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A B S T R A C T

Background:White blood cells (WBC) are commonly measured to investigate suspected infection and inflam-
mation in pregnant women, but the pregnancy-specific reference interval is variably reported, increasing
diagnostic uncertainty in this high-risk population. It is essential that clinicians can interpret WBC results in
the context of normal pregnant physiology, given the huge global burden of infection on maternal mortality.
Methods: We performed a longitudinal, repeated measures population study of 24,318 pregnant women in
Oxford, UK, to map the trajectory of WBC between 8-40 weeks of gestation. We defined 95% reference inter-
vals (RI) for total WBC, neutrophils, lymphocytes, eosinophils, basophils, and monocytes for the antenatal
and postnatal periods.
Findings: WBC were measured 80,637 times over five years. The upper reference limit for total WBC was ele-
vated by 36% in pregnancy (RI 5.7-15.0£109/L), driven by a 55% increase in neutrophils (3.7-11.6£109/L) and
38% increase in monocytes (0.3-1.1£109/L), which remained stable between 8-40 weeks. Lymphocytes were
reduced by 36% (1.0-2.9£109/L), while eosinophils and basophils were unchanged. Total WBC was elevated
significantly further from the first day after birth (similar regardless of the mode of delivery), which resolved
to pre-delivery levels by an average of seven days, and to pre-pregnancy levels by day 21.
Interpretation: There are marked changes in WBC in pregnancy, with substantial differences between cell
subtypes. WBC are measured frequently in pregnant women in obstetric and non-obstetric settings, and
results should be interpreted using a pregnancy-specific RI until delivery, and between days 7-21 after
childbirth.
Funding: None.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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1. Introduction

Infections are responsible for more than half of maternal deaths
worldwide, so it is essential that clinicians know how to interpret
investigations for suspected infection in pregnant women [1]. White
blood cells (WBC) are commonly measured in pregnancy to investi-
gate infection or inflammation, and most are requested and inter-
preted by clinicians (of all specialties) in emergency departments,
general practice, and hospital outpatient settings. It is reported that
the total WBC count is elevated in pregnancy, and even further dur-
ing labour and the puerperium,[2] so the non-pregnant reference
interval (RI) is not reliable in the context of the known, marked
changes in maternal physiology. However, the upper limit of the
reference interval (RI) in pregnancy has been variably reported
between 13.8-19.6£109/L in previous studies, but all have reported
on much smaller populations, with wide variation in ethnicity and
gestational age at the time of sampling [3-7].

C-reactive protein, another commonly used inflammatory marker,
is also elevated in pregnancy, with an upper reference limit almost
three times higher than the non-pregnant standard [8]. Importantly,
using this pregnancy-specific threshold significantly increases the
diagnostic accuracy for infections in pregnancy. This prompted us to
consider how we should use WBC to improve the safety of pregnant
women and their babies.

The primary objective of this study was to define pregnancy spe-
cific RIs for total WBC and its constituent cell subtypes (neutrophils,
lymphocytes, eosinophils, basophils, and monocytes), and to evaluate
whether key characteristics (gestational age, maternal BMI, and eth-
nicity) affect these limits, using the largest cohort of women to date.
Secondly, we investigated the trajectory of WBC in the first four
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Research in context

Evidence before this study

It is well reported that white blood cells (WBC) increase during
pregnancy, although the extent of this elevation is unclear. Ref-
erence intervals for WBC in pregnancy vary widely between
sources, and most studies have very small cohorts, from which
we cannot draw conclusions about how to interpret WBC
results in this very high-risk population.

Added value of this study

This is the largest known study of WBC in pregnancy to date, in
which we used highly sensitive, modern statistical techniques
to define reference intervals for all WBC subtypes, with a sub-
group analysis for important clinical characteristics. These may
be applied directly in clinical practice, supporting clinicians to
make decisions based on robust evidence.

Implications of all the available evidence

WBC should be interpreted using these pregnancy-specific ref-
erence intervals until delivery, and between days 7-21 after
childbirth.
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weeks after delivery, to evaluate how these results should be inter-
preted in the immediate postpartum period, since this is when infec-
tion is commonly suspected, investigated and treated.

1. Methods

2.1. Setting and participants

We performed a retrospective, longitudinal study of 24,318 preg-
nant women in Oxford, UK, using data collected as part of routine
antenatal care. Potential participants were identified by searching
electronic records for women who delivered live, singleton babies at
the John Radcliffe Hospital or midwife-led units in Oxford between
1st January 2016 and 20th February 2021, who had a full blood count
taken at least once in pregnancy. Where there were multiple preg-
nancies in the study period, only the first was included. To obtain a
healthy reference cohort, [9] participants were excluded for whom
there was an increased likelihood of maternal or fetal disease, which
might increase suspicion of infection or other factors affecting WBC.
Exclusion criteria were maternal age <18 years old, hypertensive dis-
orders of pregnancy (chronic hypertension, gestational hypertension,
pre-eclampsia, eclampsia, or gestational proteinuria, ICD-10 O10-16),
diabetes mellitus (type 1, 2, or gestational, ICD-10 O24), preterm
delivery (<37 weeks) and babies requiring neonatal admission for
any reason or duration. Women who had blood tests measured on
more than ten occasions were excluded due to the increased likeli-
hood that these were taken to investigate an abnormality.

2.2. Outcome measures

Blood results were extracted from electronic hospital records,
with the corresponding gestational age in weeks and days since the
last menstrual period (e.g., 37+3), and were limited to samples col-
lected between 8+0-40+0, with complete data on the total WBC, neu-
trophils, lymphocytes, eosinophils, basophils, and monocytes.
Venous blood samples had been collected as part of routine clinical
care, drawn into 4.5 mL potassium EDTA tubes, and were analysed
using the Sysmex XN analyser (lower detection limit 0.1£109/L). The
same analytical method was used throughout the five-year study
period. Where there were multiple results, each was treated as an
individual record, and we subsequently investigated the effect of
using repeated measures by repeating the analysis using a single,
randomly chosen measurement from each pregnancy. Data were
available on maternal age and ethnicity, body mass index (BMI) at
booking in early pregnancy, gestational age at delivery, neonatal
birthweight and birthweight centiles, fetal/neonatal sex, and mode of
birth. Where possible, data were used as continuous variables, other-
wise ethnicity was categorised using ONS groups (white, mixed,
Asian, black, other), [10] body mass index was categorised according
to WHO guidance, [11] and the mode of birth was defined as sponta-
neous vaginal, operative vaginal, elective Caesarean or emergency
Caesarean.
2.3. Statistics

It is widely understood that RIs for laboratory tests should be
derived from at least 120 participants, to allow the limits to be esti-
mated accurately [12]. We collected all available data during a five-
year period, and confirmed that the requisite number of WBC results
were available according to each week of gestational age.

A natural logarithmic transformation was applied to each subset
of the WBC data to approximate it to the normal distribution, and
these distributions were confirmed by inspecting quantile-quantile
plots. The distributions were examined for extreme outliers which
might represent underlying disease or analytical error, in accordance
with international guidance on defining RIs [12]. Outliers were
defined as values more extreme than 4 standard deviations above or
below the mean in any cell subtype. Outliers were excluded from all
analyses.

Firstly, we investigated the trajectory of WBC as pregnancy pro-
gressed, to assess whether single or multiple RIs were required in
each case. The mean WBC count was estimated for each gestational
age (x) using fractional polynomial regression, where the potential
powers were single terms or combinations of 1
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and x3, and the chosen model was that which minimised the negative
log-likelihood (i.e., the best fit). The residuals from this model were
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tribution) and regressed linearly against gestational age to define the
standard deviation. The gestational age-specific RI for WBC was then
calculated as the mean § 1.96 standard deviations. In Supplemental
Figure 1 we have provided an infographic, outlining the steps of this
method, which has been used extensively for this purpose [13]. If
WBC or the constituent cell types changed during pregnancy then
gestational-age specific limits were estimated, otherwise a single RI
was defined based on the average and standard deviation calculated
across the whole population. Conventional (non-parametric) RIs
were presented alongside for comparison, as these are recommended
in CLSI/IFCC guidance [12]. Goodness of fit was assessed by inspecting
the quantile-quantile plots of z-scores and the distribution of z-scores
against gestational age.

We then undertook a series of further analyses, in which:

1) The analysis was restricted to women whose BMI was normal or
only slightly raised (�18.5 but <30 kg/m2)

2) The analysis was restricted to only a single WBC measurement per
pregnancy, in which the result was chosen using a random num-
ber generator, to investigate the potential effect of using repeated
measures

3) Separate models were fitted for different ethnic groups, where a
mean difference of >20% was considered clinically relevant

4) The postnatal RI was defined using data from samples taken
between 1-28 days after delivery, to compare it with the antenatal
and pre-pregnancy RIs, investigating group differences according
to mode of birth.



Figure 1. Flowchart for inclusion and exclusion of participants

Table 1
Demographic characteristics of the study cohort

Characteristic Summary statistics*

All women, n 24,318
Blood measurements, n 80,637
Maternal age, years 30.8 § 5.3
Body mass index, kg/m2 25.1 § 5.1
Gestational age at delivery, weeks 40.1 § 1.2
Neonatal birthweight, g 3512 § 473
Neonatal birthweight centile** 65.8 (39.7-85.7)
Neonatal sex Male 12,417 (51.1%)

Female 11,896 (48.9%)
Ethnicity, n (%) White 20,031 (82.4%)

Mixed 465 (1.9%)
Asian 1,915 (7.9%)
Black 510 (2.1%)
Other 438 (1.8%)

Mode of birth, n (%) Spontaneous vaginal 15,178 (62.4%)
Operative vaginal 4,228 (17.4%)
Elective Caesarean 2,121 (8.7%)
Emergency Caesarean 2,791 (11.5%)

* Data were missing on BMI in 288 women (1.2%), neonatal sex in 5 (<0.1%), and
ethnicity in 959 (3.9%). Summary statistics for the available data are reported as the
mean § standard deviation, median (interquartile range), or frequencies (n) and pro-
portions (%).
** Intergrowth-21st birthweight centiles were calculated based on neonatal weight,

sex and gestational age at delivery [20]. Maternal age and body mass index were cal-
culated in early pregnancy, and ethnicity was self-reported and classified according to
Office for National Statistics guidance [10].
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RIs for WBC in non-pregnant populations vary between sources,
so we drew reference to those reported similarly in the Oxford Hand-
book of Clinical Medicine[14] and Tietz Clinical Guide to Laboratory
Tests, [15] as pragmatic comparators relevant for general clinical
practice in the UK. Normally distributed data were summarised as
the mean § standard deviation (SD), and group differences were
investigated using Student’s t-tests. For other distributions the
median and interquartile range (IQR) are presented, and differences
were investigated using Wilcoxon Rank Sum tests. Women with
missing data were excluded from subgroup analyses investigating
that variable, as this was <5% of the total in all cases, and such a small
proportion of missing data is unlikely to affect the results [16]. All
analyses were performed using Stata SE (version 17.0, StataCorp LLC,
2021). This study was conducted and reported in accordance with
STROBE recommendations [17].

2.4. Ethics

Research ethics approval was granted by the Health Research
Authority Research Ethics Committee, Oxford South Central C (Ref:
08/H0606/139). Informed consent was not explicitly required or col-
lected for this retrospective observational study using anonymised,
routinely collected clinical data.

2.5. Role of funding source

No funding was sought or received to undertake this study. The
corresponding author (SD) had full access to all the data in the study
and had final responsibility for the decision to submit for publication.

3. Results

3.1. Participants and characteristics

In total, 31,036 women delivered live, singleton babies in Oxford
between 2016-2021, and had complete data on WBC. Once all the
exclusion criteria were applied, 24,318 women were included (see
Figure 1). On average, women were 31 years old (SD § 5.3), with a
BMI of 25 kg/m2 (§ 5.2), and they delivered well-grown babies
(3512 g § 473) at full term gestations (40.1 weeks § 1.2). With
regards to these features, we may conclude that this cohort is approx-
imately demographically representative of the wider UK population,
as reported by the Office for National Statistics, [18] the Royal College
of Obstetricians and Gynaecologists, [19] and standardised growth
charts [20]. Demographic characteristics of included participants are
presented in Table 1.

3.2. Blood results

WBC were measured a median of two times (IQR 1-3) between
eight weeks and delivery, making a total of 80,637 results. Samples
were mostly taken as part of the recommended antenatal schedule,
with peaks at 28 weeks (n=11,982) and 34 weeks (n=12,164) of gesta-
tion (see Supplemental Figure 2). The fewest samples were taken
between 15+0-15+6 weeks (n=132), thus there were more than the
120 required for the generation of a RI at all gestational ages. In total,
17 women were excluded as having outliers in at least one WBC sub-
group. After these exclusions, the total WBC data were normally dis-
tributed and were suitable for further analysis (see Supplemental
Figure 2).

There was little variation in the average total WBC or any cell sub-
type between 8-40 weeks (see Figure 2). The upper reference limit
for monocytes increased marginally with gestational age (+0.3£109/
L), and for eosinophils this fell slightly (-0.1£109/L), but these differ-
ences were so small they are unlikely to be of clinical significance.
Therefore, a single pregnancy-specific 95% RI was estimated for each
WBC subtype, which are presented in Table 2 alongside the non-
pregnant standards. Importantly, the upper reference limit for WBC
was elevated by 36% in pregnancy, which was primarily driven by
the rise in neutrophils (upper reference limit 55% higher). The upper
limit for lymphocytes was 36% lower in pregnancy, whereas for



Figure 2. Gestational age-specific reference intervals for white blood cell subtypes (n=80,637 results)

Table 2
Reference intervals for white blood cells

Cell type Non-pregnant 95% reference
intervals [14](£109/L)

Parametric pregnancy-specific 95%
reference intervals*(£109/L)

Non-parametric pregnancy-specific 95% reference intervals** (£109/L)

2.5th centile (90% CI) 97.5th centile (90% CI)

Total white blood cells 4.0-11.0 5.7-15.0 5.7 (5.6-5.7) 15.0 (14.9-15.1)
Neutrophils 2.0-7.5 3.7-11.6 3.7 (3.6-3.7) 11.6 (11.5-11.7)
Lymphocytes 1.0-4.5 1.0-2.9 1.0 (1.0-1.0) 2.9 (2.9-3.0)
Eosinophils 0.04-0.44 0.02-0.39 0.02 (0.02-0.02) 0.39 (0.39-0.40)
Basophils 0.0-0.1 0.1-0.1 0.0 (0.0-0.0) 0.1 (0.1-0.1)
Monocytes 0.2-0.8 0.3-1.1 0.3 (0.3-0.3) 1.1 (1.1-1.1)

* Parametric RIs were estimated as the mean § 1.96 multiples of the standard deviation, using logarithmically transformed data between 8-40 weeks.
** For reference, conventional non-parametric reference intervals are presented with 90% confidence intervals, in accordance with CLSI/IFCC guidance,12 showing strong con-

cordance between the two methods.
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monocytes this increased by 38%. Basophils were unchanged in preg-
nant and non-pregnant women.

3.3. Subgroups and sensitivity analyses

There were no material differences when the analysis was
restricted to a single measurement per pregnancy or when excluding
obese and underweight women, which supports the use of repeated
measures employed in this study, and the inclusion of women with a
high or low maternal BMI (see Supplemental Figure 2). WBC varied
slightly between ethnic groups, with the largest difference seen
between white and black women, although this difference was mar-
ginal (-20%) and does not support the need for different thresholds,
which is consistent with current clinical practice.

3.4. Postnatal changes

In total, 9,271 (38.2%) women had WBC measured within 28 days
of delivery, with a median of one measurement each (IQR 1-2), total-
ing 14,320 results. On the first day after delivery, total WBC counts
increased substantially but variably (95% RI 8.4-23.2£109/L). The
average WBC in women who were delivered by elective Caesarean
section (and thus who did not labour) was elevated to a lesser degree,
although the absolute difference in comparison with operative
vaginal delivery was small (15.4 vs. 12.9£109/L, t-test p<0.0001). The
mean WBC then resolved to the antenatal average by approximately
day seven, whereafter WBC fell consistently until reaching non-preg-
nant levels within 21 days (see Figure 3).

4. Discussion

Based on 80,637 blood results from 24,318 women, this is the
largest known study to have defined pregnancy specific RIs for WBC
in pregnancy, with an investigation of how these change during and
after pregnancy. We report substantial differences in the reference
limits for WBC, compared with non-pregnant adults, and this infor-
mation may improve how clinicians investigate suspected infection
and inflammation in these high-risk patients.

4.1. Total WBC and neutrophils

Total WBC was persistently elevated between 8-40 weeks of ges-
tational age (5.7-15.0£109/L) [2,21]. This is primarily driven by
increased neutrophils (3.7-11.6£109/L), which remained stable
throughout pregnancy, consistent with previous studies [22,23]. This
confirms the need for a pregnancy-specific RI, but refutes the need
for partitioned, gestational-age specific limits. This demonstrates a
similar pattern to CRP, the other main inflammatory marker used in



Figure 3. Total white blood cells in the postnatal period (n=14,320 results). Left: the trajectory of the average white blood cell count in the first seven days postnatally, according to
the mode of birth. Right: the mean and 95% reference interval for WBC in the first 28 days after of any delivery, with reference lines to highlight the antenatal (pre-delivery) and the
pre-pregnancy averages.
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pregnancy, which is persistently raised from the first trimester, and
which is most accurately interpreted using a single pregnancy-spe-
cific RI at any stage of pregnancy [8].

Small studies have investigated the value of a raised neutrophil
count for diagnosing infection in pregnancy when using this upper
threshold (15£109/L) and, while the sensitivity and specificity of
using this a standalone tool were limited (53% and 73%, respectively),
[24] this was an overall improvement on studies that used lower lim-
its.[25] While neutropenia is technically anything below the lower
reference limit, the threshold for treatment for febrile neutropenia is
substantially lower (0.5-1.0£109/L). Importantly, a severe neutrope-
nia has been reported in several cases of maternal COVID-19, and
clinicians should remain vigilant for a very low neutrophil count in
pregnant women [26].

4.2. Lymphocytes

Previous studies have reported a reduction in total lymphocytes in
pregnancy, which is consistent with our findings of a lower RI in
pregnancy (1.0-2.9£109/L) but, in contrast with other reports, [2] we
did not observe an increase in the third trimester.

4.3. Eosinophils, basophils, and monocytes

Eosinophils have been variably reported to decrease [27] or
remain unchanged in pregnancy, [21,28] although many of these
studies were small and relatively early, and the analytical methods
and sensitivities were not clearly defined. We found that the RIs for
eosinophils and basophils were approximately consistent with non-
pregnant values and, while there was less variation in eosinophils
results towards late pregnancy (i.e., a narrower RI), there were only
marginal differences in the absolute values as pregnancy progressed.
In contrast, there is a well described monocytosis in pregnancy,
which has been proposed to prevent fetal allograft rejection, [29]
constituting an important protective mechanism for the developing
fetus, by modification of the maternal innate immune response.
While there was a small increase in monocyte levels with advancing
gestation, and there is compelling evidence that monocyte activation
and function increases towards term, [30] the absolute difference in
circulating cells was small and unlikely to be of implementable clini-
cal value, so we have defined a pragmatic single RI (0.3-1.1£109/L).

4.4. Postnatal

In this study, we deliberately omitted WBC results in the week
before delivery, primarily to mitigate the effects of labour or the
administration of corticosteroids. Whereas other studies have
reported separate RIs for pregnancy and labour, we propose that the
highly variable conditions and events in labour preclude the defini-
tion of a robust RI, as has been similarly reported by Joyce, et al. in an
investigation of CRP [31]. WBC have been reported to be elevated in
the postnatal period, with small differences according to mode of
delivery, [32] although it was previously unclear how long it takes for
this to resolve to pre-pregnancy values, which introduces diagnostic
uncertainty when interpreting results in postnatal women. We have
described the course of WBC in the immediate postnatal period,
which demonstrates resolution to pre-labour (pregnant) levels
within seven days, with only small differences according to the mode
of delivery. After this time, WBC are approximately consistent with
the antenatal RI until resolving to pre-pregnancy levels within
21 days.

In this study we aimed to build upon the existing (often contradic-
tory) literature, to demonstrate the nuanced trajectory ofWBC in preg-
nancy with a greater degree of accuracy than has been previously
possible. We achieved this by refining a very large cohort of pregnant
women with healthy term babies, forming a population more than
twice as large as the next largest study, [33] with the added benefit of
complete data on all the major leucocyte subtypes, and longitudinal
repeated sampling through pregnancy and the puerperium. We used
modern, highly sensitive regression techniques to define RIs, which
may be used in clinical practice to improve how routine blood results
are interpreted in the context of normal maternal physiology.

There were inevitable challenges in this study. In the absence of a
universal definition of maternal infection, or a unified reporting sys-
tem, it is difficult to identify and exclude women with infection using
clinical coding from retrospective hospital data. Therefore, there is a
risk of selection bias, as women may be more likely to have had WBC
measured if infection or inflammation was suspected. To address this,
we used indirect methods to identify women with the highest risk, by
i) restricting the population (excluding preterm deliveries, women
with several measurements, women with babies requiring neonatal
admission), and ii) excluding extreme WBC outliers. Other methods
may include identifying and excluding women with HIV or viral hepa-
titis, which may affect WBC, but the prevalence of both conditions is
likely to be low in this cohort. Importantly, results taken at scheduled
times (e.g., 28 weeks as per the NICE antenatal pathway) did not differ
from those taken at other times, which suggests that the results were
not biased by undiagnosed infection or other inflammatory disease in
this retrospective study. Furthermore, a previous study showed similar
RIs for WBC in a prospective cohort of healthy pregnant women [34].

Corticosteroids (which are usually indicated in the days preceding
planned or suspected preterm delivery) are known to increase WBC
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with a peak around 24 hours after administration, but it is difficult to
identify women to whom these had been given. We addressed this
by excluding preterm deliveries, and any samples taken in the week
before delivery when this may be relevant. WBC and other inflamma-
tory markers have been reported to show diurnal variation according
to the time of sampling, as well as the season [35]. Interestingly, neu-
trophils and CRP peaked in mid-afternoon but had a nadir in the sum-
mer months, but lymphocytes and monocytes rose progressively
throughout the day and peaked in spring. In general, the absolute dif-
ferences were small within a given day or year. It is beyond the scope
of this study to investigate RIs for WBC in the context of the sampling
time, although this may be a focus of future research. Finally, WBC
may be elevated in women with non-infectious inflammatory condi-
tions. Previous studies have demonstrated that, with a suitably large
population, RIs can be accurately estimated in this way from unse-
lected populations [36]. Other methods may be used to limit the
selection criteria further, including using proxy biomarkers (e.g., hae-
moglobin or platelets) to identify women with other haematological
conditions. However, as conditions like pancytopenia are rare, but
uncomplicated iron deficiency anaemia and gestational thrombocy-
topaenia are common, this may over-restrict the cohort to exclude
women in whom WBC are likely to be normal. In other words, some
women will have been included with these conditions, many of
which are undiagnosed or unreported. However, the results are
broadly consistent with previous studies and, given that the preva-
lence is likely to be small, this is unlikely to have materially affected
the results of this very large, pragmatic study.

5. Conclusion

This study shows the substantial changes in WBC in the antenatal
and postnatal periods, with marked differences between cell sub-
types. We have established pregnancy-specific RIs for each white
blood cell type, for use between 8-40 weeks of gestational age and 7-
21 days postnatally, to improve how clinicians identify women and
babies with the highest risk of mortality and morbidity, given the
huge global burden of infection in this population.

Supplemental Figure 1: Infographic outlining the method for
defining reference intervals using fractional polynomial and linear
regression

Supplemental Figure 2: Distributions of white blood cell data and
goodness of fit of for the fitted model for total WBC (n=80,637
results). Top: quantile-quantile plot of white blood cell data to inves-
tigate adherence to the normal distribution (left) and the distribution
of z-scores against gestational age (right). Bottom: quantile-quantile
plot of z-scores (left), and the frequency distribution of gestational
age at the time of sampling (right).

Supplemental Figure 3: Subgroups and sensitivity analyses. Left:
the 2.5th, 50th and 97.5th centiles for WBC when using all (repeated)
measurements (n=80,837) compared with a single measurement per
participant (n=24,318). Middle: investigating the difference in refer-
ence centiles when the analysis was restricted to exclude women
who were underweight or obese (body mass index <18.5 or �30 kg/
m2) (n=65,071). Right: Group-differences in reference centiles
according to maternal ethnicity (white n=66,079 results, mixed
n=1,579, Asian n=6,498, black 1,918, other 3,114).
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