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ABSTRACT
Objectives To produce a customized birth weight model
in a UK population.
Methods This was a population-based, multiethnic,
retrospective cohort study of 42 583 women with
uncomplicated singleton pregnancies resulting in a live
birth at 37–42 weeks of gestation between 1997 and
2005. Multivariate analysis was undertaken and a double
cross-over approach was employed to validate the models
estimating customized birth weight.
Results Coefficients confirmed the findings of previous
studies, indicating that birth weight was strongly
influenced by maternal ethnicity, age, parity, body mass
index, smoking, fetal gender and gestational age at
delivery.
Conclusions We have derived models to determine
customized or predicted birth weight in a UK population
that are both robust and reproducible. Copyright  2008
ISUOG. Published by John Wiley & Sons, Ltd.

INTRODUCTION
Birth weight is one of the key measurements of pregnancy,
reflecting the intrauterine environment to which the fetus
was exposed. There are extensive data on the association
between birth weight and perinatal mortality as well as
susceptibility to cardiovascular disease and diabetes in
adulthood.
Population-based standard birth weight tables and
charts permit the birth weight of any individual neonate
to be measured in terms of its deviation from a gestationspecific norm. However, such charts do not reflect
whether the weight of a newborn is appropriate for that

individual because birth weight is influenced by maternal
factors, such as age, height, weight, ethnic origin, past
reproductive history and smoking, as well as fetal factors,
including gender and maturity at delivery.
Statistical models have been developed that incorporate
maternal and fetal factors to calculate a ‘customized’
or ‘individualized’ optimal weight ‘at term’ for a given
pregnancy1,2 . Formulae describing the optimal birth
weight at term have now been produced for homogeneous
or mixed ethnic populations in several countries3 – 14 . The
optimal birth weight at term has been combined with
a standard proportional growth curve to describe how
a fetus would be expected to reach that endpoint at
any gestational age in an uncomplicated pregnancy1,2 .
However, it remains unclear whether the expected
birth weight adjusted to earlier gestation using the
‘proportional’ equations is equivalent to the predicted
birth weight in which gestational age is included as a
specific independent variable along with physiological
characteristics of the pregnancy.
There is evidence that babies defined as small-forgestational age (SGA) using customized standards are
more likely to be compromised than those defined by
a population-based standard9,11,15 . Consequently, the
Royal College of Obstetricians and Gynaecologists in the
UK recommended the use of customized interpretation of
birth weight in the investigation and management of SGA
fetuses16 .
This study aimed to validate the customized birth
weight model, and to produce an updated set of reference
coefficients for estimating a customized birth weight
in a UK population for use in maternity care and
future research. Furthermore, the expected birth weight
estimated using the proportionality growth formula
approach was compared with that derived from a model
in which gestational age at delivery is included as an
independent factor.
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METHODS
Patients
Data were extracted from the clinical audit databases of
women with singleton pregnancies attending for routine
antenatal ultrasound assessment at or before 20 weeks
of gestation in the Fetal Medicine Centre or King’s
College Hospital, London, UK, between 1997 and 2005.
We selected those women who delivered a live infant
with no obvious abnormalities at term (37–42 weeks)
and excluded those of mixed ethnicity and those whose
pregnancies were complicated by pre-eclampsia, diabetes
mellitus or antepartum hemorrhage.
Gestational age at delivery was calculated from the
measurement of fetal crown–rump length or head circumference at the time of the first ultrasound examination17,18 .

Customized birth weight models
The variables extracted from the databases were:
maternal age at estimated date of delivery (years), height
(centimeters) and weight (kilograms) recorded at first
antenatal assessment, parity (number of previous live
births at 24 weeks of gestation or more), cigarette smoking
(non-smoker, stopped smoking before pregnancy, smoker
of ≤ 5 cigarettes/day, smoker of 6–10 cigarettes/day and
smoker of ≥ 11 cigarettes/day), ethnicity (European, AfroCaribbean, Asian (Indian Subcontinent) and Oriental
(East Asian)), baby’s sex, birth weight (grams) and
gestational age at delivery (days). Factors such as social
class, educational attainment and marital status were
not collected routinely and so were excluded from the
modeling process.
Multiple regression analysis was performed in order to
model the effect of individual parameters on birth weight.
The categorical variables ethnicity, parity, smoking status and baby’s gender were converted to a number of
binary variables using dummy coding19 . The continuous
variables maternal height and weight, and their polynomials were represented as departures from the study mean
value. Gestational age at delivery and its polynomials
were represented as the difference in days from 280.
Three customized birth weight models were developed.
Model 1 included only maternal and fetal parameters,
namely age, ethnicity, parity, height, weight and fetal
gender. In addition the coefficients obtained were derived
only from those cases within the dataset delivering
between 39 and 41 weeks. Model 2 included the fetal
maturity at delivery in addition to the fetal and maternal
parameters included in Model 1. Model 3 included
the additional pathological factor of smoking status in
addition to the fetal and maternal parameters included
in Model 2. The coefficients obtained in Models 2 and 3
were derived from all cases within the dataset.
A double cross-validation scheme was employed to
validate the statistical models obtained. The dataset
was randomly assigned into one of two sample groups,
A or B. Individual models were developed for each
group and their reproducibility was assessed by their
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ability to predict the birth weight in the other group.
Cross-validation correlation and shrinkage statistics were
calculated to assess the reproducibility20 . The final models
were established using all of the available data if the
absolute shrinkage was below the accepted level of 0.120 .

Comparison of Model 2 and proportionality growth
formula
The final Model 2 was used to calculate the predicted
birth weights (Wg ) for gestational ages between 259 and
287 days. These were converted into a percentage of
the predicted weight at 280 days (W280 ): % weight =
100 × Wg /W280 . The modified proportionality growth
formula (% weight = 298.8 − 31.85 × gestational age +
1.094 × gestational age2 − 0.01055 × gestational age3 )
proposed by Gardosi et al. was used to estimate the
predicted birth weight for the same gestational period1,2 .

Statistical analysis
All data used in the analysis were taken from a
pseudoanonymized dataset from which all patient
identifiers had been removed. All analysis was performed
on this non-attributable dataset.
SPSS for Windows version 14.0 (SPSS Inc., Chicago,
Illinois, USA) was used for statistical analysis of all data.
The demographic characteristics of those allocated to
Groups A and B for initial modeling and cross-validation
were compared using Student’s t-test for continuous
variables and Chi-square test for categorical measures.
Paired t-test was used to compare the differences in the
proportion of predicted weight using the proportionality
growth formula and that estimated using Model 2.
P ≤ 0.05 was considered statistically significant.

RESULTS
In total 42 583 pregnancies fulfilled the selection criteria,
including 73.6% European, 21.4% Afro-Caribbean
(mainly from the West Indies), 3.7% Asian (Indians,
Pakistani and Bangladeshi) and 1.3% Oriental (Chinese,
Japanese, Korean). The maternal and pregnancy outcome
characteristics are summarized in Table 1. There were
no statistically significant differences with regard to the
factors under study between those randomized to Groups
A or B. The proportions of mothers who delivered at
37, 38, 39, 40, 41 and 42 completed weeks of gestation
were 6.9%, 17.7%, 25.6%, 28.2%, 19.9% and 1.6%
respectively.
The results of the double cross-validation modeling
scheme are summarized in Table 2. The multiple
correlation coefficients (R) ranged from 0.35 to 0.52
for models derived from cases in the Group A dataset
and from 0.36 to 0.53 for models derived from cases in
the Group B dataset. The inclusion of the gestational and
smoking status factors in Models 2 and 3 resulted in an
enhanced model, reflected by the increase in the multiple
correlation coefficients. No shrinkage was observed when

Ultrasound Obstet Gynecol 2008; 32: 884–889.

Sahota et al.

886
Table 1 Summary of maternal and pregnancy outcome characteristics in each of the two sample Groups A and B
Group A
(n = 21 292)

Group B
(n = 21 291)

33.4 ± 5.7
164.8 ± 6.8
66.8 ± 13.2

33.4 ± 5.7
164.7 ± 6.8
66.8 ± 13.2

8507 (40.0)
6332 (29.7)
4495 (21.1)
1315 (6.2)
643 (3.0)

8587 (40.3)
6356 (29.9)
4449 (20.9)
1216 (5.7)
683 (3.2)

15 645 (73.5)
4560 (21.4)
824 (3.9)
263 (1.2)

15 691 (73.7)
4551 (21.4)
753 (3.5)
296 (1.4)

18 046 (84.8)
1533 (7.2)
953 (4.5)
478 (2.2)
282 (1.3)

17 969 (84.4)
1624 (7.6)
924 (4.3)
514 (2.4)
260 (1.2)

10 947 (51.4)
10 345 (48.6)
3440 ± 489
278.9 ± 8.5

10 973 (51.5)
10 318 (48.5)
3440 ± 481
278.9 ± 8.5

Characteristic
Age at EDD (years)
Height (cm)
Weight (kg)
Parity
0
1
2
3
≥4
Ethnicity
European
Afro-Caribbean (African/West Indian)
Asian (Indian, Pakistani, Bangladeshi)
Oriental (Chinese, Japanese)
Smoking history
Non-smoker
Stopped smoking before pregnancy
≤ 5 cigarettes/day
6–10 cigarettes/day
≥ 11 cigarettes/day
Sex of baby
Male
Female
Birth weight (g)
Gestational age at delivery (days)

P

0.61
0.50
0.98
0.22

0.16

0.25

0.42

0.95
0.94

Values are mean ± SD or n (%). EDD, estimated date of delivery.
Table 2 Comparison of performance of the models derived from each of the datasets on the alternative dataset
Cross-prediction performance
Model correlation
coefficient (R)
Model
number
1
2
3

Model derived from Dataset B
on Dataset A

Model derived from Dataset A
on Dataset B

Group A
dataset

Group B
dataset

Shrinkage

Birth weight
difference*

Shrinkage

0.350
0.505
0.517

0.364
0.517
0.529

0.033
0.021
0.002

1.03 ± 458
0.36 ± 422
0.40 ± 419

0.024
0.019
0.002

Birth weight
difference*
0.30 ± 450
−0.83 ± 412
−0.83 ± 409

Shrinkage was assessed as the difference in correlation coefficients. *Mean ± SD difference between the actual birth weight and that
predicted by the relevant model.

the models derived from Group A dataset were applied
to the Group B dataset. Similarly, there was no shrinkage
when models derived from Group B dataset were applied
to the Group A dataset. The mean and SD of the difference
between the predicted and actual birth weights decreased
as the additional independent factors of gestational age
and smoking were included in Models 2 and 3.
The coefficients obtained for the final models using
the complete set of data are presented in Table 3. The
multiple correlation coefficients for Models 1, 2 and 3
were 0.356, 0.506 and 0.523, respectively. The mean
± SD difference between the predicted (customized birth
weight) and actual birth weight for Models 1, 2 and 3 were
−0.6 ± 454 g, −0.4 ± 417 g and 0 ± 414 g, respectively.
Comparison of the predicted birth weight using
Model 2 and the proportionality growth formula for the
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gestational range 259–287 days is shown in Figure 1.
There was a significant difference between the estimated
birth weight proportion using the proportionality growth
formula and that estimated using a regression model
including gestational age at delivery in addition to the fetal
and maternal parameters (mean ± SD paired difference
0.44 ± 0.88; t = 2.54, P < 0.001).

DISCUSSION
The findings of this study confirm the strong association
between birth weight and both maternal and fetal
factors1 – 14 . In our models gestational age, maternal
height, weight, parity, ethnicity and the baby’s gender
all had significant influence on the birth weight. In
addition, the results from the cross-validation procedure
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Table 3 Final model coefficients for customized birth weight for Models 1–3
Model 1
Coefficient (g)
Constant
Parity
1
2
3
≥4
Ethnicity
Afro-Caribbean
Asian
Oriental
Maternal height (Ht − 164.77) cm*
Linear
Maternal weight (Wt − 66.79) kg*
Linear
Quadratic
Cubic
Maternal age (Age − 33.41) years*
Linear
Quadratic
Sex
Female
Gestation (GA − 280) days*
Linear
Quadratic
Cubic
Smoking
Stopped smoking
≤ 5 cigarettes/day
6–10 cigarettes/day
> 10 cigarettes/day

3529.729

Model 2

SE

P

Coefficient (g)

4.901 < 0.001

3546.177

< 0.001
< 0.001
< 0.001
< 0.001

121.578
100.567
134.777
143.752

−185.639
−168.482
−21.009

6.046 < 0.001
12.005 < 0.001
19.601
0.284

8.813

SE

Model 3
P

4.982 < 0.001

3558.162

SE

P

5.005 < 0.001

< 0.001
< 0.001
< 0.001
< 0.001

123.464
112.892
157.022
179.819

−151.642
−125.581
6.119

5.579 < 0.001
11.060 < 0.001
18.043
0.735

−169.844
−148.017
−8.431

5.582 < 0.001
11.005 < 0.001
17.904
0.638

0.358 < 0.001

7.846

0.330 < 0.001

7.575

0.327 < 0.001

8.127
−0.156
0.001

0.233 < 0.001
0.013 < 0.001
0.000 < 0.001

7.822
−0.125
0.001

0.215 < 0.001
0.012 < 0.001
0.000 < 0.001

7.967
−0.118
0.001

0.213 < 0.001
0.012 < 0.001
0.000 < 0.001

1.518
−0.259

0.455 < 0.001
0.052 < 0.001

3.430
−0.171

0.419 < 0.001
0.048
0.001

1.512
−0.061

0.424
0.048

4.396 < 0.001

−142.667

4.047 < 0.001

−142.735

4.013 < 0.001

18.284
−0.287
0.008

0.460 < 0.001
0.034 < 0.001
0.003
0.004

18.199
−0.279
0.008

0.457 < 0.001
0.034 < 0.001
0.003
0.003

98.614
76.018
101.375
116.954

−136.45

5.431
6.035
9.931
13.338

5.014
5.564
9.148
12.279

Coefficient (g)

−32.785
−143.996
−235.722
−302.033

4.984
5.538
9.121
12.275

7.832
10.256
13.521
18.168

< 0.001
< 0.001
< 0.001
< 0.001

0.001
0.204

< 0.001
< 0.001
< 0.001
< 0.001

*Parameter centered on population mean. GA, gestational age; Ht, height; SE, standard error; Wt, weight.
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Figure 1 Comparison of 280-day weight estimated using the
proportionality growth formula () and that obtained using
Model 2 ( ). Comparison was done for a nulliparous Caucasian
whose age at estimated date of delivery, body mass index and
height were assumed to be equivalent to those of the study
population means.

°

showed that the shrinkage was well below the accepted
level of 0.1 and that the mean difference between the
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predicted and actual birth weight decreased as additional
factors were included. These results suggest that the
relationship between the predicting factors and birth
weight is reliable and that the models are reproducible.
In common with other studies we observed that the
coefficients for smoking, self-reported at the first antenatal
visit, demonstrated a dose-dependent reduction in birth
weight1,21 .
The common characteristics of the available regression
models used in published studies are summarized in
Table 42,4,10,22,23 . There are several similarities between
the population in this study and those used elsewhere.
Our population mean height and weight were similar
to those of the previous studies (range of mean values,
163–167 cm and 63–69 kg, for height and weight,
respectively). In our study the predicted birth weight
of a male infant born at 280 days to a non-smoking 33year-old European woman in her first pregnancy, and
of average height (164.77 cm) and weight (66.79 kg) for
our study population, would be 3530 g. The predicted
birth weights using the models summarized in Table 4
for the same individual were 3541 g (Nottingham),
3623.2 g (Sweden), 3569 g (New Zealand) and 3651 g
(Brisbane). The predicted birth weight using our model
is therefore within 3% of the maximum estimated birth
weight of the other reported models. In this respect,
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Table 4 Summary of weight correction factors for common aspects of the developed multiple regression models

Constant
Parity
1
2
3
≥4
Sex
Male
Female
Height adjustment
Weight adjustment

Ethnic adjustment
Indian
Pakistani
Bangladeshi
Chinese

Nottingham (UK)
model2

Swedish
model22

3455.6

3544.5

101.9
133.7
140.2
162.7

147.1
197.3
215.9
232.6

New Zealand
model10,23
3530
101.6
101.8
123.3
174.5

Brisbane (Australia)
model4
3576
55
86
80

48.9
−48.9
6.7h
where h = Ht − 163
9.1733w − 0.151w2
−0.001w3
where w = Wt − 64

64.4
−64.4
h (8.316 − 0.004h2 )
where h = Ht − 167
8.872w − 0.0548w2
+0.00006w3
where w = Wt − 63

57.7
−57.7
9.55h
where h = Ht − 165
7.134w − 0.1028w2
+0.0007w3
where w = Wt − 69

66
−66
13.2h
where h = Ht − 165
20.8BMI − 1.31BMI2
+0.0276BMI3
where BMI = BMI − 24

−149.4
−187.3
−79.3
−0.3

−150.5
−212.4
−218.5

−149.5

−28
−28
−28
−28

100.9

The constant represents mean term expected fetal weight for a non-smoking nulliparous woman who is of average height and booking
weight within the population under study. BMI, body mass index; Ht, height; Wt, weight.

our data provide supportive evidence in favor of the
suggestion that customized fetal growth charts could
move towards becoming an international standard24 . In
this way, limitations within individual studies owing to
small numbers of subjects of the same ethnicity could be
overcome, allowing a more accurate estimation.
The multiple regression correlation coefficients for our
models ranged from 0.35 to 0.53. Consequently, the
maternal and fetal factors we have examined could
explain from 12% to 27% of the overall variance in
birth weight of our term deliveries. It is possible that
the inclusion of additional factors, such as social status
and first vs. subsequent generation could provide further
improvement of the models25 . However, data from two
recent studies indicate that inclusion of intergeneration
differences may not add significantly to the predictive
ability of the overall models. Among women of South
Asian or Afro-Caribbean origin living in the UK there
were no significant differences in mean birth weight of
infants of mothers who were themselves born in the
UK and mothers of the same ethnic origin who were born
overseas26,27 . Furthermore, there was no observable trend
over time to increased average birth weight in either firstor second-generation babies, and it is therefore likely that
any generational effect on birth weight has already been
accounted for by adjustments in maternal size27 .
No additional lifestyle-related or sociodemographic
determinants of birth weight other than maternal ethnicity, anthropometry and smoking habits were included
in our models. Significant additional determinants of
birth weight reported in the literature include maternal
age, education level, marital status, alcohol consumption
and paternal height28 – 31 . However, the effects of these
additional determinants on birth weight may only be
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marginal compared with the impact of maternal ethnicity
and anthropometry32 .
The estimated birth weight using the proportionality
growth formula approach was significantly different from
the one derived from a model in which gestational
age at delivery was included as an independent factor.
Furthermore, the direction of the difference changed
after 280 days. However, the difference between the two
approaches, as a percentage of the predicted weight at
280 days, was always less than 3% (Figure 1) and it is
therefore unlikely to be clinically significant. We have
derived models to determine customized or predicted
birth weight in a UK population that are both robust and
reproducible, and could be used in further investigations.
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