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Abstract

Background: Cynomolgus monkeys (Macaca fascicularis) are essential in biomedical

research, including reproductive studies. However, the application of human esti-

mated foetal weight (EFW) formulas using ultrasonography (USG) in these non-human

primates is not well established.

Objectives: This study aims to evaluate the applicability of human EFW formulas

for estimating foetal weight in cynomolgus monkeys at approximately 130 days of

gestation.

Methods: Our study involved nine pregnant cynomolgus monkeys. We measured

foetal parameters, including biparietal diameter, head circumference, abdominal cir-

cumference and femur length using USG. The EFW was calculated using 11 human

EFW formulas. The actual birthweight (ABW) was recorded following Cesarean sec-

tion, the day after the EFW calculation. For comparing EFW and ABW, we employed

statistical methods such as mean absolute percentage error (APE) and Bland–Altman

analysis.

Results: The ABW ranged between 200.36 and 291.33 g. Among the 11 formulas,

the Combs formula showed the lowest APE (4.3%) and highest correlation with ABW

(p < 0.001). Notably, EFW and ABW differences for the Combs formula were ≤5% in

66.7%and≤10% in100%of cases. TheBland–Altmananalysis supported these results,

showing that all cases fell within the limits of agreement.

Conclusions:TheCombs formula is applicable for estimating theweight of cynomolgus

monkey fetuses with USG at approximately 130 days of gestation. Our observations

suggest that the Combs formula can be applied in the prenatal care and biomedical

research of this species.

Dong-Ho Lee and Seung-Bin Yoon contributed equally to this work.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and nomodifications or adaptations aremade.

© 2024 The Author(s). Veterinary Medicine and Science published by JohnWiley & Sons Ltd.

Vet Med Sci. 2024;10:e1521. wileyonlinelibrary.com/journal/vms3 1 of 11

https://doi.org/10.1002/vms3.1521

https://orcid.org/0009-0005-5528-026X
https://orcid.org/0000-0002-0056-4995
https://orcid.org/0000-0002-9067-3537
https://orcid.org/0000-0001-9214-7170
mailto:cspark99@snu.ac.kr
mailto:jkwon@jbnu.ac.kr
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://wileyonlinelibrary.com/journal/vms3
https://doi.org/10.1002/vms3.1521


2 of 11 LEE ET AL.

KEYWORDS

cynomolgusmonkey, human estimated foetal weight formulas, pregnancy, ultrasonography

1 INTRODUCTION

Preterm birth, which accounts for approximately 10%–11% of all live

births worldwide, is a global concern associated with increased neona-

tal mortality and long-term morbidity, posing significant implications

for maternal and child health (World Health Organization, 2023a;

Osterman et al., 2023; Walani, 2020). Preterm infants are at a higher

risk of complications and developmental delays with potentially long-

lasting effects on their health and well-being (Blencowe et al., 2013;

World Health Organization, 2023b). Exact confirmation of gestational

age is necessary for the determination and management of preterm

birth. Additionally, precise assessment of foetal weight is crucial in

both clinical prenatal care and research settings, specifically given the

occurrence of preterm births (Chauhan et al., 1998). This assessment

provides critical information on foetal growth and development, aids in

identifying potential complications during pregnancy and delivery, and

guides decision-making on the appropriate interventions to be applied

(Boulet et al., 2003; Husslein et al., 2012; Ugwa et al., 2015).

Cynomolgusmonkeys (Macaca fascicularis) are valuable animalmod-

els in various areas of biomedical research, including reproductive

studies (Abee et al., 2012; Li et al., 2023; Wolfe-Coote, 2005). With

a known pregnancy duration of approximately 165 days (Abee et al.,

2012;Wolfe-Coote, 2005), monitoring foetal weight during this entire

gestation period is essential for understanding normal foetal growth

patterns, evaluating the impact of interventions or treatments on

foetal development, and assessing potential risks to offspring (Kiserud

et al., 2017). However, direct foetal weight measurement through

Cesarean section in live animals is impractical and invasive. There-

fore, non-invasive ultrasound-based estimation formulas could be a

practical alternative.

Ultrasonography (USG), introduced in 1958, has become a widely

utilized tool for determining gestational age and assessing foetal

growth, development and well-being (Skinner & Mount, 2023; Woo,

2002). The development of estimated foetal weight (EFW) formulas,

based on USG measurements of various foetal body parts such as

abdominal circumference (AC), biparietal diameter (BPD), femur length

(FL) and head circumference (HC), has been crucial in this field. Over

the years, numerous EFW formulas have been proposed in the context

of specific gestational age and race/ethnicity. The choice of a particular

formula often depends on the accuracy of specificmeasurements in the

clinical context in which it is applied within a given population.

In veterinary medicine, USG has also been applied to various ani-

mal species (Kähn, 1992), such as dogs (Khatti et al., 2017; Lopate,

2008), horses (Ortega-Ferrusola et al., 2022; Reef et al., 1996) and

non-human primates (Conrad et al., 1995; D’Mello et al., 2023; Jang

et al., 2023; Jaquish et al., 1995; Lee et al.; Morgan et al., 1987; Oerke

et al., 1996; Redmond & Evans, 2012; Tarantal, 1990; Tarantal & Hen-

drickx, 1988a, 1988b, 1988c, 1988d; VandeVoort & Tarantal, 1991)

(Table 1), for reproductive management and research, including mon-

itoring foetal development. Currently, there is no information about

the foetal weight in non-human primates, except only one study in

the baboon (Van Calsteren et al., 2009). However, whether foetal

weight estimation in cynomolgus monkeys with human EFW formulas

is applicable remains unknown.

Therefore, this study aimed to evaluate the accuracy of EFW formu-

las utilized in humanmedicine for predicting the weight of cynomolgus

monkey fetuses using USG. The main objective was to compare the

EFW derived from these formulas with the actual birthweight (ABW)

obtained from direct measurements.

2 MATERIALS AND METHODS

2.1 Animal subjects

Nine female cynomolgusmonkeys, imported fromChina,were included

in this study. The monkeys were aged 81–102 months and weighed

2.70–4.56 kg. All monkeys were nulliparous. They were housed as a

group (one male and multiple females) under standard laboratory con-

ditions with continuous full contact. Upon pregnancy confirmation,

the pregnant female was transitioned to single housing. The monkeys

had ad libitum access to water and were fed a primate-specific diet

supplemented with multivitamins twice daily, along with fruits or veg-

etables provided once daily. Qualified animal caretakers observed all

animals at least twice daily for injuries and illnesses. In addition, signs

of any abnormalities, including abnormal sexual behaviour and abnor-

mal vaginal excretions, were reported to the veterinarians. Health and

medical records were kept for each animal. The Institutional Animal

Care and Use Committee reviewed and approved the study protocol

at the Korea Research Institute of Bioscience and Biotechnology to

ensure that the study compliedwith the ethical guidelines and relevant

regulations. This study reports additional discoveries derived from the

approved study protocol.

2.2 Study design

A comparative design was employed to assess the accuracy of 11 EFW

formulas commonly utilized in human pregnancy for predicting the

weight of cynomolgus monkey fetuses. USG was performed on the

monkeys during the early stages of pregnancy to confirm the gesta-

tional day (GD) and measure foetal parameters for calculating foetal

weight. Monkey weight was measured at each USG session. The EFW

was calculated at GD 129–132 for each of the nine monkeys. The

specific pregnancy date – the 130th day of gestation (approximately

80% of term gestation) – was designated as the EFW measurement
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TABLE 1 Comparative overview of foetal development confirmation studies using ultrasonography in non-human primates.

Previous studies Species Parameters Foetal weight

Tarantal and Hendrickx (1988a) Macaca fascicularis Cardiacmotion, embryo, GL, GS, YS N/A

Tarantal and Hendrickx (1988b) M. fascicularis,Macaca mulatta BPD, FL, GL, GS N/A

Tarantal and Hendrickx (1988c) M. fascicularis, Macaca mulatta Embryo, GS, heart, YS N/A

Lee et al. (1991) Pan troglodytes BPD N/A

Conrad et al. (1995) Macaca nemestrina BPD, FL, HA, HL N/A

Van Calsteren et al. (2009) Papio anubis AC, BPD, FL, GL, HC, TCD Yes

Redmond and Evans (2012) Chlorocebus sabaeus AC, BPD, CRL, FL, GS, HC N/A

D’Mello et al. (2023) M.mulatta AC, AFI, BPD, FL, HC, Hemodynamics N/A

Abbreviations: AC, abdominal circumference; AFI, amniotic fluid index; BPD, biparietal diameter; CRL, crown-rump length; FL, femur length; GL, greatest

length; GS, gestational sac; HA, head area; HC, head circumference; HL, humerus length; N/A, not available; TCD, transverse cerebellar diameter; YS, yolk sac.

date based on the development and utilization of preterm birth mod-

els comparable to 32-week preterm birth in humans. Subsequently,

the ABW data were obtained through a scheduled Cesarean section,

approximately 16 h after the calculation of EFW.

2.3 Determination of gestational days

The GDs of the pregnant cynomolgus monkeys were accurately deter-

mined through a scheduled process using USG under anaesthesia

(10 mg/kg ketamine), referencing previous researches (Abee et al.,

2012; Tarantal & Hendrickx, 1988a, 1988c). Within 21–25 days after

mating, the assessmentof pregnancybeganby confirming thepresence

of key indicators such as gestational sac, yolk sac and cardiac motion.

Subsequently, 4–7 days later, the greatest length (GL) was measured

to confirm the GD more precisely. Finally, 1 week after the GD confir-

mation, GL measurements were conducted to ensure the accuracy of

GD.

2.4 Data collection

USG was conducted on the pregnant monkeys using a high-resolution

USG machine (LOGIQ e, GE Healthcare Technologies, Inc.) equipped

with a 12.0 MHz probe. The settings were optimized for image qual-

ity, with a depth of 4–6 cm, and the gain settings were adjusted for

clear visualization of foetal structures. Prior to USG, abdominal hair

was shaved, and ultrasound gel was applied to facilitate probe-skin

contact. Each foetal parameter was measured once, following stan-

dardized measurement protocols (Kuile et al.). Head measurements

were obtained from a horizontal section at the level of the thalami and

cavum septum pellucidum, that is, transthalamic plane. BPD was mea-

sured by placing the caliper’s intersection from the outer border of the

near skull to the inner edge of the far skull, at the widest part of the

skull. HC was derived using an ellipse, encompassing the outer edge of

the skull bone at the transthalamic plane. AC was measured in a trans-

verse section of the foetal abdomen, identifying three key abdominal

structures: the stomach, umbilical and portal vein and spine. The ellipse

toolwasapplied todrawa linearound theouterborderof theabdomen.

FL measurements were obtained when the entire length of the femur

bonewas visible in thehorizontal plane. The intersectionof the calipers

was placed at the outer borders of the femoral bone, excluding the

trochanter (Figure 1). Single experienced veterinarian (Dong-Ho Lee)

conducted all USGmeasurements under animal anaesthesia.

2.5 Estimated foetal weight formulas

The eleven valid and commonly utilized EFW formulas, such as Camp-

bell and Wilkin (1975), Combs et al. (1993), Hadlock (I, II, III, IV, V, VI)

(Hadlock et al., 1984, 1985), Ott et al. (1986), Scott et al. (1996) and

Shepard et al. (1982) formulas (Table 2), were selected for compara-

tive analysis based on their widespread usage and previous validation

in human populations (Abele et al., 2010; Ayad et al., 2016; Chaudhury

et al., 2010; Dakwar Shaheen et al., 2019; Hiwale et al., 2019; Hoop-

mann, Abele et al., 2010; Hoopmann, Bernau et al., 2010; Schild et al.,

2004).

2.6 Actual birthweight measurements

The ABW of each fetus was obtained using a calibrated digital scale;

themeasurements were immediately recorded following the Cesarean

section, which was performed under aseptic conditions by a team of

experienced veterinarians.

2.7 Statistical analysis

Several statistical methods were applied to evaluate the accuracy and

agreement between the EFW and ABW of fetuses (i.e. mean per-

centage error [PE], mean absolute PE [APE], standard deviation [SD],

Pearson’s correlation coefficient, significance, the frequency distribu-

tion of differences between EFW/ABW and Bland–Altman analysis).

The PE and APE were calculated to assess the overall accuracy of the

EFW formulas, using the formulas PE = (EFW − ABW)/ABW × 100
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F IGURE 1 Schematic diagram and ultrasonography image illustrating themeasured foetal parameters. (a) Biparietal diameter (BPD, indicated
by a solid bidirectional arrow) and head circumference (HC, represented by a dotted line) with anatomical landmarks: (1) falx cerebri, (2) cavum
septum pellucidum and (3) thalamus; (b) Abdominal circumference (AC) alongside labelled structures: (1) umbilical vein connecting to portal vein,
(2) stomach and (3) spine; and (c) Femur length (FL) withmarked (1) trochanter.

and APE = |EFW − ABW|/ABW × 100. Additionally, the SD was

computed to analyse the variability within the EFW formulas. These

methods have been widely employed in human studies to evaluate the

performance of the EFW formulas (Abele et al., 2010; Geerts & Wid-

mer, 2011; Hart et al., 2010; Hiwale et al., 2019; Hoopmann, Abele

et al., 2010; Hoopmann, Bernau et al., 2010). Pearson’s correlation

coefficient was applied to examine the strength and direction of the

relationship between EFWand ABW (Dimassi et al., 2015; Schild et al.,

2004; Van Mieghem et al., 2009; Warshafsky et al., 2021), and the sig-

nificance of the correlation was determined using p-values. Statistical

significance was set at p < 0.05. Furthermore, the frequency distribu-

tion of differences between EFW and ABWwas analysed. Differences

were calculated as (EFW − ABW)/ABW and presented as the propor-

tions of cases with discrepancies within ±5%, ±10%, ±15% and ±20%
of the ABW. Bland–Altman analysis was employed to assess the mean

difference and limits of agreement (Anderson et al., 2007; Bland &

Altman, 1986; Chaudhury et al., 2010; Schild et al., 2004), as a high

correlation does not necessarily imply good agreement between val-

ues (Bland & Altman, 2003; Giavarina, 2015). A strong indication of

good agreement in Bland–Altman analysis is generally defined by the

presence of 95% of data points falling within the limits of agreement

(Bland & Altman, 2003). These statistical analyses were conducted in

SPSS version 25 and GraphPad Prism 8, comprehensively evaluating

the agreement, accuracy and variability between the EFWand ABW.

3 RESULTS

3.1 Demographic characteristics of pregnant
animals and newborns

The demographic data of nine pregnant cynomolgus monkeys are

described in Table 3 (i.e., maternal age and weight, parity, GD at USG,

newborn sex and ABW). The average weight gain of the monkeys

throughout pregnancy was 0.60 ± 0.28 kg (range: 0.20–1.00 kg). The

EFW was measured through the USG examinations performed at a
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TABLE 2 Foetal weight estimationmodels employed in the comparative analysis.

Author Components Formula

Campbell AC Ln(EFW)=− 4.564+ 0.282 ×AC− 0.00331×AC2 [kg, cm]

Combs HC, AC, FL EFW= 0.23718×AC2 × FL+ 0.03312×HC3 [g, cm]

Hadlock I BPD, HC, AC, FL Log(EFW)= 1.3596+ 0.0064×HC+ 0.0424×AC+ 0.174

× FL+ 0.00061×BPD ×AC− 0.00386×AC× FL [g, cm]

Hadlock II AC, FL Log(EFW)= 1.304+ 0.05281×AC+ 0.1938× FL− 0.004×AC× FL [g, cm]

Hadlock III BPD, AC, FL Log(EFW)= 1.335− 0.0034×AC× FL+ 0.0316×BPD+ 0.0457

×AC+ 0.1623× FL [g, cm]

Hadlock IV HC, AC, FL Log(EFW)= 1.326− 0.00326×AC× FL+ 0.0107×HC+ 0.0438×AC+
0.158 × FL [g, cm]

Hadlock V BPD, AC Log(EFW)= 1.1134+ 0.05845×AC− 0.000604×AC2 − 0.007365

×BPD2 + 0.000595×BPD ×AC+ 0.1694×BPD [g, cm]

Hadlock VI HC, AC, FL Log(EFW)= 1.5662− 0.0108×HC+ 0.0468×AC+ 0.171× FL

+ 0.00034×HC2 − 0.0003685×AC× FL [g, cm]

Ott HC, AC, FL Log(EFW)=−2.0661+ 0.04355×HC+ 0.05394×AC− 0.0008582

×HC×AC+ 1.2594× FL/AC [kg, cm]

Scott HC, AC, FL Log(EFW)= 0.66× log(HC)+ 1.04× log(AC)+ 0.985× log(FL) [g, cm]

Shepard BPD, AC Log(EFW)=−1.7492+ 0.166×BPD+ 0.046×AC− 0.002546

×AC×BPD [kg, cm]

Abbreviations: AC, abdominal circumference; BPD, biparietal diameter; FL, femur length; HC, head circumference.

TABLE 3 Demographic characteristics of pregnant animals and
newborns (n= 9).

Mean± SD (range) Median

Maternal age

(month)

88.9 ± 6.3 (81–102) 88

Nullparity (n) 9

Maternal weight

Before pregnancy

(kg)

3.22 ± 0.59 (2.70–4.56) 3.18

Gain during

pregnancy (kg)

0.60 ± 0.28 (0.20–1.00) 0.70

The day before

delivery (kg)

3.82 ± 0.68 (3.08–5.35) 3.76

GD at USG 130.4 ± 1.2 (129–132) 130

Newborn sex

(female:male)

6:3

ABW (g) 236.48 ± 28.19 (200.36–291.33) 233.91

Abbreviations: ABW, actual birthweight; GD, gestational day; SD, standard

deviation; USG, ultrasonography.

mean GD of 130.4 ± 1.2 days (range: 129–132 days). The ABW was

measured after Cesarean section the following day. The average ABW

was 236.48± 28.19 g (range: 200.36–306.08 g).

3.2 Comparison of the EFW formulas: PE, APE
and correlation analysis

Table 4 compares the EFWderived from the 11 different formulaswith

the corresponding ABW. The PE ranged from −13.3% (Campbell for-

TABLE 4 Percentage error, absolute percentage error and
correlation between the estimated foetal weight and actual
birthweight.

Formula PE (%, mean) APE (%, mean)

Correlation

coefficients

Combs −3.3 ± 4.6 4.3 ± 3.6 0.911***

Shepard 1.2 ± 6.9 5.8 ± 3.4 0.851**

Hadlock V −5.2 ± 6.0 6.2 ± 4.9 0.854**

Hadlock IV 6.6 ± 8.2 8.7 ± 5.6 0.786*

Scott 7.4 ± 7.8 9.3 ± 4.9 0.811**

Hadlock I 9.1 ± 8.9 10.6 ± 6.7 0.761*

Hadlock III 9.2 ± 9.1 10.7 ± 7.0 0.755*

Ott 11.7 ± 7.3 11.8 ± 7.0 0.895**

Hadlock II 9.7 ± 10.3 12.1 ± 6.9 0.723*

Campbell −13.3 ± 9.3 13.3 ± 9.3 0.804**

Hadlock VI 21.1 ± 11.0 21.1 ± 11.0 0.714*

Note: Data are presented as mean ± standard deviation. The results are

arranged in accordancewith the APE values.

Abbreviations: APE, absolute percentage error; PE, percentage error.

*p< 0.05.

**p< 0.01.

***p< 0.001.

mula) to 21.1% (Hadlock VI formula). The APE ranged from 4.3% to

21.1%. The Combs formula exhibited the smallest error, whereas the

Hadlock VI formula showed the highest error. Among the 11 formulas

evaluated, 5 formulas had an APE <10%. The correlation coefficients

between EFW and ABW varied among the formulas, with values rang-

ing from 0.714 (Hadlock VI formula) to 0.911 (Combs formula). The
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TABLE 5 The frequency of study population distribution
according to the differences between the estimated foetal weight
(EFW) and actual birthweight (ABW).

Formula

Difference

between EFW

andABW ≤5% ≤10% ≤15% ≤20%

Combs 66.7% 100.0% 100.0% 100.0%

Shepard 33.3% 88.9% 100.0% 100.0%

Hadlock V 55.6% 66.7% 100.0% 100.0%

Hadlock IV 22.2% 66.7% 88.9% 100.0%

Scott 22.2% 66.7% 88.9% 100.0%

Hadlock I 22.2% 44.4% 88.9% 88.9%

Hadlock III 11.1% 55.6% 88.9% 88.9%

Ott 22.2% 44.4% 55.6% 100.0%

Hadlock II 11.1% 33.3% 88.9% 88.9%

Campbell 22.2% 44.4% 44.4% 88.9%

Hadlock VI 11.1% 11.1% 22.2% 33.3%

Note: The results are organized based on the absolute percentage error

values, as listed in Table 4.

Combs formula showed the highest correlation coefficient among all

the formulas. Furthermore, all formulas demonstrated statistically sig-

nificant correlations (p < 0.05), with the Combs formula having the

lowest p-value (p< 0.001).

3.3 Distribution of differences between the EFW
and ABW

Table 5 presents the frequency distribution according to the differ-

ences between the EFW and ABW for each formula. Among the

considered formulas, only the Combs and Shepard formula exhibited

the difference within 10% or less in a high proportion, approximately

90%. Specifically, based on the Combs formula, all cases showed the

difference 10% or less. In contrast, when using theHadlock VI formula,

the difference within 10% or less between EFW and ABWwas present

in only 11.1% of the study subjects.

3.4 Assessing agreement between the EFW and
ABW: Bland–Altman analysis

The Bland–Altman analysis revealed the mean difference and limits of

agreement between the EFW and ABW (Figure 2). Although all data

points fell within the limits of agreement indicating a good agreement

between the EFW and ABW in the seven formulas such as Combs,

Shepard, Hadlock V, Hadlock IV, Hadlock I, Hadlock III and Ott, 95%

of the data points did not fall within the limits of agreement in the

remaining four formulas (i.e. Scott, Hadlock II, Campbell and Hadlock

VI).

4 DISCUSSION

4.1 Principal observations of the study

In this study, we applied 11 well-established EFW formulas in human

obstetric clinical practice to cynomolgus monkey fetuses at approxi-

mately 130 days of gestation. The Combs formula demonstrated the

most favourable results among the 11 formulas.

4.2 Limitation of previous studies

Although previous studies have primarily focused on assessing foetal

development in cynomolgus monkeys (Tarantal & Hendrickx, 1988a,

1988b, 1988c, 1988d) and other non-human primate species (Conrad

et al., 1995; D’Mello et al., 2023; Lee et al., 1991; Redmond & Evans,

2012), they have predominantly measured specific parameters using

USG, suchasBPD,butnot theEFW. Indeed, in veterinary research, esti-

mating foetal weight is not commonly practiced. Instead, researchers

tend to directly measure the foetal weight usually through Caesarean

section (Chellman et al., 2009; Roberts et al., 2023).

4.3 How does the combs formula perform in
humans and other non-human primate species?

The EFW formula with an APE less than 10% is considered accu-

rate (Nguyen et al., 2012). Among the applied formulas in our study,

10% or less in an APE was present in five formulas, and especially,

the Combs formula demonstrated the most outstanding performance

capability for estimating the weight of cynomolgus monkey fetuses at

approximately 130GD in our study (Tables 4 and 5).

The Combs formula was initially reported to provide accurate esti-

mates at the extremes as well as the normal range of human foetal

weight (Combs et al., 1993). However, the accuracy of the Combs for-

mula varies in small human fetuses, with subsequent studies reporting

high accuracy (Esinler et al., 2015; Eze et al., 2015; Warshafsky et al.,

2021), whereas others report lower accuracy (Abele et al., 2010; Dud-

ley, 2005;Hammami et al., 2018;Hiwale, 2017;Warrander et al., 2020).

It is noteworthy that some studies demonstrate high accuracy, despite

the potential for decreased precision when EFW formula is applied

to populations different from those for which the formula was ini-

tially developed (Akinola et al., 2009). Parameters, such as AC, FL and

HC, exhibit remarkable similarities between humans and cynomolgus

monkeys up to mid-pregnancy (Figure S1), highlighting the foetal mor-

phological and developmental similarities between the two species.

Direct evidence of the performance of the Combs formula in cynomol-

gus monkeys may be limited. However, given these observations, the

Combs formula’s accuracy in estimating the weight of small human

fetuses, along with biological similarities, suggests a possible basis for

its application to cynomolgusmonkeys.
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F IGURE 2 Bland–Altman plot demonstrating the agreement between estimated foetal weight (EFW) and actual birthweight (ABW). The plots
include: (a) Combs, (b) Shepard, (c) Hadlock V, (d) Hadlock IV, (e) Scott, (f) Hadlock I, (g) Hadlock III, (h) Ott, (i) Hadlock II, (j) Campbell, and (k)
Hadlock VI. The blue line represents themean difference between EFWand ABW (in g), and the red dotted lines indicate the limits of agreement
(±1.96 standard deviation [SD]). Figures are organized according to the absolute percentage error (APE) values listed in Table 4.
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In a study on baboons (Papio anubis) (Van Calsteren et al., 2009),

another species of Old World monkeys (Table S1), the Combs formula

was the most accurate among the compared formulas for estimating

foetal weight. However, the baboon study differs from our study in the

following aspects: (1) the baboon study showed a broader GD range

71–167, compared to GD range of 130–133 in our study (Figure S2);

(2) There was a 3-day gap in the baboon study between USG and ABW

measurements, whereas our study had a noticeably shorter 16-h inter-

val. This 3-day interval is a critical weakness, as the fetus continues to

develop during this period. Although obtaining USGmeasurements on

the day of delivery might pose challenges, a shorter interval between

USG and ABW measurements results in a more meaningful temporal

relationship. Interestingly, this baboon study also demonstrated high

accuracy within the GD range of 122–142 days, which is similar to

our results (Table S2). This suggests that the Combs formula for EFW

can be applied both to cynomolgus monkeys and to other species at

approximately 130 days of gestation.

4.4 Application of the combs formula to previous
studies in cynomolgus monkey

Chellman et al.’s (2009) study documented the body weight and foetal

parameters of cynomolgus monkey fetuses at GD 100 in the context

of DART study. However, it is important to acknowledge methodologi-

cal differences between our and Chellman et al.’s study as follows: (1)

foetal parameters were measured directly, not with USG and (2) AC

was not measured in Chellman et al.’s study. Of note, chest circum-

ference might be replaceable in place of AC in the Combs formula,

considering therewas no significant difference between the two foetal

parameters (Johnson et al., 1987; Roberts et al., 2023). We found sub-

stituting these foetal parameter values in Chellman et al.’s study into

the Combs formula revealed a close resemblance between the EFW

and the body weight, with an APE of 1.1% (Table S3). Therefore, our

observation indicates the potential applicability of the Combs formula

to cynomolgusmonkey fetuses at GD 100.

Moreover, the application of previously published foetal biomet-

ric parameters to the Combs formula may make it possible to predict

EFW between GD 110 and GD 165 in cynomolgus monkeys. There-

fore, we can estimate GD through the newborn body weight based on

the predicted value for foetal weight (Figure S3). Determining the GD,

especially in cases of pretermbirth or stillbirthwith the unknown exact

GD, offers valuable information for the researchers and veterinarians

managing pregnant cynomolgusmonkeys and their fetuses.

4.5 Strengths and weaknesses of the study

The major strengths of the study are as follows: (1) Our study pos-

sesses distinct benefits from only a 16 h difference between the USG

measurement and the ABW confirmation. This is in marked contrast

to previous studies in human populations, where differences of over

2 days resulted in nearly 50% variances in the performance of foetal

weight formulas (Hoopmann, Abele et al., 2010). This reduced time

gap betweenUSGmeasurements andweight confirmation in our study

enhances the precision and reliability of our evaluation of foetalweight

formulas; (2) All USG examinations performed by a single operator

(Dong-Ho Lee, D.V.M.) ensure a consistent and standardized measure-

ment approach throughout this study. This eliminates inter-observer

variability, which can occur when multiple examiners are involved

(Chang et al., 1993; Westerway, 2012), and results in more reliable

and reproducible results. The weaknesses of our study are as follows.

One weakness of our study is the relatively small sample size, which

may restrict the generalizability of our observations to larger subjects.

Anotherweakness of our study is that it is limited to theUSGmeasure-

ment at GD 129–132, but not during the entire pregnancy. Fetuses at

these specificGDof latepregnancymayhavedifferent growthpatterns

and characteristics from those of early or mid-pregnancy (Tarantal

et al., 1995). Therefore, the results obtained at GD 129–132 in our

study may not fully represent the accuracy and variability of the EFW

formulas at different GDs in cynomolgusmonkeys.

4.6 Unanswered questions and proposals for
future study

Whether theCombs formula is applicable across all GDs in cynomolgus

monkeys remains unproven, and subsequently, further confirmation

of its applicability throughout the pregnancy with a specialized for-

mula is necessary. Moreover, the applicability of the formula to other

non-human primate species needs to be verified. Finally, a multidisci-

plinary team approach (i.e. researchers, veterinarians and statisticians)

is essential for improving the accuracy and reliability of weight estima-

tion formulas.

5 CONCLUSION

To the best of our knowledge, this is the first study to apply a weight

formula designed for human fetuses to cynomolgus monkey fetuses

and investigate its accuracy. It has been confirmed that among the

human EFW formulas, the Combs formula is sufficiently applicable to

cynomolgus monkeys at approximately GD 130. These observations

contribute to the cynomolgus monkeymanagement and research, pro-

viding a foundation for developing new EFWmethods tailored for this

species.
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