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Objective: To construct a national fetal growth chart using retrospective data and
compared its diagnostic accuracy in predicting SGA at birth with existing
international growth charts.

Method: This is a retrospective study where datasets from May 2011 to Apr 2020 were
extracted to construct the fetal growth chart using the Lambda-Mu-Sigma method.
SGA is defined as birth weight <10th centile. The local growth chart's diagnostic
accuracy in detecting SGA at birth was evaluated using datasets from May 2020 to
Apr 2021 and was compared with the WHO, Hadlock, and INTERGROWTH-21st
charts. Balanced accuracy, sensitivity, and specificity were reported.

Results: A total of 68,897 scans were collected and five biometric growth charts were
constructed. Our national growth chart achieved an accuracy of 69% and a sensitivity
of 42% in identifying SGA at birth. The WHO chart showed similar diagnostic
performance as our national growth chart, followed by the Hadlock (67% accuracy
and 38% sensitivity) and INTERGROWTH-21st (57% accuracy and 19% sensitivity).
The specificities for all charts were 95-96%. All growth charts showed higher
accuracy in the third trimester, with an improvement of 8-16%, as compared to that
in the second trimester.

Conclusion: Using the Hadlock and INTERGROWTH-21st chart in the Malaysian
population may results in misdiagnose of SGA. Our population local chart has slightly
higher accuracy in predicting preterm SGA in the second trimester which can enable
earlier intervention for babies who are detected as SGA. All growth charts’ diagnostic
accuracies were poor in the second trimester, suggesting the need of improvising
alternative techniques for early detection of SGA to improve fetus outcomes.

KEYWORDS

small-for-gestational-age, estimated fetal weight, growth chart, reference chart, fetal
growth, INTERGROWTH-21st growth chart, Hadlock growth chart, WHO growth charts

Introduction

Small-for-gestational-age (SGA) refers to newborns with birth weights less than the 10th
centile who may have a higher risk of adverse perinatal and long-term health outcomes due
to fetal growth restriction (FGR) (1, 2). FGR refers to a fetus that fails to reach its genetically
determined growth due to multiple factors, including maternal conditions, placental
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insufficiency, or fetal-related causes. FGR is the main risk factor for
stillbirth and the stillbirth rate (per 1,000 birth) increased from 4.2
to 9.2 if FGR remains undetected before delivery (3). FGR detection
before birth is essential as the risk of adverse outcomes can reduce
four-fold if proper antenatal care is given (4).

Current clinical standards in detecting SGA include fetal
growth assessment via routine ultrasonography where fetal
weight is compared with a population growth chart. The
Hadlock chart is commonly accepted worldwide (5). Various
fetal reference growth charts have been proposed by the
INTERGROWTH-21st project (6), the NICHD Fetal Growth
Study (7), and the World Health Organization (WHO) (8).
Discussion on which growth charts should be adopted in the
local cohort is ongoing because the choice of growth chart has
profound implications on the clinical management of fetal
growth assessment (9, 10).

Malaysia has 440 K live birth per year and 50 stillbirths rate per
10 K birth (11). The stillbirth rate due to FGR is 16.5 per 1,000
birth (12). The motivation to construct a national fetal growth
chart is due to the increased stillbirth rate in Malaysia, leading to
the failure to achieve the UN’s’ Millennium Development Goals
(MDGs) of child mortality reduction and improvement of
maternal health. Evidence has shown that fetal weight is greatly
influenced by genetic and demographic factors (13-16). To date,
Malaysia lacks a national fetal growth chart and is using
international growth charts, which are created based on the
Caucasian population (5), in fetal growth assessment which may
underdiagnose SGA.

The first objective of this study is to investigate the diagnostic
performance of various international growth charts in predicting
SGA at birth. The second objective is to construct a national
fetal growth chart using ten-year retrospective local data and
compare its diagnostic performance in predicting SGA at birth
with existing international growth charts.

Methods
Subjects

The study protocol was approved by the University of Malaya
Medical Center, Medical Research Ethical Committee (MREC)
with MECID.No: 2021329-9997. All the data involved in the
current research project originated from Pusat Perubatan
Malaya (PPUM),
institution in Kuala Lumpur, Malaysia. Prenatal data from May

Universiti a government-funded medical
2011 to Apr 2021 were extracted from the system. Scan records
with missing values, pregnancy with multiparity, stillbirth, and
consist of values that fall outside the range of three times the
interquartile range were removed. Only one ultrasound
measurement was used for each fetus. We have a total of 68,897
scans from May 2011 to Apr 2021. A total of seven features were
extracted from the scan records and are described in Table 1. All
ultrasound measurements were performed by sonographers

certified by the Fetal Medicine Foundation.
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TABLE 1 Description of features collected in prenatal data.

Feature Description

Pregnancy ID Identity code of the patient.

Gestational Age Dating by last menstrual period or crump-lump length.

Biparietal Diameter A measurement of the diameter of the fetus’s skull,

(BPD) measured on the axis plane of the fetus vertex, from one

parietal bone to the other.

Head Circumference A measurement of the circumference of the fetus’s skull,

(HC) measured on the axis plane of the fetus vertex, head-
around of the fetus’s skull.
Abdominal A measurement of the circumference of the fetus’s

Circumference (AC) abdomen, measured on the transverse section through

the upper abdomen.

Femur Length (FL) A measurement of the long bone in the fetus’s thigh,

measured from the blunt end of the bone to the shaft.

Estimated Fetal Weight
(EFW)

An estimation of the weight of the fetus based on
ultrasonographic measurement using the Hadlock
formula.

Outcome

Our primary outcome was to predict SGA at birth. We defined
SGA at birth when the birth weight is less than the 10th centile,
based on the INTERGROWTH-21st preterm and term birth
weight chart (17, 18). If birth weight is above the 10th centile, it
is defined as appropriate gestational age (AGA) at birth.

Development of fetal growth reference
curves

We adopted the first nine-year datasets from May 2011 to Apr
2020 (n = 67,063 scans) to generate the fetal growth chart using the
Lambda-Mu-Sigma (LMS) statistical method (19). The LMS
method is an established method in creating reference charts
(20-22). The LMS method summarizes the distribution of fetal
biometrics by gestational age in three aspects, which are Lambda
(L) which indicates the skewness of the distribution of fetal
biometrics by Box-Cox transformation power, Mu (M) which
indicates the Median of the fetal biometric, and lastly the Sigma
(S) that indicates the coefficient of the variation of the fetal
biometric. Nature smoothing spline function was applied to
obtain the smoothed value of Lambda, Mu, and Sigma for each
gestational age, these values were then fed into the equation as
followed to calculate the percentile value in a particular
gestational age:

C=MA+(L-S 2) (1)

where C is the unit value at a particular percentile level to be
calculated; M, L, and S are the Mu (median), Lambda (skewness
of distribution), and Sigma (coefficient of variation) as described
previously; Z is the corresponding Z-Score of the percentile in a
normalized distribution (e.g. for the value of percentile 2.5th,
5th, 10th, 25th, 50th, 75th, 90th, 95th, and 97.5th, Z will be
substituted as —1.960, —1.881, —1.645, —1.282, —0.675, 0, 0.675,

frontiersin.org


https://doi.org/10.3389/fsurg.2023.1123948
https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org/

Saw et al.

and 1.282, 1.645, 1.881, 1.960). The generated unit value at a
particular percentile using the LMS method was aggregated and
presented as a fetal growth reference curved with intervals of one
week by gestational age.

The difference between our LMS fetal growth chart and the
growth chart from WHO (8), INTERGROWTH-21st (6, 23), and
Hadlock (5) was compared using relative percentage difference
(Equation 2).

Relative % Difference =

International Growth Chart Centile Value

" : @
LMS Centllfj‘ Value x 100%
LMS Centile

Performance analysis of fetal growth
reference charts in predicting SGA at birth

The 10th-year datasets (May 2020 to Apr 2021, n=1,834
scans) were used to evaluate the accuracy of our fetal growth
chart in predicting SGA at birth. Fetuses with EFW that fall
below the 10th centile were predicted as SGA at birth while
fetuses with EFWs above the 10th centile were predicted as AGA
at birth.

The evaluation was divided into three parts. First, the
performance of the local growth chart, generated using local data
with the LMS method, in predicting SGA at birth was evaluated.
Second, we analyzed the performance of the local growth chart
in predicting SGA at birth in preterm and term infants. A
preterm infant is defined as when an infant is born before the
37th week while a term infant is defined as when an infant is
born after the 37th week (24). Third, we further analyze the
performance of the chart in predicting SGA at birth using
second and third-trimester data for term and preterm infants.
Any data with gestational age between the 13th week and 27th
identified as and data with
gestational age more than or equal to 27th was identified as

week was “second trimester”
“third trimester”.

The performance of the local growth chart and WHO (8),
INTERGROWTH-21st (6, 23), and Hadlock (5) fetal growth
charts in predicting SGA at birth were compared. The dataset is
imbalanced as the number of SGA is much lesser than the
number of AGA cases, balanced accuracy is used instead of
accuracy (25). Balanced accuracy is the mean of sensitivity and
specificity. Balanced accuracy, sensitivity, and specificity were
reported.

Statistical analysis
Statistical analysis was performed to test if there were any

AGA and SGA. For
continuous variables, normality test was performed to check for

significant  differences between the
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data distribution. If data is normally distributed, Student T-test is
used else non-parametric Mann-Whitney test is used for analysis.
For categorical variables, chi-square test was performed to
determine if there is a significant difference between AGA and
SGA. The data were deemed significantly different if p < 0.05.

Results
Patients characteristics

Figure 1 shows the data distribution used to generate our fetal
growth chart curves. In 2011, UMMC had just started using a
proper electronic system for keeping patient records and thus the
datasets in 2011 were limited and all of them were in 2nd
trimester. Table 2 tabulates the patients’ characteristics from May
2020 to Apr 2021, which was used for evaluating the accuracy of
various growth charts in identifying SGA at birth. There are 781
newborns with 706 AGA and 75 SGA, defined using the birth
weight of the infants. There were significant differences between
AGA and SGA fetuses, where the occurrence of maternal
hypertension, pre-eclampsia, gender, as well as the birth
anthropometric measurements of birth weight, length, and head
circumference differ. No significant differences were observed for
maternal age, anemia, gestational age at birth, and APGAR score
for 1 min and 5 min.

Fetal growth reference curves

Figures 2, 3 shows the reference charts for biparietal diameter,
head circumference, abdominal circumference, femur length, and
estimated fetal weight generated using the LMS method.
Supplementary Tables S1-S5 show the centile estimations for
completed weeks of gestation.

Fetal growth reference curves comparison

Figure 4 shows the relative percentage difference of the EFW
centile curve between the local generated curve and the WHO,
INTERGROWH-21st and Hadlock centile curves. A positive
percentage error indicates the percentile value of growth
reference (WHO/ INTERGROWH-21st/Hadlock) is larger than
the percentile value of growth reference developed in our study.
In other words, the positive and negative percentage error
over- and under-estimated,
respectively, if international growth references (WHO/
INTERGROWH-21st/Hadlock) are adopted for fetal growth
assessment in the local population.

representing fetal growth are

In our study, we found that the discrepancy between our EFW
chart and the WHO growth chart ranged from +18% to —10%
across gestation, indicating an 18% of overestimation at early
gestation and a 10% underestimation of fetus growth at late
WHO growth
overestimated the FGR fetus growth (light grey line) and the

gestation. From Figure 4A, the chart
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FIGURE 1
Data distribution from Apr 2011 to May 2020 that was used to generate local fetal growth chart curves.

overestimation of FGR fetus growth was 15% in the 15th week and
dropped gradually to below 5% after the 23rd week. The percentage
error for evaluating EFW below the 10th centile between our
growth chart and WHO curve was small, approximately 0.56%,
between 25th to 37th week.

The Hadlock curve exhibited a similar reducing trend of
percentage error when compared to our local EFW curves. The
percentage error was 16% in the 15th week and dropped to
below 5% after the 25th week. The percentage error for
evaluating EFW below the 10th centile from 25th to the 37th
week between our growth chart and Hadlock curve was
approximately 2.03%.

As there were no information available before the 21st week in
the INTEGROWTH-21st chart, the comparisons were only made

TABLE 2 Patient characteristics from May 2020-Apr 2021.

Mother Age 34.16 £ 3.96 34.63 +3.88 0.301
Anemia 28 (4.0%) 6 (8.0%) 0.104
Hypertension* 58 (8.2%) 14 (18.6%) 0.003
Pre-eclampsia* 2 (2.7%) <0.0001
Gestational Age at birth (week)

Term 38.09 £ 0.91 38.10 £ 0.99 0.981
Preterm 35.64+£0.77 35.24+1.09 0.105
Gender*

Female 334 (47.3%) 46 (61.3%) 0.021
Male 372 (52.7%) 29 (38.7%)

Birth weight (g)* 3091.86 + 387.06 | 2341.93 +339.60 | <0.0001
Birth length (mm)* 47.70 £2.13 45.02 +2.37 <0.0001
Head circumference at birth (mm)* 33.65+1.84 31.75+1.32 <0.0001
APGAR score (1 min) 8.81 £0.90 8.79£1.15 0.552
APGAR score (5 min) 9.90 £0.70 9.85+1.16 0.519

Values shown for continuous variables are mean and standard deviation while
categorical variables are counts (percentage) N: Number of newborn.

*indicates p < 0.05.
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between the 22nd to 40th week. From Figure 4C, the
INTEGROWTH-21st chart exhibited a negative discrepancy
between the 22nd to 25th week, indicating that some of the
fetuses may be misdiagnosed as AGA. The discrepancy increased
to positive after the 25th week and declined around the 32nd week.

Evaluation of fetal growth reference chart in
general

Table 3 shows the results of each fetal growth reference chart in
predicting SGA at birth. Based on the result, we noticed that our
fetal growth reference chart generated using the LMS method
achieved similar balanced accuracy (69%), as the WHO chart.
The recall for both local and WHO charts were similar,
achieving 42% and 43%, respectively. The INTERGROWTH-21st
chart had the poorest performance with a balanced accuracy of
57% and 19% recall. All charts had similar specificity of 95%-96%.

To further understand the performance of each chart in
predicting SGA, we performed another analysis by segregating
SGA into preterm and term SGA (Table 4). Based on the
result, we observed a similar pattern as observed in Table 3,
where the WHO and our local chart achieved the highest
accuracy in predicting SGA for both preterm and term infants,
followed by the Hadlock and INTERGROWTH-21st charts. For
preterm infants, via the LMS method, the WHO and local
growth chart achieved balanced accuracy of 76% and recall of
65% in predicting SGA at birth. The Hadlock chart had slightly
lower accuracy and recall as compared to the WHO and local
The INTERGROWTH-21st chart showed the lowest
balanced accuracy of 63% and recall of 31% for preterm SGA.
For term infants, the WHO chart depicted the highest balanced
accuracy, with 66% and recall of 35% for SGA, followed by our
local growth chart with 65% balanced accuracy and 34% recall.
The INTERGROWTH-21st chart, again, showed the lowest

charts.
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FIGURE 2
Local fetal growth reference charts for biparietal diameter, head circumference, abdominal circumference, and femur length using LMS method

accuracy of 55% and recall of 14%. For preterm SGA, the Table 5 shows the results of various fetal growth charts in
INTERGROWTH-21st chart showed the highest specificity of  predicting term and preterm SGA in the 2nd and 3rd trimesters.
94%, followed by the Hadlock chart, with 90% specificity. The  Interestingly, although the INTERGROWTH-21st chart had the
WHO and our local charts had slightly lower specificities, 88%.  poorest performance in Tables 3, 4, it had the highest balanced
For the term SGA, all four charts showed similar specificity of  accuracy when predicting SGA in 2nd trimester but dropped

approximately 96%. greatly in 3rd trimester (Balanced Accuracy: Preterm SGA: 75%
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FIGURE 3
Local fetal growth reference curve for estimated fetal weight using LMS method.
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FIGURE 4
Relative percentage difference of estimated fetal weight between Malaysia and (A) WHO, (B) Hadlock, and (C) INTERGROWTH-21st fetal growth curves.
P_10, P_50, and P_90 refer to percentage error when comparing the 10th centile, 50th centile, and 90th centile of the two growth charts, respectively.

drop to 59% and Term SGA: 64% drop to 55%). The WHO chart
had poor performance in 2nd trimester but improved substantially
in 3rd trimester (Balanced Accuracy: Preterm SGA: 66% to 79%
and Term SGA: 56% to 67%). The Hadlock chart achieved an
average balanced accuracy of 52%-76%.

As compared to the WHO and INTERGROWTH-21st charts,
our local growth chart showed a more consistent trend in the 2nd
and 3rd trimesters in predicting SGA at birth. The discrepancy of
balanced accuracies between the 2nd and 3rd trimesters was as
large as compared to the WHO and INTERGROWTH-21st
charts. From Table 5 for preterm SGA, our local growth chart
achieved 70% balanced accuracy in the 2nd trimester and
increased to 78% in the 3rd trimester while for term SGA, our

TABLE 3 Result of different fetal growth reference charts in predicting
SGA at birth.

n=1,834 Balanced Accuracy Recall / Sensitivity Specificity

Hadlock 67% 38% 96%
IG-21st 57% 19% 96%
LMS (Ours) 69% 42% 95%
WHO 69% 43% 96%

local growth chart shows 58% balanced accuracy in the 2nd
trimester and improved to 66% in the 3rd trimester.

Discussion

It is known that adopting an international fetal growth chart
may not be suitable for certain population. For example, an
Italian study and a population-based study in 15 European

TABLE 4 Result of different fetal growth reference charts in predicting

SGA for preterm and term infants.

Recall /
Sensitivity

Balanced
Accuracy

Type of

Specificity
Growth
Charts

Hadlock

1G-21st

LMS (Ours)

WHO

Hadlock

1G-21st

LMS (Ours)

WHO

Preterm
(n=228)

74%
63%
76%
76%
63%
55%
65%
66%

59%
31%
65%
65%
30%
14%
34%
35%

90%
94%
88%
88%
97%
96%
96%
96%

Term

(n=
1606)

n, number of scans; 1G-21st, INTERGROWTH-21st.
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TABLE 5 Result of different fetal growth reference charts in predicting
SGA for preterm and term infants in 2nd trimester and 3rd trimester.

Type of Growth Balanced = Recall /  Specificity
Charts Accuracy Sensitivity
Preterm SGA
2nd Hadlock 68% 36% 100%
Trimester | [G-21 75% 64% 87%
(n=49) LMS (Ours) 70% 45% 95%
WHO 66% 36% 95%
3rd Hadlock 76% 65% 87%
Trimester | 1G-21 59% 23% 96%
(=179 1 M5 (Ours) 78% 70% 86%
WHO 79% 72% 86%
Term SGA
2nd Hadlock 52% 6% 98%
Trimester | 1G-21 64% 44% 83%
(n=310) 7S (Ours) 58% 22% 95%
WHO 56% 17% 96%
3rd Hadlock 65% 33% 97%
Trimester | 1G-21 55% 10% 99%
(n=1296) "7 015 (Ours) 66% 36% 97%
WHO 67% 37% 97%

n, number of scans.

countries reported that using international growth charts results in
underdiagnosed SGA and FGR fetuses being misclassified as
growth
population from specific areas such South East Asia, are

normal respectively (9, 10). Furthermore, Asian
relatively smaller in overall size compared to the white or
Caucasian population (7), and thus, adopting an international
growth chart in the Malaysian population may misdiagnose SGA
or FGR.

Our study’s major strength is the inclusion of a very large
sample of live births over a span of nine years to construct a
national fetal growth chart that can be used as a reference to
Malaysia’s population. We tested the performance of the local
fetal growth chart in predicting SGA at birth using another
independent dataset—the 10th-year data. The accuracy of our
fetal growth chart in predicting SGA at birth was 69%, depicting
similar diagnostic accuracy as the WHO chart, which was
constructed with approximately 20% Asian population. Another
important point from our study is that our local chart has higher
accuracy and sensitivity in predicting preterm SGA at birth in
the second trimester would allow possible interventions such as
maternal supplementations (26, 27).

The Hadlock growth chart has been widely accepted and used
in clinics for fetal growth assessment globally, including in
Malaysia. However, we observed that the Hadlock growth chart
did not show the best diagnostic accuracy in predicting SGA at
birth, achieving only 38% sensitivity and 96% specificity
(Table 3). When we analyzed the results in the second and third
trimesters independently, the sensitivity of the Hadlock growth
chart only increased to 49% in the third trimester, which was
lower than other studies that reported a sensitivity of 62%-69%
(28, 29). The NICHD study reported that the white population
had significantly higher fetal growth as compared to the Asian
(7), suggesting that adopting a Hadlock growth chart (Caucasian)
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in our cohort may underdiagnose SGA and hence results in low
sensitivity. The same observation was also observed in Papua
New Guinea, Hadlock
percentage of fetuses with EFW <10th centile (30). This result
suggests that adopting the Hadlock chart in Malaysia healthcare

where the chart overestimated the

institutions may require reconsideration.

Other studies reported that the INTERGROWTH-21st chart
did not perform well in identifying SGA at birth (31, 32). For
example, a substantial number of fetuses in the Chinese
population were being misdiagnosed as at risk of small fetus size
(high false positive) (31). In our study, we observed an opposite
trend with a significant number of fetuses being misdiagnosis for
normal size (high false negative). In fact, the INTERGROWTH-
21st chart was the poorest in identifying SGA at birth among all
the fetal growth charts. We reckon that the inadequate
performance of the INTERGROWTH-21st chart could be due to
the discrepancy in the population recruitment criteria where
pregnancies with antenatal complications were excluded. The
second reason could be EFW is computed using another
formula, instead of the Hadlock formula, in the
INTERGROWTH-21st study which may result in a discrepancy
in EFW estimation (6, 23).

A past study reported that the degree of discrepancy between
ultrasound EFW and birth weight increased with the number of
days scans completed before delivery (33). This could explain the
reason why we observed that all growth charts generally have
lower diagnostic accuracy in the second trimester as compared to
that in the 8%-16%
performance (Table 5). Similar findings were also reported where

third trimester, with an decline in
the sensitivity of predicting SGA at birth in the second trimester
was approximately 45% (34, 35). Fetal growth is a dynamic
process where it can be affected by various factors such as
maternal diet. As such, it is not surprising that the detection rate
in the second trimester is poorer than in the third trimester.

Compared with the WHO growth chart, one advantage
provided by our local population chart is that it is better at
predicting preterm SGA in second trimester (Table 5). Preterm
SGA is reported to have 13 times higher risk associated with
mortality (Kc et al., 2015; Garcia-Basteiro et al., 2017). An earlier
recognition of SGA can improve neonatal prognosis and provide
an earlier indication of placental disease (36). Detection of SGA
in mid-pregnancy could imply that the mothers have a high level
of stress, anxiety or depression (37). This information could be
helpful to prenatal care planner in designing intervention
program in reducing the risk of delivering SGA infant.

One of the study limitations is that we only consider EFW for
SGA prediction and did not consider other important covariates,
such as maternal variables. However, although customized fetal
growth charts have been proposed to improve SGA detection,
their predictive ability has been questioned due to methodology
bias (38, 39). The second limitation is that the populations
selected for this study were urban in Malaysia and thus applying
our national growth chart in rural areas may require validation
of the performance.

In conclusion, we have constructed five biometric growth
diameter, abdominal circumference, head

charts: biparietal
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circumference, femur length and estimated fetal weight. Our
national growth chart achieved 69% accuracy in identifying SGA
at birth. The WHO chart better reflects our local population
compared to the Hadlock and INTERGROWTH-21st charts. Our
population local chart has slightly higher accuracy in predicting
preterm SGA in the second trimester which enable prompt
identification to implement intervention to increase survival of
these infants.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed and
approved by the study protocol by University of Malaya Medical
Center, Medical Research Ethical Committee (MREC) with
MECID. No: 2021329-9997. Written
participation was not required for this study in accordance with

informed consent for

the national legislation and the institutional requirements.

Author contributions

SNS, AAK, SS, RS and CKL conceived and planned the
experiments. All authors provided comments and inputs for
designing the experiment. CNL performed data collection. MCL
and CNL carried out the data analysis and interpretation of the
results. SNS and MCL lead in writing manuscript. All authors
discussed the results, provided critical feedback and reviewed the
manuscript. SNS supervised the project. All authors contributed
to the article and approved the submitted version.

References

1. Pilliod RA, Cheng YW, Snowden JM, Doss AE, Caughey AB. The risk of
intrauterine fetal death in the small-for-gestational-age fetus. Am J Obstet Gynecol.
(2012) 207(318):e311-316. doi: 10.1016/j.aj0og.2012.06.039

2. Trudell AS, Cahill AG, Tuuli MG, Macones GA, Odibo AO. Risk of stillbirth after
37 weeks in pregnancies complicated by small-for-gestational-age fetuses. Am J Obstet
Gynecol. (2013) 208(376):e371-376. €377. doi: 10.1016/j.ajog.2013.02.030

3. Gardosi ], Madurasinghe V, Williams M, Malik A, Francis A. Maternal and fetal
risk factors for stillbirth: population based study. BMJ: Br Med ]. (2013) 346:f108.
doi: 10.1136/bm;j.f108

4. Lindgvist PG, Molin J. Does antenatal identification of small-for-gestational age
fetuses significantly improve their outcome? Ultrasound Obstet Gynecol. (2005)
25:258-64. doi: 10.1002/uog.1806

5. Hadlock FP, Harrist RB, Martinez-Poyer J. In utero analysis of fetal growth: a
sonographic weight standard. Radiology. (1991) 181:129-33. doi: 10.1148/radiology.
181.1.1887021

6. Papageorghiou AT, Ohuma EO, Altman DG, Todros T, Cheikh Ismail L, Lambert
A, et al. International standards for fetal growth based on serial ultrasound
measurements: the fetal growth longitudinal study of the INTERGROWTH-21st
project. Lancet. (2014) 384:869-79. doi: 10.1016/S0140-6736(14)61490-2

Frontiers in Surgery

10.3389/fsurg.2023.1123948

Funding

This work was supported in part by eDANA TED 1
(MOSTI002-2023TED1) and the
Research (GA017-2021).

Ranjeet Bhagwan Singh

Acknowledgement

We would like to express our gratitude to Nurul Syazwani Binti
Jalil for her assistance in data collection and data management.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fsurg.2023.

1123948/full#supplementary-material.

7. Louis GMB, Grewal J, Albert PS, Sciscione A, Wing DA, Grobman WA, et al.
Racial/ethnic standards for fetal growth: the NICHD fetal growth studies. Am
J Obstet Gynecol. (2015) 213(449):e441-449. e441. doi: 10.1016/j.ajog.2015.08.032

8. Kiserud T, Benachi A, Hecher K, Perez RG, Carvalho J, Piaggio G, et al. The world
health organization fetal growth charts: concept, findings, interpretation, and
application. Am ] Obstet Gynecol. (2018) 218:5619-29. doi: 10.1016/j.aj0g.2017.12.010

9. Stampalija T, Ghi T, Rosolen V, Rizzo G, Ferrazzi EM, Prefumo F, et al. Current
use and performance of the different fetal growth charts in the Italian population. Eur
J Obstet Gynecol Reprod Biol. (2020) 252:323-9. doi: 10.1016/j.€jogrb.2020.06.059

10. Hocquette A, Durox M, Wood R, Klungseyr K, Szamotulska K, Berrut S, et al.
International versus national growth charts for identifying small and large-for-
gestational age newborns: a population-based study in 15 European countries.
Lancet Reg Health-Eur. (2021) 8:100167. doi: 10.1016/j.lanepe.2021.100167

11. Vital Statistics, Malaysia, 2022. Malaysia DoS. (2022).

12. Ravichandran Jeganathan SDK. “5th Report of National Obstetrics Registry, Jan
2016-Dec 2017”.) (2020).

13. Wang X, Guyer B, Paige DM. Differences in gestational age-specific birthweight
among Chinese, Japanese and white Americans. Int ] Epidemiol. (1994) 23:119-28.
doi: 10.1093/ije/23.1.119

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fsurg.2023.1123948/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fsurg.2023.1123948/full#supplementary-material
https://doi.org/10.1016/j.ajog.2012.06.039
https://doi.org/10.1016/j.ajog.2013.02.030
https://doi.org/10.1136/bmj.f108
https://doi.org/10.1002/uog.1806
https://doi.org/10.1148/radiology.181.1.1887021
https://doi.org/10.1148/radiology.181.1.1887021
https://doi.org/10.1016/S0140-6736(14)61490-2
https://doi.org/10.1016/j.ajog.2015.08.032
https://doi.org/10.1016/j.ajog.2017.12.010
https://doi.org/10.1016/j.ejogrb.2020.06.059
https://doi.org/10.1016/j.lanepe.2021.100167
https://doi.org/10.1093/ije/23.1.119
https://doi.org/10.3389/fsurg.2023.1123948
https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org/

Saw et al.

14. Wen SW, Kramer MS, Usher RH. Comparison of birth weight distributions
between Chinese and Caucasian infants. Am ] Epidemiol. (1995) 141:1177-87.
doi: 10.1093/oxfordjournals.aje.al17391

15. Westerway SC, Keogh J, Heard R, Morris J. Incidence of fetal macrosomia and
birth complications in Chinese immigrant women. Aust N Z J Obstet Gynaecol. (2003)
43:46-9. doi: 10.1046/j.0004-8666.2003.00013.x

16. Dai L, Deng C, Li Y, Zhu J, Mu Y, Deng Y, et al. Birth weight reference percentiles
for Chinese. PloS one. (2014) 9:¢104779. doi: 10.1371/journal.pone.0104779

17. Villar J, Ismail LC, Victora CG, Ohuma EO, Bertino E, Altman DG, et al.
International standards for newborn weight, length, and head circumference by
gestational age and sex: the newborn cross-sectional study of the INTERGROWTH-
21st project. Lancet. (2014) 384:857-68. doi: 10.1016/S0140-6736(14)60932-6

18. Villar J, Giuliani F, Fenton TR, Ohuma EO, Ismail LC, Kennedy SH.
INTERGROWTH-21st very preterm size at birth reference charts. Lancet. (2016)
387:844-5. doi: 10.1016/S0140-6736(16)00384-6

19. Cole TJ, Green PJ. Smoothing reference centile curves: the LMS method and
penalized likelihood. Stat Med. (1992) 11:1305-19. doi: 10.1002/sim.4780111005

20. Kobayashi T, Fuse S, Sakamoto N, Mikami M, Ogawa S, Hamaoka K, et al. A
new Z score curve of the coronary arterial internal diameter using the lambda-mu-
sigma method in a pediatric population. ] Am Soc Echocardiogr. (2016) 29:794-801.
€729. doi: 10.1016/j.ech0.2016.03.017

21. Demerath EW, Johnson W, Davern BA, Anderson CG, Shenberger JS, Misra S,
et al. New body composition reference charts for preterm infants. Am J Clin Nutr.
(2017) 105:70-7. doi: 10.3945/ajcn.116.138248

22.Zi-Yu S, Yu S, Pei-Pei L, Hua-Zhang W, Yu-Wen D, Lin L, et al. Lambda-mu-
sigma method (LMS) study on the physical growth reference standard of low birth
weight infant. HHAEZHR 1 HI J2 4. (2020) 24:1195-201. doi: 10.16462/j.cnki.zhjbkz.
2020.10.017

23. Stirnemann J, Villar J, Salomon L, Ohuma E, Ruyan P, Altman D, et al.
International estimated fetal weight standards of the INTERGROWTH-21st project.
Ultrasound Obstet Gynecol. (2017) 49:478-86. doi: 10.1002/uog.17347

24. Engle WA, Tomashek KM, Wallman C, Fetus CO, Newborn. “Late-preterm”
infants: a population at risk. Pediatrics. (2007) 120:1390-401. doi: 10.1542/peds.2007-2952

25. Kelleher JD, Mac Namee B, D’arcy A. Fundamentals of machine learning for
predictive data analytics: Algorithms, worked examples, and case studies. Dublin: MIT
press (2020).

26. Roberfroid D, Huybregts L, Lanou H, Henry M-C, Meda N, Menten J, et al.
Effects of maternal multiple micronutrient supplementation on fetal growth: a
double-blind randomized controlled trial in rural Burkina Faso. Am ] Clin Nutr.
(2008) 88:1330-40. doi: 10.3945/ajcn.2008.26296

27. Hambidge KM, Krebs NF. Strategies for optimizing maternal nutrition to
promote infant development. Reprod Health. (2018) 15:87. doi: 10.1186/5s12978-018-
0534-3

Frontiers in Surgery

09

10.3389/fsurg.2023.1123948

28. David C, Tagliavini G, Pilu G, Rudenholz A, Bovicelli L. Receiver-operator
characteristic curves for the ultrasonographic prediction of small-for-gestational-age
fetuses in low-risk pregnancies. Am ] Obstet Gynecol. (1996) 174:1037-42. doi: 10.
1016/5S0002-9378(96)70347-2

29. Nwabuobi C, Odibo L, Camisasca-Lopina H, Leavitt K, Tuuli M, Odibo AO.
Comparing INTERGROWTH-21st century and hadlock growth standards to predict
small for gestational age and short-term neonatal outcomes. J Matern Fetal
Neonatal Med. (2020) 33:1906-12. doi: 10.1080/14767058.2018.1533945

30. Landis S, Ananth C, Lokomba V, Hartmann K, Thorp J Jr, Horton A, et al.
Ultrasound-derived fetal size nomogram for a sub-saharan African population: a
longitudinal study. Ultrasound Obstet Gynecol. (2009) 34:379-86. doi: 10.1002/uog.
6357

31. Cheng Y, Leung T, Lao T, Chan Y, Sahota D. Impact of replacing C hinese
ethnicity-specific fetal biometry charts with the INTERGROWTH-21st standard.
BJOG: Int J Obstet Gynaecol. (2016) 123:48-55. doi: 10.1111/1471-0528.14008

32. Poljak B, Agarwal U, Jackson R, Alfirevic Z, Sharp A. Diagnostic accuracy of
individual antenatal tools for prediction of small-for-gestational age at birth.
Ultrasound Obstet Gynecol. (2017) 49:493-9. doi: 10.1002/uog.17211

33. Stephens K, Al-Memar M, Beattie-Jones S, Dhanjal M, Mappouridou S, Thorne
E, et al. Comparing the relation between ultrasound-estimated fetal weight and
birthweight in cohort of small-for-gestational-age fetuses. Acta Obstet Gynecol
Scand. (2019) 98:1435-41. doi: 10.1111/a0gs.13645

34. Saw SN, Biswas A, Mattar CNZ, Lee HK, Yap CH. Machine learning
improves early prediction of small-for-gestational-age births and reveals nuchal fold
thickness as unexpected predictor. Prenat Diagn. (2021) 41:505-16. doi: 10.1002/pd.
5903

35. Feng Y, Zheng H, Fang D, Mei S, Zhong W, Zhang G. Prediction of late-onset
fetal growth restriction using a combined first-and second-trimester screening
model. ] Gynecol Obstet Hum Reprod. (2022) 51:102273. doi: 10.1016/j.jogoh.2021.
102273

36. Simic M, Stephansson O, Petersson G, Cnattingius S, Wikstrom A-K. Slow fetal
growth between first and early second trimester ultrasound scans and risk of small for
gestational age (SGA) birth. PloS one. (2017) 12:¢0184853. doi: 10.1371/journal.pone.
0184853

37. Khashan A, Everard C, Mccowan L, Dekker G, Moss-Morris R, Baker P, et al.
Second-trimester maternal distress increases the risk of small for gestational age.
Psychol Med. (2014) 44:2799-810. doi: 10.1017/S0033291714000300

38. Zhang X, Platt R, Cnattingius S, Joseph K, Kramer M. The use of customised
versus population-based birthweight standards in predicting perinatal mortality.
BJOG: Int ] Obstet Gynaecol. (2007) 114:474-7. doi: 10.1111/j.1471-0528.2007.
01273.x

39. Hutcheon J, Zhang X, Cnattingius S, Kramer M, Platt R. Customised birthweight
percentiles: does adjusting for maternal characteristics matter? BJOG: Int ] Obstet
Gynaecol. (2008) 115:1397-404. doi: 10.1111/j.1471-0528.2008.01870.x

frontiersin.org


https://doi.org/10.1093/oxfordjournals.aje.a117391
https://doi.org/10.1046/j.0004-8666.2003.00013.x
https://doi.org/10.1371/journal.pone.0104779
https://doi.org/10.1016/S0140-6736(14)60932-6
https://doi.org/10.1016/S0140-6736(16)00384-6
https://doi.org/10.1002/sim.4780111005
https://doi.org/10.1016/j.echo.2016.03.017
https://doi.org/10.3945/ajcn.116.138248
https://doi.org/10.16462/j.cnki.zhjbkz.2020.10.017
https://doi.org/10.16462/j.cnki.zhjbkz.2020.10.017
https://doi.org/10.1002/uog.17347
https://doi.org/10.1542/peds.2007-2952
https://doi.org/10.3945/ajcn.2008.26296
https://doi.org/10.1186/s12978-018-0534-3
https://doi.org/10.1186/s12978-018-0534-3
https://doi.org/10.1016/S0002-9378(96)70347-2
https://doi.org/10.1016/S0002-9378(96)70347-2
https://doi.org/10.1080/14767058.2018.1533945
https://doi.org/10.1002/uog.6357
https://doi.org/10.1002/uog.6357
https://doi.org/10.1111/1471-0528.14008
https://doi.org/10.1002/uog.17211
https://doi.org/10.1111/aogs.13645
https://doi.org/10.1002/pd.5903
https://doi.org/10.1002/pd.5903
https://doi.org/10.1016/j.jogoh.2021.102273
https://doi.org/10.1016/j.jogoh.2021.102273
https://doi.org/10.1371/journal.pone.0184853
https://doi.org/10.1371/journal.pone.0184853
https://doi.org/10.1017/S0033291714000300
https://doi.org/10.1111/j.1471-0528.2007.01273.x
https://doi.org/10.1111/j.1471-0528.2007.01273.x
https://doi.org/10.1111/j.1471-0528.2008.01870.x
https://doi.org/10.3389/fsurg.2023.1123948
https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org/

	The accuracy of international and national fetal growth charts in detecting small-for-gestational-age infants using the Lambda-Mu-Sigma method
	Introduction
	Methods
	Subjects
	Outcome
	Development of fetal growth reference curves
	Performance analysis of fetal growth reference charts in predicting SGA at birth
	Statistical analysis

	Results
	Patients characteristics
	Fetal growth reference curves
	Fetal growth reference curves comparison
	Evaluation of fetal growth reference chart in general

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgement
	Conflict of interest
	Publisher's note
	Supplementary material
	References


