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ABSTRACT

Introduction: Accurate complete blood count (CBC) reference intervals are essential for neonatal care. However, existing ref-
erence intervals do not account for key clinical variables such as sex, postnatal age, gestational age at birth and corticosteroid
exposure. This study aims to establish updated CBC reference intervals for neonates admitted to a Neonatal Intensive Care Unit
(NICU) while evaluating the effects of these factors on the CBC.

Methods: In this retrospective cohort study, all neonates admitted to the NICU at the John Radcliffe Hospital (Oxford, United
Kingdom) between January 2022 and January 2023 were eligible for inclusion. Routine CBCs were included if there was no suspi-
cion of infection or necrotising enterocolitis, no recent surgical interventions and no signs of clinical deterioration. The effects of
sex, gestational age at birth and postnatal age were assessed for 48 parameters of the CBC using multivariate ANOVAs. Reference
intervals were calculated at the 95% level.

Results: Among 3490 CBC results from 587 neonates, 386 results from 196 neonates met inclusion criteria. Sex-related differ-
ences were observed in nine parameters. Gestational and postnatal age both significantly influenced 34 parameters. Reference
intervals were produced for all 48 CBC parameters, with histograms and boxplots illustrating variations by sex, postnatal age and
gestational age. Secondary analyses highlighted the effects of corticosteroid exposure.

Conclusions: We present reference intervals for 48 neonatal CBC parameters, highlighting the influence of sex, postnatal age,
gestational age at birth and corticosteroid exposure. These findings improve the interpretation of neonatal CBCs and propose
criteria for defining a sufficiently healthy neonatal population for diagnostic research.

1 | Introduction Identifying clinical deterioration early, particularly in cases of

infection, is critical but requires reliable biomarkers that mini-

In the United Kingdom, approximately 1 in 10 newborns are
admitted to Neonatal Intensive Care Units (NICUs) for special-
ised medical or surgical care due to prematurity, birth compli-
cations, congenital anomalies or suspected infection [1]. During
admission, hospital-acquired infections are common because
of neonatal vulnerability and frequent invasive procedures.

mise the risk of iatrogenic anaemia.

The complete blood count (CBC) is widely used in neonatal care
but remains underutilised as a diagnostic tool. Modern haema-
tology analysers can measure numerous parameters beyond
traditional white blood cell (WBC) counts, haemoglobin levels
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and platelet counts. These extended parameters, particularly
those related to immune cell activation, may provide valuable
diagnostic insights, yet their baseline values in neonates remain
poorly defined, particularly in neonates admitted to the NICU
who are clinically stable.

Previous reviews have established neonatal reference ranges
for the more widely reported CBC parameters (see Christensen
et al. review [2]), yet they often do not consider factors such as
sex, gestational age at birth and postnatal age, nor do they in-
clude newer immune cell activation parameters.

In addition, the effect of corticosteroid exposure on neonatal CBC
parameters is unknown, despite the widespread use of corticoste-
roids to treat chronic lung disease in preterm neonates [3]. The
impacts of corticosteroids on the adult immune system and bone
marrow function are well-established [4], so it would be reason-
able to determine if these effects also exist within neonates.

This study aimed to address these gaps by providing a compre-
hensive analysis of CBC results in neonates admitted to a NICU,
who were recovering or growing but not acutely unwell, ac-
counting for sex, gestational age at birth and corrected postnatal
age. The effects of corticosteroid exposure were also evaluated.

2 | Materials and Methods

In this retrospective cohort study, all neonates who had a CBC
test while admitted to the NICU at the John Radcliffe Hospital
(Oxford, UK) between 13 January 2022 and 13 January 2023
were eligible for inclusion. Ethics approval was obtained from
the Oxford Research Ethics Committee (REC 08/H0606/139).
The study followed an opt-out consent process, whereby par-
ents were informed through patient information leaflets, and
consent was assumed unless explicitly declined. Parents could
withdraw consent at any stage without affecting medical care.
All data were anonymised before analysis.

CBC results measured as part of routine clinical care on a
Sysmex (Kobe, Japan) XN-2000 analyser in the haematology
laboratory or XN-450 in the NICU were retrospectively col-
lected. Both analysers operate using fluorescence flow cytom-
etry and impedance methods and were cross-validated prior
to study commencement. Results included both routinely re-
ported parameters and parameters generated but not routinely
reported, such as the white blood cell (WBC) differential, retic-
ulocyte characterisation and extended inflammation parame-
ters. Nucleated red blood cell (NRBC) counts from the XN-450,
which lack external validation, were manually cross-validated,
and corresponding WBC and lymphocyte counts were adjusted
accordingly.

Matched clinical data were extracted from paper and electronic
patient records. Data were summarised for each day of admis-
sion—where multiple CBC results were performed on the same
day, the average was calculated.

CBC results were included only if there were no clinical or lab-
oratory indicators suggesting infection or clinical deteriora-
tion. Exclusion criteria were: suspicion of maternal or neonatal

infection at birth (if within the first 3 days of life); blood, respi-
ratory or cerebrospinal fluid microbiology culture requested, re-
gardless of the result (+5days); surgical intervention or partial/
full blood transfusion (+2 days); suspicion of necrotising entero-
colitis (2 days); viral PCR requested, regardless of the result (+
two days); C-reactive protein measurement >10mg/L (+1day);
lactate measurement >4 mmol/L (+1day); admission of antibi-
otics or corticosteroids on the same day; three or more signs of
clinical deterioration on the same day (tachycardia, tachypnoea,
step up in ventilation method, > 10% increase in oxygen require-
ment, >1 unit increase in flow or mean airway pressure, tem-
perature instability without therapeutic cooling or hypotension).

The statistical analysis workflow, detailed in Figure 1, follows
Clinical and Laboratory Standards Institute (CLSI) guidelines
for producing reference ranges (EP28 A3C) [5]. Forty-eight pa-
rameters of the CBC were evaluated: 20 related to red blood cells
(RBCs), 21 to WBCs and 7 to platelets.

Multivariate ANOVAs were conducted to assess the individ-
ual effects of and interactions between sex, gestational age at
birth and postnatal age. An effect size (estimated using partial
eta squared [PES]) greater than 0.06 was considered clinically
relevant. Significant sex-specific differences were calculated as
deviations from the overall average.

Reference ranges were calculated parametrically (mean +1.96 X
standard deviation) for normally distributed data (after trans-
formation) and non-parametrically (2.5% and 97.5% quantiles)
otherwise. A minimum of 120 CBC results per parameter was
required, per CLSI guidelines.

As a secondary analysis, the potential effects of corticosteroid
exposure were evaluated separately using one-way ANOVAs,
and changes with exposure were calculated for any significantly
affected parameters. This analysis was exploratory and not part
of the core reference range generation. All analyses were con-
ducted in RStudio (R version 4.3.0 (2023-04-21)) [6].

3 | Results

During the study period, 3490 CBC results were collected from
587 neonates, with 386 results from 196 neonates meeting the
inclusion criteria (Table 1). Ten neonates were excluded due to
missing observational records. The distribution of males and
females did not differ significantly by gestational age at birth,
admission reason or discharge reason. Age distributions var-
ied significantly across most factors, except discharge reason.
While sex distributions were similar in corticosteroid-exposed
CBC results, these samples were obtained from older neonates
(p<0.001).

The results of all ANOVA analyses are presented in Table 2,
reference intervals and sex-related deviations in Table 3, and
a visual representation of these analyses for the WBC count in
Figure 2. All S1: supplementary figures are available at https://
4fsqon-emily-hyde.shinyapps.io/ReferenceRangeFigures/ [7].

Sex had a statistically significant effect on only eight param-
eters (p <0.05), but none exceeded the threshold for clinical
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Conduct Shapiro-Wilk test to determine if parameter values are Normally distributed

v

P <0.05

v

Transform data using ordered quantile
normalisation transformation

v

v

P >0.05

Calculate reference ranges with 95% confidence intervals:
If Normal distribution (incl. after transformation), 95% reference interval
If non-Normal distribution, 2.5t - 97.5t quantiles

[ Produce histogram of parameter values }

Determine effect of sex, postnatal age, and gestational age at birth using multivariate ANOVA:
ANOVA ~ Sex * Postnatal Age * Gestational Age at Birth

Produce box plot of values against sex and against gestational age at birth, and scatter plot of
values against age

v

P < 0.05 for sex

v

Calculate deviation from the overall average
for each sex (mean or median)

v

\

Value ~ Steroid Exposure * (Sex + Postnatal Age + Gestational Age at Birth)

’ Determine effect of corticosteroid exposure using multivariate ANOVA:

[ Produce box plot of values against corticosteroid exposure

v

P < 0.05 for corticosteroid exposure

v

Calculate difference between exposed and
non-exposed values (mean or median) then
remove exposed values

FIGURE1 | Flowchart of the statistical analysis steps performed in this study. Sequential ANOVAs were conducted to examine the effects of cor-

ticosteroid exposure, sex, postnatal age and gestational age at birth on each parameter of the neonatal complete blood count.

relevance (PES > 0.06; Figure 2B; Table 2). In contrast, post-
natal age significantly influenced 31 parameters, with 20
showing clinically relevant effect sizes (Figure 2C). RBC and
reticulocyte counts remained unaffected. Gestational age
at birth significantly impacted 33 parameters, 16 of which
demonstrated large effect sizes (Figure 2D), including in-
creased nucleated RBC and monocyte counts in more preterm
neonates.

In terms of interactions, six parameters were significantly
influenced by the combined effect of sex and postnatal age,
although none reached clinical relevance (Table 2). The inter-
action between sex and gestational age at birth significantly
affected five parameters, all with small effect sizes. The in-
teraction between postnatal age and gestational age at birth
influenced 31 parameters, with 10 showing large effect sizes.
The three-way interaction between sex, postnatal age and

gestational age at birth significantly affected 13 parameters, in-
cluding RBC count, haemoglobin and haematocrit, all of which
had large effect sizes.

Corticosteroid exposure significantly affected 31 parameters, with
12 surpassing the threshold for clinical relevance (PES >0.06;
Figure 2E; Table 2). Notably, lymphocyte counts decreased, while
neutrophil counts and the platelet-to-lymphocyte ratio increased.

4 | Discussion

In this study, we present reference ranges for 48 parameters of
the CBC for neonates admitted to the NICU. Furthermore, we
highlight the influence of sex, postnatal age, gestational age
at birth and corticosteroid exposure on these parameters. Our
findings highlight the dynamic nature of the neonatal CBC and
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Note: Significant p values (p <0.05) and effect sizes (PES>0.06) are highlighted in orange.

Abbreviations: %L, percentage of lymphocytes; %M, percentage of monocytes; Age and GA, interaction between postnatal age and gestational age at birth (weeks); GA, gestational age at birth (weeks); p, ANOVA p value; PES, partial
ETA squared (effect size); Sex and Age, interaction between sex and postnatal age; Sex and GA, interaction between sex and gestational age at birth (weeks); Sex, Age and GA, interaction between sex, postnatal age and gestational

age at birth (weeks).

emphasize the importance of accounting for contextual factors
when interpreting results.

4.1 | The Effect of Sex

Sexual dimorphism in the neonatal CBC has been described
previously. Zierk et al. [8] reported sex differences in WBC
counts during the first 60days of life, with females present-
ing with higher values than males. Unlike Zierk et al., who
included both inpatient and outpatient data from birth to
18years of age, our study specifically examines neonates ad-
mitted to the NICU, offering a more focused perspective on
this population. In the current study, no parameters showed
clinically relevant differences between males and females, as
shown by the low effect sizes.

4.2 | The Effect of Postnatal Age

Age-related changes in the neonatal CBC are well-documented.
RBC parameters, including counts, haemoglobin concentration
and indices, typically decrease within the first 60days of life,
while platelet counts increase [8]. Similarly, WBC counts ini-
tially rise before declining [8]. Our findings align with this, al-
though we observed more dynamic fluctuations in WBC counts
during the first few weeks of life which were clinically not rel-
evant (PES=0.02). For nucleated RBCs and reticulocytes, our
results also reflect known trends of age-related decreases [9, 10],
but visual analysis suggests a more nuanced pattern. These find-
ings expand upon prior literature by characterising CBC param-
eters across the neonatal age spectrum.

4.3 | The Effect of Gestational Age at Birth

The relationship between gestational age at birth and neona-
tal CBC parameters has been less thoroughly studied. Earlier
preterm neonates exhibit higher nucleated RBC counts at
birth, reflecting their developmental stage [10]. Our study con-
firms this trend and also identifies gestational age-associated
changes in monocyte counts, which have been previously de-
scribed [11]. These findings provide further insight into the
haematological profiles of preterm neonates and underscore
the importance of adjusting reference ranges based on gesta-
tional age.

4.4 | The Effect of Corticosteroid Exposure

Corticosteroids are commonly used in NICU settings to treat
respiratory distress, particularly in preterm neonates [12].
While the effects of corticosteroids on the adult CBC are well-
documented [13], this study is the first to examine these effects
in neonates. Consistent with adult studies, corticosteroids in-
creased neutrophil counts and decreased lymphocyte counts.
However, unlike in adults, corticosteroids did not affect over-
all RBC counts. Instead, reductions were observed in nucleated
RBC and reticulocyte counts. These findings, while secondary
to the core baseline evaluation, provide novel preliminary in-
sights and warrant further investigation. To fully understand
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| (Continued)

TABLE 3

Corticosteroids

Females

Males

Average Upper

Lower

Units

Parameter

+122

+7

299 (286 to 312) 680 (662 to 705)

74 (70 to 86)

x10°/L

Platelet count

Platelet parameters

13.0 (12.5 to 13.3) 23.4(22.8 t0 23.8)

9.7 (9.7 t0 9.8)

%
fL
%

Platelet distribution width

11.4 (11.2 to 11.5) 13.5(13.5 to 13.7)

9.5 (9.4 t0 9.6)

Mean platelet volume

51.1 (50.9 to 53.0)

34.7 (34.1 t0 35.5)

20.7 (20.5 to 21.0)

Platelet large cell ratio

+0.2

0.4 (0.3 t0 0.4) 0.7 (0.7 to 0.8)

0.1 (0.1 to 0.1)

Plateletcrit

-0.5

7.6 (7.2 to 8.0) 28.6 (27.7 to 29.0)

2.1 (2.0 t0 2.4)

%

Immature platelet fraction

+0.048

+0.002

—0.003

0.068 (0.064 t0 0.070)  0.171 (0.168 to 0.195)

0.017 (0.015 to 0.019)

%

Platelet to lymphocyte ratio

Note: Ranges are presented as mean (95% confidence interval) or median (95% quantiles). Positive changes from the reference with sex or corticosteroids are highlighted in green, while negative changes are highlighted in red.

Abbreviations: %L, percentage of lymphocytes; %M, percentage of monocytes.

the effects of corticosteroid exposure, it would be necessary to
establish specific reference intervals—this was not possible in
the current study due to low sample numbers.

4.5 | Overall Results

Despite its routine use, the CBC remains underutilised in the
clinical management of neonates as only a few parameters are
routinely reported. Historically, variability in the neonatal WBC
count, compounded by limitations of early analysers to correctly
identify nucleated RBCs from WBCs, led to scepticism about its
diagnostic utility [14]. As such, the guidelines for diagnosing neo-
natal sepsis, published by the National Institute for Health and
Care Excellence, do not recommend measuring the CBC [15].

Our findings challenge this perception. The calculated refer-
ence ranges were produced from a cohort of otherwise healthy
neonates, such as preterm neonates or neonates admitted for
observation after a traumatic birth, so deviations may have clin-
ical significance. Furthermore, parameters of the CBC, such as
neutrophil and lymphocyte activation markers, could serve as
valuable indicators of neonatal deterioration, as shown in adult
studies [16].

Although not a direct comparison, our findings echo those
shown in the analysis of the cord blood baseline profile. For
example, Sabnis et al. [17] observed no statistically significant
differences between males and females in any parameters ex-
cept mean cell haemoglobin content, while Angelo et al. [18]
observed sex-related differences only in the red cell distribution
width. In the current study, we found six parameters that dif-
fered with sex, although none of these were clinically relevant.

4.6 | Strengths and Limitations

This study provides robust, NICU-specific reference ranges
for 48 CBC parameters, derived using rigorous methodology.
Although the data were obtained from a single centre, the con-
clusion that these factors should be considered when evaluating
the CBC is generalizable and broadly applicable to NICUs glob-
ally. Furthermore, our approach is reproducible and can be ap-
plied in other centres. A key strength is the careful consideration
of confounding factors, including corticosteroid exposure, sex,
corrected postnatal age and gestational age at birth. However,
there may be other factors that require evaluation in future re-
search, for example, the effects of TUGR.

Another notable strength of our study is the careful selection of
a subpopulation of NICU-admitted neonates that were consid-
ered otherwise ‘healthy’ (Table 1). This subpopulation forms the
basis for producing reliable reference ranges. Current studies
on diagnostic tests for unwell neonates, such as those by Worku
et al. [19] and Yin et al. [20], often rely on insufficient control
definitions, including neonates with clinical suspicion of sep-
sis and negative blood cultures. Given the high false-negative
rate of blood cultures in this population, such control groups
are likely to include infected neonates, undermining their valid-
ity. By contrast, our study employed stringent exclusion criteria
(Table 1), setting a benchmark for future research.

=
o
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FIGURE2 | Analysis of the baseline profile of the neonatal white blood cell count (x10°/L). (A) Histogram with reference limits (grey dotted) and
distribution curve (blue); (B) boxplot for sex; (C) scatterplot for age with a fitted curve (blue); (D) boxplot for gestational age at birth; and (E) boxplot

for corticosteroid exposure.

One limitation of this study was the uncertainty surrounding
the timings of results. For example, the exact timing of cortico-
steroid administration relative to CBC results was not known. To
mitigate the possible longer-lasting effects of corticosteroids, re-
sults taken within 5days of a final dose of corticosteroids (n =12)
or from the first 5days of life if the mother received antenatal
corticosteroids (n=10) were excluded. Longitudinal analysis of
the effects of corticosteroid administration was not possible due
to low sample numbers. Similarly, the source of individual blood
samples (e.g., venous or heel prick) was not available.

The age at sampling varied across admission reasons, reflecting
different NICU populations rather than longitudinal changes
within individuals. The reference ranges presented here broadly
apply to all neonates admitted to NICUs, although more specific
reference ranges for individual subsets (e.g., age-related patterns
in term neonates) would require a larger sample of results and
thus should be the focus of future research.

5 | Conclusion

This study proposes reference ranges for 48 CBC parameters in ne-
onates and underscores the importance of considering sex, postna-
tal age, gestational age at birth and corticosteroid exposure in their
interpretation. We also define robust criteria that are sufficient to
identify a ‘healthy’ subpopulation that serves as a benchmark for
investigating diagnostic tests in unwell neonates admitted to the
NICU. These findings contribute to a more nuanced understand-
ing of neonatal haematology and provide a foundation for improv-
ing diagnostic tools and clinical care in the NICU.
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