal growth and size differ between populations depend-
ing on their ethnic composition, socioeconomic status, and
geographical location,1,2 and the importance of each factor
is subject to ongoing debate.3,4 The International Fetal and
Newborn Growth Consortium (INTERGROWTH)-21 study
assesses fetal growth in cohorts with no obvious risk factors
for fetal growth restriction (FGR) in eight geographical areas,
including Kenya and India, with the aim of developing global
standards for optimal fetal growth.5

The most commonly used ultrasound-estimated fetal
weight (EFW), birth weight (BW), and size reference charts
(nomograms) are derived from industrialized and largely
Caucasian populations,6–9 and they may not be appropriate
in all populations1; particularly, their ability to accurately
detect FGR may be limited.10 A definitive diagnosis of FGR
is made when serial ultrasound scans show a persistent down-
ward deviation from the expected growth trajectory. In devel-
oping countries, limited availability means that most pregnant
women will have only one growth scan (if any). An EFW
below the 10th centile on first scan (defined as small for
gestational age [SGA]) indicates that the fetus is either con-
stitutionally small or indeed, suffers from FGR.11 Detection
of SGA fetuses will identify pregnancies at risk of FGR and
adverse pregnancy outcomes, including low BW and perinatal
death, permitting interventions to be delivered before mor-
bid placental insufficiency leads to irreversible or terminal
fetal compromise.
The use of weight centiles derived from Caucasian popula-

tions may overestimate the number of fetuses who are
SGA.1,12,13 This could result in unnecessary intervention for a
large number of pregnancies rather than targeting those fetuses
that are truly growth-restricted, a disadvantageous scenario for
low-income countries with strained health services. To over-

come this problem, either currently available nomograms
should be adjusted to local conditions, or fetal growth stan-
dards should be derived from the relevant populations.1,12,13

Similar to the INTERGROWTH-21 collaboration, this
study evaluated fetal growth in rural Melanesian populations
to generate a regional fetal weight reference, which was sub-
sequently compared with charts derived from other popula-
tions. We also compared individual biometric parameters
with reference values published for other populations.

MATERIALS AND METHODS

Study setting and population. This prospective longitudinal
cohort study was designed to monitor fetal growth in an eth-
nic Melanesian population with uncomplicated term pregnan-
cies to generate a population-specific weight chart. The
research was conducted from November of 2009 to February
of 2013 at six health facilities in Madang Province in coastal
Papua New Guinea (PNG). An enrollment chart is given in
Figure 1. Briefly, women with singleton pregnancies < 25 ges-
tational weeks (GWs) by clinical gestational assessment
(including ultrasound confirmation) with no known comor-
bidities and absence of fetal abnormality on scan who were
available for follow-up scans and delivery at a participating
health facility were invited to join the study. All participants
were simultaneously enrolled in a randomized clinical trial
investigating the impact of intermittent preventive treatment
in pregnancy with azithromycin (AZ) and sulphadoxine-
pyrimethamine (SP) on BW (Figure 1).14 Women were pro-
vided with insecticide-treated bed nets at recruitment and
received either a single treatment course of SP and chloro-
quine or up to three monthly courses of SP-AZ.
To generate a cohort of healthy pregnancies for this ultra-

sound study, women were subsequently excluded if their
pregnancy outcome was unknown (lost to follow-up) or their
pregnancy was complicated by factors known to affect
growth, including intrauterine fetal death, pre-term delivery
(< 37 GW), hypertensive disorders of pregnancy, severe protein-
energy undernutrition, severe anemia (hemoglobin < 7 g/dL
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at any stage during pregnancy), syphilis, malaria, and smoking.
Protein-energy malnutrition was defined as a mid-upper arm
circumference < 22 cm, syphilis was defined as a positive Trep-
onema pallidum hemagglutination test (TPHA) (Syphicheck-
WB; Qualpro Diagnostics, Verna, Goa, India) and reactive
rapid plasma reagin test (RPR) (irrespective of titer) at pre-
natal booking, and malaria was defined as the presence of
malaria parasites detected by light microscopy on a standard
peripheral blood smear at any stage during pregnancy. Data on
maternal human immunodeficiency virus (HIV) infection was
unavailable: prevalence at the provincial hospital prenatal clinic
was 1.1% during the study period. Testing for gestational dia-
betes was only undertaken if clinically suspected by hospital
staff. Clinical and demographic data were collected at recruit-
ment, at subsequent scheduled clinical trial visits, and during
unscheduled morbidity visits. At delivery, infant sex was docu-
mented, and BWs were measured using an electronic scale
(Cupid 1; Charder Medical, Taichung City, Taiwan; precision
to 10 g). Weight measurements were excluded from analyses
if collected > 24 hours postpartum.

Ethics. All women provided informed consent. Ethical
approval for this research protocol and the parent clinical trial
was obtained from the Institutional Review Board of the
PNG Institute of Medical Research, the PNG Medical
Research Advisory Council, and the Melbourne Health Human
Research Ethics Committee. Details of the clinical trial are
described elsewhere.14

Ultrasound assessment. Participants were encouraged to
attend three scan visits (at enrollment, late second trimester,
and mid-third trimester) and deliver at a participating health
facility. This design attempted to strike a balance between
adequately covering fetal growth from the second trimester
until delivery and accommodating the participant’s sociogeo-
graphical situation. Most participants lived rurally at consid-
erable distances from participating clinics and found it
difficult to attend more than two times. Only a small number
of EFWs were collected at term.
Ultrasound examinations were undertaken by two clini-

cians trained in obstetric ultrasound and fetal biometry
(H.W.U. and M.O.) using a portable ultrasound scanner

Figure 1. Flow chart of participants in the ultrasound study (Madang Province, PNG, 2009–2013). IPTp = intermittent preventive treatment
in pregnancy.
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with a 2- to 5-MHz convex abdominal probe (Logiqbook XP;
General Electric Medical Systems, Hatfield, Hertfordshire,
United Kingdom). Still images of all measurements were stored
and managed using K-Pacs viewing software, version 1.6. The
fetal biometric parameters crown-rump length (CRL), abdomi-
nal circumference (AC), head circumference (HC), and femur
length (FL) were measured.15,16 The average of two measure-
ments (three for CRL) was used when available. AC was
measured using the ellipse facility (extreme perimeter of a well-
magnified circular section) in images that displayed a lateral
spine, a short segment of the umbilical vein in the anterior third,
and the stomach bubble.17 HC was evaluated using the ellipse
facility of the ultrasound machine (outer border of fetal skull)
from adequately magnified still images of horizontally placed
head views that were oval in shape and symmetrical with a cen-
trally positioned falx cerebri and adequate views of the thalamus
and cavum septum pellucidum.17 FL was measured from
adequately magnified horizontal stills and only included the
ossified diaphysis.17

At the first ultrasound visit, gestational age (GA) in days
was estimated in accordance with the British Medical Ultra-
sound Society guidelines using dating standards derived from
a Caucasian population.15 When available, CRL measure-
ments were used to estimate GA until 75 mm (13 GW +
4 days).16 In the second trimester, GA was estimated using
the HC (FL if HC unavailable) until 24 GW + 6 days.15 The
biparietal diameter was not used for dating or growth assess-
ments.18 Measurements from enrollment scans were used to
define GA. Dating standards for Melanesian populations are
unavailable. However, research suggests that variation in fetal
growth because of ethnic differences may be minimal until
mid-second trimester,19,20 although this is not a unanimous
finding.21,22 Recall and reporting of last menstrual period and
characteristics of menstrual cycles were often unreliable in
our cohort, precluding corroboration of these dates by sono-
graphic GA estimation. Despite considerable efforts to
encourage early presentation, few women presented < 14
GW: late presentation to prenatal clinic is common in PNG.23

EFWs in grams were calculated from the combination of
AC, HC, and FL measurements using the Hadlock formula:
log10 (EFW) = 1.326 – 0.00326 + AC + FL + 0.0107 + HC +
0.0438 + AC + 0.158 + FL.24 Where acceptable head mea-
surements were unavailable, we used the alternative formula,
log10 (EFW) = 1.304 + 0.05281 +AC + 0.1938 + FL – 0.004 +
AC + FL, which was also derived by Hadlock and others.24

We assessed performance of the Hadlock formula to predict
actual BW in our cohort by adopting two methods (termed A
and B) previously described by Schmiegelow and others13

given that the number of women who underwent a scan at
term in our cohort was equally small. Method A estimated
BW by extrapolating from the last available EFW value and
assuming a weight gain of 24.2 g per day from mid-second
trimester.25 Method B adopted the proportionality formula
by Mongelli and Gardosi26 using median weight estimates for
our population from adjusted Hadlock charts derived as per
the work by Mikolajczyk and others.1 Our PNG-adjusted
global reference was based on BW measurements from 108
newborns delivered at 40 GW + 0 days – 40 GW + 6 days with
a mean BW of 3,122 g and an SD of 10.9%, which was
assumed constant for any given GA.1 Of note, these newborns
were also part of this ultrasound cohort. Prediction assess-
ments were undertaken using EFWs measured within 60 days

of BW measurement only. Estimated and actual BWs
were normally distributed, allowing for calculation of the
mean percentage difference and analysis as per Bland and
Altman.27 Estimated BWs were not used for development
of the fetal weight nomogram.
Interobserver variability was assessed by comparing mea-

surements taken from 10 randomly selected fetuses, and
issues regarding measurement precision were addressed.
A random selection of image stills (approximately 10% of
each measurement) underwent external quality control by
an obstetric radiologist based at the Royal Infirmary of
Edinburgh (J.W.): 92.5% of images fulfilled the criteria for
inclusion in subsequent analyses.15 A sample size calculation
was not performed for this substudy, because the cohort size
was determined by the number of healthy women presenting
at an appropriate gestation and the availability of scanning
equipment and trained personnel.
Data analyses. Data were double-entered into FoxPro, ver-

sion 9.0 (Microsoft, Redmond, WA). Statistical analyses were
performed using Stata, version 12.0 (StataCorp, College
Station, TX) andMathematica, version 9.0 (WolframResearch,
Champaign, IL). Charts and graphs were generated using
Mathematica and Prism, version 6.0 (GraphPad Software,
La Jolla, CA).
Bland and Altman27 methods of analysis were used to com-

pare measured BW with extrapolated estimates (methods A
and B described above). In short, the differences of BW
estimates derived by either method and the measured BWs
were plotted over their averages.27 Mean percentage differ-
ence and 95% confidence levels of agreement were derived.
The fetal weight nomogram was a hybrid chart developed
from both EFW and observed BW. In brief, EFW/BW values
were transformed to their decadic logarithms, which were
normally distributed. Logarithmic EFW/BW fit very well
to a second-order polynomial function of GA (R2 > 0.99).
Residual errors (raw and studentized) from the fit of the
regression model were plotted against GA and assessed for
normality of distribution.
The 10th, 50th, and 90th fetal weight centiles for GWs 25–

40 derived from our cohort were compared with those derived
from Caucasian, Congolese, and Tanzanian populations6,12,13

as well as PNG-adjusted global reference centiles as per the
work by Mikolajczyk and others.1 Growth curves were
superimposed, and percentage differences for the 10th, 50th,
and 90th centiles were plotted. We compared the proportion
of newborns with a BW measurement and GA £ 40 GWs that
would be categorized as SGA for each reference chart.
Additional analyses included a comparison of AC, FL, and

HC sizes in our population with fetal size references from an
urban PNG population,28 a Hong Kong Chinese population,2

and two European (largely Caucasian) populations.7–9,29 For
this analysis, we selected a cross-sectional sample (one mea-
surement per fetus) from the overall number of sonographic
measurements taken in the participant population. Samples
were selected such that the number of observations was maxi-
mally dispersed over gestation to enable the best possible dis-
tribution of values for statistical analysis. We opted for this
approach given that calibration of an adequate multilevel
model to account for within-subject variation would require
more than three measurements per fetus.30 Third-order poly-
nomials were fitted to the fetal biometry indices as described in
previous studies.2,29 Confidence bands were derived by fitting
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quadratic models to the SDs observed at each GW. Z scores
per GWwere calculated using the 50th centiles from aforemen-
tioned published reference populations (urban PNG, Chinese,
French, and United Kingdom) and plotted together with the
mean and SD derived from our model for comparison.2,29

RESULTS

Of 727 women enrolled, 288 women were excluded, because
they experienced at least one condition that could have
affected fetal growth or had incomplete data for adequate
fetal size estimation, leaving 439 singleton fetuses for analysis
(Figure 1). Participants underwent a total of 810 scans, and
376 newborns had their weight measured within 24 hours of
delivery. Maternal and newborn characteristics are shown in
Table 1. Notably, 50% of women were primigravidae. Two-
thirds of women (275 of 439) underwent two or more ultra-
sound scans, with a mean of 69 days (SD ± 30.7; range = 7–168)
between scans. The Hadlock formula predicted actual BW
moderately well. The mean absolute prediction error (mean
percentage difference) of estimated BW compared with
observed BW was 217 (8.4%) and 284 g (10.3%) for methods
A and B, respectively, with the estimated BW overestimating
actual BW (Supplemental Figure 1). The estimated BW was
within ± 15% of actual BW for 70.8% (method A) and 64.1%
(method B) of newborns. The median interval between last
EFW and birth was 43 days for both methods.
Fetal weight chart. In total, 417 women had two or more

weight measurements (788 EFWs and 376 BWs) and were
included in the generation of the fetal weight nomogram (Sup-
plemental Table 1): most EFWs were available for GWs 18–35.
The fitted regression equations for the mean and SD of log-
transformed weights (in grams) and GA (in exact weeks) were

Using this model, weight centiles (2.5, 10, 25, 50, 75, 90, and
97.5) were generated for GWs 14–43 (Table 2). These centiles
were subsequently plotted together with the raw EFW/BW
values (Figure 2): 9.5% of actual weight measurements were
below the 10th centile, and 9.5% of actual weight measure-
ments were above the 90th centile. Raw and studentized resid-
uals of EFW/BW from the model were plotted against GA,
and dispersion around zero was assessed to ensure adequacy
of the decadic log transformation (Supplemental Figure 2).
Comparison of fetal weight nomograms from different

populations. Figure 3 allows for visual comparison of the esti-
mated 10th, 50th, and 90th weight centiles from our cohort
with those from the PNG-adjusted global reference and other
reference populations.1,12,13,24 Reference charts derived from
Caucasian and Congolese women had consistently higher
10th weight centiles from 30 GWs onward, and percentage
differences increased until term compared with our nomogram
(Figure 4). Tanzanian reference intervals would diagnose a
similar proportion of fetuses as SGA as our chart (Figures 3

and 4). The PNG-adjusted global reference chart classified a
smaller number of fetuses as SGA until 37 GWs compared
with our nomogram (Figure 4). Of note, 10th centile reference
values from Congolese and Tanzanian cohorts and this cohort
were derived after exponentiation, which results in a slight
upward shift of the centile: values are approximately 1%
lower when the 10th centile is calculated assuming a constant
percentage SD (Supplemental Figure 3).
We found that 50th centiles of fetal weight were consistently

higher in the Caucasian reference from 25 GWs onward, and
the percentage difference in mean weight between Caucasian

and PNG fetuses increased to 18.5% at term. Medians of fetal
weight tended to be lower in the early third trimester and
higher in the late third trimester in Congolese and Tanzanian
reference charts compared with our chart, and medians of the
PNG-adjusted global reference were consistently lower for the
duration of the entire gestational time period of comparison.
Differences in all centiles were most marked when our chart
was compared with that derived from a Caucasian population.
There was an overall trend of centiles in our cohort being
higher at earlier and lower at later gestation compared with
comparator centiles, apart from the 10th centile of the Tanza-
nian reference, which was similar to our cohort throughout the
gestational time frame of comparison.
Among 327 (87.0%) newborns with a valid BW measure-

ment, the proportion with SGA was 11.9% (39) using our
equation, 16.2% (53) using Tanzanian reference values, 16.5%
(54) using PNG-adjusted global reference values, 29.1% (95)
using Congolese reference values, and 35.2% (115) using
Caucasian reference values.

Table 1

Characteristics of mothers and infants in the PNG fetal biometry
cohort (N = 439)

Characteristics Mean ± SD (range) or percentage (n)

Maternal (at enrollment)
Age (years) 24.6 ± 5.5 (16–42)
Body mass index (kg/m2) 23.1 ± 3.2 (17–39)
Height (cm) 154.5 ± 5.8 (134–171)
Mid-upper arm circumference (cm) 24.6 ± 2.5 (22–38)
Hemoglobin (g/dL) 10.1 ± 1.3 (7–15)
Primigravida 50.8 (223)
Ethnic group
Madang/Morobe 50.3 (221)
Sepik 15.0 (66)
Highlands 9.8 (43)
New Guinea islands 5.2 (23)
Mixed PNG 19.6 (86)

Fetus/newborn
GA at enrollment (days) 137 ± 26 (43–174)
GA at birth (days) 277 ± 9 (259–306)
BW (N = 376; g)* 3,019 ± 410 (1,910–4,200)
Low BW (< 2,500 g)* 8.8 (33)
Female infant sex (N = 430) 55.7 (236)

*BW measured within 24 hours of delivery.

meanðlog weightÞ ¼ 0:160353 + 0:152774 +GA− 0:00174139 +GA2 ðR2¼ 0:99965Þ and

SDðlog weightÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:00276946 − 0:0000752008 +GA + 3:89569 +10−6 +GA2

− 8:81446 +10−8 +GA3

+7:3564 +10−10 +GA4

s
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Comparison of individual biometric measurements. In total,
439 AC and FL and 434 HC ultrasound-derived biometric
measurements (one per pregnancy) were selected to generate
centile equations for our cohort (Supplemental Table 1). Most
biometric measurements were obtained between GWs 16–35

(Supplemental Table 1). The best fit models for each measure-
ment to GA were achieved using a third-order polynomial
(all biometric measurements in millimeters) (Figure 5):

AC = −0:00623 +GA3 + 0:38113 +GA2

+ 3:80252 +GA − 27:79626 ðR2 > 0:99Þ;
FL = −0:00039 +GA3

− 0:01724 +GA2

+ 4:10301 +GA − 40:01591 ðR2 > 0:99Þ; and
HC = −0:00581 +GA3 + 0:2314 +GA2

+ 9:98865 +GA − 73:19415 ðR2 > 0:99Þ:
We compared values for our population with reference

values previously published for PNG (FL and AC), China,
France, and the United Kingdom (Figure 6).2,7–9,28,29 AC ref-
erence measurements from other populations were within
1 SD of our measurements for most GWs, although measure-
ments were higher in the French population compared with
our population at earlier gestation. HC reference values were
similar from 22–35 GWs for all populations but considerably
higher in a French reference before 17 GWs and a United
Kingdom reference after 38 GWs. FL measurements of a
Chinese population were > 1 SD below our mean (25–
32 GWs), and an urban PNG population had FL measure-
ments > 1 SD above our mean from 31 GWs onward.

DISCUSSION

We generated a fetal weight nomogram and estimates of
fetal size from a cohort of rural PNG women with minimal
risk factors for FGR. Melanesians are not included in cur-
rent multicenter studies evaluating optimal fetal growth.5

Our fetal weight centiles were most similar to a Tanzanian
population and markedly lower than the widely used Cauca-
sian reference (Hadlock),6 use of which overestimated SGA
in rural PNG. A comparison of 50th centiles for individual
biometric measurements (AC, HC, and FL) from PNG
with those derived from other populations did not show
major differences.
Most ultrasound studies from developing countries, includ-

ing our study, report fetal size centiles lower than those
in largely Caucasian populations from industrialized coun-
tries.1,12,13,31 This could be because of differences in genetic
growth potential, a reflection of intergenerational (epige-
netic) legacies of suboptimal fetal and infant growth related
to malnutrition or malaria, or because of unknown environ-
mental factors causing FGR or altering fetal fat accumula-
tion in particular. There was a flattening of weight centiles
toward term in this cohort and a Tanzanian cohort, whereas
growth centiles in Caucasian and Congolese nomograms
remained quasilinear until delivery (Figure 3). This might
be driven by differences in end pregnancy growth velocity
between populations.31,32

However, the findings of this research must be interpreted
in light of its potential limitations. First, we may not have
eliminated all causes of FGR, which may underestimate opti-
mal (standard) fetal weight centiles5; also, we did not adjust
for factors that may promote fetal growth (e.g., SP-AZ treat-
ment). Inclusion criteria of comparator studies with regards to
FGR risk also differed, with some studies not excluding risk
factors, such as protein-energy malnutrition and malaria.12

Table 2

Weight centiles for the PNG cohort

GA (weeks)

Weight centiles (g)

2.5 10 25 50 75 90 97.5

14 73 79 84 91 98 104 112
15 92 100 106 115 123 132 142
16 116 125 134 144 155 166 179
17 145 156 167 179 193 206 222
18 179 193 206 222 239 255 275
19 219 236 252 272 293 313 337
20 267 287 307 330 356 380 410
21 322 347 370 399 429 459 494
22 385 415 443 477 514 549 591
23 457 492 526 566 610 651 702
24 538 580 619 667 718 767 826
25 629 677 724 779 839 896 965
26 728 785 839 903 972 1,038 1,119
27 837 902 964 1,038 1,117 1,194 1,286
28 955 1,028 1,099 1,183 1,274 1,361 1,466
29 1,080 1,163 1,243 1,338 1,441 1,540 1,659
30 1,212 1,305 1,395 1,502 1,617 1,728 1,861
31 1,349 1,453 1,553 1,672 1,800 1,923 2,072
32 1,490 1,605 1,715 1,846 1,987 2,124 2,288
33 1,632 1,758 1,878 2,022 2,177 2,326 2,506
34 1,773 1,910 2,041 2,197 2,365 2,528 2,723
35 1,911 2,059 2,200 2,368 2,550 2,725 2,935
36 2,044 2,201 2,352 2,532 2,726 2,913 3,138
37 2,168 2,335 2,495 2,686 2,892 3,090 3,328
38 2,281 2,457 2,626 2,826 3,043 3,252 3,502
39 2,381 2,564 2,741 2,950 3,176 3,394 3,656
40 2,465 2,655 2,838 3,055 3,289 3,515 3,786
41 2,532 2,727 2,914 3,138 3,378 3,610 3,889
42 2,579 2,778 2,969 3,197 3,442 3,679 3,963
43 2,606 2,808 3,001 3,231 3,479 3,719 4,006

Figure 2. EFW and BW measurements and fitted 2.5th, 10th,
25th, 50th, 75th, 90th, and 97.5th fetal weight centiles for GWs
15–43.
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Second, reliable data on last menstrual period were largely
unavailable, which could lead to lower mean fetal weights by
GA.33,34 Third, late presentation to the prenatal clinic, a fre-
quent occurrence in PNG, precluded pregnancy dating using
CRL in most participants. Error margins of GA estimates
based on fetal biometry increase with advancing GA,15,19 and
an episode of FGR before a dating measurement will under-
estimate GA, translating into lower fetal weight centiles.
However, exclusion of pregnancies affected by severe mater-
nal disease, congenital abnormalities, and stillbirth should
have somewhat limited the number of fetuses that may have
suffered early-onset FGR in this cohort. Similarly, one-half
of our women were primigravidae, which is associated with
lower mean BWs,35 and we observed a relatively high propor-
tion of female fetuses,12 potentially resulting in a downward
bias of our fetal weight centiles. Furthermore, our nomogram
is a hybrid derived from both EFW and BW, because it was
not possible for most women to be scanned near term. Previ-
ous research suggests that this is a valid alternative,36,37 and
10th centiles are similar between actual BW and EFW in term
pregnancies in North American cohorts.38 However, because
of the aforementioned shortcomings with estimating GA,
some infants in the cohort may have been pre-term deliveries,
potentially lowering the mean of the curve.38 The inclusion of
BW may also explain the flattening of the curve toward term
that was observed in our reference chart and the Tanzanian
(hybrid) reference chart: there were no marked differences in

third trimester growth velocities when Congolese and Cauca-
sian centiles (EFW only) were compared.12 Fourth, exponen-
tiation resulted in an upward shift of our 10th percentile
values by 1% (Supplemental Figure 3).
Use of the Hadlock or Congolese references in our popula-

tion would result in overdiagnosing SGA, whereas 10th centiles
from a Tanzanian reference were comparable with our cohort,
and the PNG-adjusted global reference underestimated SGA.
This suggests that locally derived centiles may be most appro-
priate. In the absence of population-specific references, use
of the global reference is a reasonable alternative, keeping
in mind the potential risk of missing an SGA fetus. The
population-adjusted global reference requires a minimum of
100 BWs from ultrasound-dated uncomplicated singleton term
pregnancies, a challenge in itself to achieve in some develop-
ing countries settings, notwithstanding the advantages of
generating population-specific references. The PNG-adjusted
global reference underestimated PNG means and 10th
centiles, which suggests that assumptions made to generate it
may not fully apply to our population.1 For instance, although
variation of fetal weight was relatively constant across GA
when expressed as a percentage of the fetal weight residuals
in our cohort (Supplemental Figure 3), it was smaller (10.9%)
compared with global reference assumptions.1,6

The Hadlock formula for estimating fetal weights over-
estimated actual BW in term pregnancies in our population
and other developing world populations.12,13 In our study, this

Figure 3. Locally derived fetal weight centiles (Figure 2 information shown in dark gray shading) compared with centiles from the (A) the
PNG-adjusted global reference,1 (B) a Caucasian reference,6 (C) a Tanzanian reference,13 and (D) a Congolese reference.12
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may be explained by the relatively wide time intervals between
last EFW and actual BW and the methodologies used to
approximate BW from last measured EFW; however, trends
were similar in studies from Tanzania and the Democratic
Republic of Congo.12,13 It is, hence, conceivable that the
Hadlock formula somehow fails to capture differences in fetal
size, growth, and body fat percentage in developing world pop-
ulations, particularly toward term.39 We hope that current
research will provide answers to this important question.17

In a subanalysis, we compared centiles for AC, HC, and FL
(ultrasound only) from our cohort with those from other pop-
ulations (Figure 5). The small number of measurements

restricted a meaningful comparison to the 16- to 35-GW inter-
val (Table 2). Z scores of three biometric measurements were
within 1 SD of most comparison populations, apart from
lower mean FLs in a Hong Kong Chinese population. This
corroborates findings from a similar comparison conducted in
Thailand.40 Mean FLs observed in urban PNG were higher
than our findings after 30 GWs. This may because their cohort
contained a higher percentage of Papuans/Polynesians than
our cohort, but it could also be because they used biparietal
diameters for dating and performed cross-sectional analysis of
a longitudinal dataset.15,41 We did not observe higher AC Z
scores in Caucasian references compared with our cohort,
which could have explained lower fetal weight centiles. How-
ever, a direct comparison is not possible, because AC data

Figure 4. Percentage difference in the (A) 10th, (B) 50th, and
(C) 90th fetal weight centiles derived from a rural PNG cohort,
Caucasian, Congolese, and Tanzanian weight references, and a
PNG-adjusted global reference.

Figure 5. Raw biometric data (millimeters) with 2.5th, 10th,
50th, 90th and 97.5th fitted centiles for (A) AC (N = 439), (B) FL
(N = 439), and (C) HC (N = 434).
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of the population used to derive the Caucasian fetal weight
reference are unavailable; also, reference values estimated
from different Caucasian populations were used.
Our findings suggest that our fetal weight nomogrammay be

the most appropriate tool to detect fetuses with FGR in rural
PNG (Supplemental Figure 4 provides a version of the nomo-
gram for clinical use). Alternatively, a Tanzanian or PNG-
adjusted global reference chart may be used, although the
latter may result in underdiagnosing SGA. Pregnancy ultra-
sound scanning remains relatively uncommon in PNG, but it is
clearly useful to corroborate health workers’ suspicion of sub-
optimal fetal growth,42 and scarce scan resources should be
prioritized to women with abnormal clinical findings.
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