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Abstract 

Background The World Health Organization (WHO) recommends that when peripheral malarial parasitaemia is 
quantified by thick film microscopy, an actual white blood cell (WBC) count from a concurrently collected blood 
sample is used in calculations. However, in resource-limited settings an assumed WBC count is often used instead. The 
aim of this study was to describe the variability in WBC count during acute uncomplicated malaria, and estimate the 
impact of using an assumed value of WBC on estimates of parasite density and clearance.

Methods Uncomplicated malaria drug efficacy studies that measured WBC count were selected from the WorldWide 
Antimalarial Resistance Network data repository for an individual patient data meta-analysis of WBC counts. Regres-
sion models with random intercepts for study-site were used to assess WBC count variability at presentation and dur-
ing follow-up. Inflation factors for parasitaemia density, and clearance estimates were calculated for methods using 
assumed WBC counts (8000 cells/µL and age-stratified values) using estimates derived from the measured WBC value 
as reference.

Results Eighty-four studies enrolling 27,656 patients with clinically uncomplicated malaria were included. Geometric 
mean WBC counts (× 1000 cells/µL) in age groups < 1, 1–4, 5–14 and ≥ 15 years were 10.5, 8.3, 7.1, 5.7 and 7.5, 7.0, 6.5, 
6.0 for individuals with falciparum (n = 24,978) and vivax (n = 2678) malaria, respectively. At presentation, higher WBC 
counts were seen among patients with higher parasitaemia, severe anaemia and, for individuals with vivax malaria, in 
regions with shorter regional relapse periodicity. Among falciparum malaria patients, using an assumed WBC count 
of 8000 cells/µL resulted in parasite density underestimation by a median (IQR) of 26% (4–41%) in infants < 1 year old 
but an overestimation by 50% (16–91%) in adults aged ≥ 15 years. Use of age-stratified assumed WBC values removed 
systematic bias but did not improve precision of parasitaemia estimation. Imprecision of parasite clearance estimates 
was only affected by the within-patient WBC variability over time, and remained < 10% for 79% of patients.
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Conclusions Using an assumed WBC value for parasite density estimation from a thick smear may lead to underdiag-
nosis of hyperparasitaemia and could adversely affect clinical management; but does not result in clinically conse-
quential inaccuracies in the estimation of the prevalence of prolonged parasite clearance and artemisinin resistance.

Keywords Malaria, White blood cell, Leukocyte, Parasitaemia, Microscopy

Background
In 2021 there were an estimated 247 million cases of 
malaria worldwide, of which 619,000 had a fatal outcome 
[1]. Plasmodium falciparum infection accounts for the 
greatest malarial mortality, although Plasmodium vivax 
infection also results in substantial direct and indirect 
morbidity and associated mortality [2]. The haematologi-
cal features of acute malaria underpin several key clini-
cal characteristics of the disease. For instance, anaemia 
and thrombocytopenia are considered hallmark features 
of acute malarial illness, especially in those with severe 
disease [3–6]. Reductions in white blood cell (WBC) 
count have also been reported [7–9]. However, the clini-
cal significance of changes in WBC counts have not been 
well-described.

Previous studies show that the WBC count can vary 
tenfold between individuals [7]) and can fluctuate con-
siderably during the course of acute malaria [8–10]. 
Leukopenia has been reported among children and non-
immune adults [11–16], and is thought to be attributable 
to lymphopenia secondary to redistribution to marginal 
pools such as the spleen [15]. Leukocytosis can also 
occur, and is associated with concurrent bacterial infec-
tion [7] and severe malaria [11]. Whilst it is known that, 
independent of infection, children have a higher WBC 
count than adults [17], other determinants of WBC count 
during malaria are poorly understood. For example, in 
Thailand, WBC counts were consistently lower at presen-
tation in those with P. falciparum compared to those with 
P. vivax infection [18], yet the opposite was observed in 
India [9]. The relevance of other factors such as malaria 
immunity and nutritional status is unclear [18].

Understanding variation in WBC count during acute 
malaria can have important clinical implications if 
the WBC is used for the estimation of the parasite 
density. The World Health Organization (WHO) rec-
ommends that peripheral parasitaemia should be quan-
tified by microscopic blood film examination using 
either thin or thick blood films. Thin films are rec-
ommended when quantifying high parasite densities 
(approximately > 16,000 parasites/µL  or >0.3% para-
sitaemia) [19]. In low to moderate density infections, 
thick blood film examination in which parasites are 
counted against WBC is more accurate [20]. In order 
to calculate the parasite density using a thick blood 

film, the number of parasites seen per 200 or 500 WBC 
is counted, expressed per 1 cell and multiplied by the 
measured total circulating WBC count. However, the 
ability to measure WBC count is rarely available in 
remote rural communities where the main burden of 
malaria exists. Under these circumstances, the WHO 
recommends using the high-power field (HPF) method 
[20] instead of the pre-2015 recommendation in which 
a WBC count of 8000 cells/µL was assumed. The HPF 
method uses a fixed volume of blood at 1000 × magnifi-
cation to count parasites. It has desirable properties as 
it is unbiased with variability decreasing with number 
of fields examined [21] and has been shown to have a 
better accuracy compared to WBC methods assuming a 
count of 8000 cells/µL [21–23]. Whilst the Earle-Perez 
method, which does not require a known WBC count, 
has also been shown to produce reliable parasitaemia 
estimates when using a thick film [24], inter-rater reli-
ability is slightly poorer and in practice this method is 
rarely used [25].

Despite the 2015 change in guidelines, and the dis-
puted accuracy of assuming a WBC count value of 
8,000 cells/µL [26–34], a recent systematic review of 
microscopy methods used in antimalarial efficacy stud-
ies since 2015 reported that a assumed WBC count 
was used to estimate parasite density in 91% of stud-
ies with thick smear microscopy [25]. In these studies, 
inaccurate estimates of parasitaemia may affect the 
quantification of parasite clearance and thus early indi-
cators of declining antimalarial efficacy [35]. In addi-
tion, although thin smears are more accurate than thick 
films in the quantification of high parasite counts, 61% 
of studies included in the above mentioned review [25] 
used only the WBC method, and it is important to con-
sider the clinical implications of inaccurate estimation 
of parasitaemia in P. falciparum infections. Falciparum 
hyperparasitaemia is associated with increased mor-
tality [36] and is one of the WHO’s major criteria for 
diagnosing clinically severe malaria and indication for 
parenteral treatment [37]. Therefore accurate determi-
nation of falciparum parasite count is of great clinical 
importance.

This individual patient data (IPD) meta-analysis 
aimed to characterize the WBC count during acute 
malaria and describe the consequences of these 
changes on estimates of parasite density and clearance.
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Methods
Data acquisition
The WorldWide Antimalarial Resistance Network 
(WWARN) repository contains data from antimalar-
ial efficacy studies for the treatment of uncomplicated 
malaria. Data were standardized using the methodology 
described in the WWARN Data Management and Sta-
tistical Analysis Plan [38]. Studies included in previous 
WWARN haematological individual patient data (IPD) 
meta-analyses [39, 40] were considered for inclusion in 
this analysis, if WBC count and parasite density in P. fal-
ciparum and/or P. vivax infection had been measured on 
the day of enrolment (day 0). Individual patient data were 
only included if the following parameters were avail-
able: age at enrolment, sex, and enrolment date. Within 
studies, pregnant women, non-immune returning trav-
ellers with malaria and those with mixed infection were 
excluded due to small numbers.

Following identification of eligible studies, permission 
to include data in the current study was granted by an 
independent Data Access Committee [41] or the study 
investigators according to each study’s investigators pre-
vious selection [42]. Standardized IPD from eligible stud-
ies were then collated into a single dataset.

Definitions
Day of enrolment into the study was defined as day 0. 
Malaria prevalence rates for P. falciparum were obtained 
for study sites and enrolment year from the Malaria 
Atlas Project (MAP) [43], updated in 2018. Rates are age-
standardized to children aged 2–10  years and resulting 
estimates, representing transmission intensity, are catego-
rized into low (parasite rate  [PfPR2-10] ≤ 15%), moderate 
 (PfPR2-10 15- to < 40%) and high  (PfPR2-10 ≥ 40%) as used 
in previous WWARN analyses [39]. For P. vivax studies, 
parasite prevalence correlates strongly with the regional 
P. vivax relapse periodicity and geographic region. Thus 
regional relapse periodicity provides a substitute measure 
of both geographic and parasite transmission intensity dif-
ferences. Short relapse periodicity was defined as a median 
time to patient relapse of 47 days or less [44]. Abnormal 
WBC counts were approximated to the age-stratified 
UK National Health Service (NHS) recommendations 
for adults and children [45, 46]: leukopenia and leukocy-
tosis were defined respectively as having a WBC count 
of < 6000 and > 18,000 cells/µL for infants < 2  years, < 5000 
and > 15,000 cells/µL for children aged 2 to 16, and < 4000 
and > 11,000 cells/µL for adults aged 16 and above. Fur-
thermore, Division of AIDS (DAIDS) grading [47] was 
used to define leukopenia with potential consequences to 
patient safety following initiation of treatment. For indi-
viduals aged 7 days or older, a low WBC count was defined 
by DAIDS as: mild (2000–2499 cells/µL), moderate 

(1500–1999 cells/µL), severe (1000–1400 cells/µL) and 
potentially life-threatening (< 1000 cells/µL). Moder-
ate anaemia was defined as a haemoglobin concentration 
of < 10  g/dL and severe anaemia as < 7  g/dL. For studies 
where haematocrit only was measured, the following rela-
tionship was used to estimate haemoglobin: haematocrit 
(%) = 5.62 + 2.60 × haemoglobin (g/dL) [48]. Nutritional 
status of children aged < 5  years was determined by the 
weight-for-age indicator using the igrowup package [49]. 
The presence of fever was defined as a recorded core tem-
perature ≥ 37.5°Celsius (°C).

This manuscript refers to asexual parasite counts. 
Gametocytes (i.e., sexual form parasites) are usually 
counted using WBC methods, however in the acute 
malaria infection their densities are much lower and 
not directly associated with disease severity or patient 
treatment outcomes. Hyperparasitaemia in P. falcipa-
rum infection at day 0 was defined as a parasite count 
of ≥ 100,000/µL in the primary analysis, using the para-
sitaemia reported in the study. Two additional defini-
tions for hyperparasitaemia were used in the estimation 
of parasite density analysis: (i) WHO Treatment Guide-
lines 2015 (≥ 200,000/µL for all regions) and (ii) WHO 
Treatment Guidelines 2010 (≥ 250,000/µL for high trans-
mission regions; ≥ 100,000/µL for all other regions) [50]. 
For patients with P. falciparum infection, treatment type 
was stratified into three groups: (i) WHO-recommended 
ACT regimens for uncomplicated falciparum malaria 
[51]; (ii) other artemisinin-based regimens includ-
ing artesunate monotherapy and (iii) non-artemisinin 
therapies. For patients with P. vivax infection, treatment 
was stratified as follows: (i) WHO-recommended ACT 
based regimens [51] with or without primaquine; (ii) 
other artemisinin-based therapies including artesunate 
monotherapy and those combined with primaquine or 
chloroquine; (iii) chloroquine monotherapy; (iv) chloro-
quine-based therapies with either primaquine or doxycy-
cline co-administration; and (v) other drug combinations.

Analysis of day 0 WBC counts
Analyses of WBC counts were conducted separately 
for P. falciparum and P. vivax mono-infections. Forest 
plots of geometric mean of day 0 WBC count by study 
site were generated and heterogeneity assessed using 
I2 statistics, stratified by age group. Study sites with less 
than 10 participants were excluded. Uni- and multivari-
able linear regression models with random intercepts for 
study site were used to assess the association between 
demographic and baseline clinical parameters and log- 
transformed day 0 WBC count. The following covariates: 
age, sex, day 0 parasitaemia, local transmission intensity, 
presence of anaemia at day 0 and presence of fever at day 
0 were considered for inclusion in final models using the 
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strategy recommended by Collet [52]. Briefly, in the first 
step all variables significant in the univariable analyses 
were included in the multivariable model, then those 
not significant in the presence of other variables were 
removed, and stepwise variable selection was performed 
to evaluate in turn all variables not included in the model. 
Likelihood ratio test with p-value < 0.05 was used to 
compare nested models. Fractional polynomials were 
used to explore and present the nonlinear relationship 
between log-transformed day 0 WBC count and continu-
ous covariates (age, day 0 parasitaemia). Residuals from 
the final model were assessed against fitted values and 
in quantile-normal plots to assess goodness-of-fit and 
normality.

Analysis of changes in WBC count over time
Studies with at least 50% of patients with WBC count 
measured at day 0 and any of days 2 or 3 (post-treat-
ment), 7, or 14–28 (recovery phase) were included. These 
inclusion restrictions were undertaken to avoid biased 
sampling of unwell patients who may have had repeat 
WBC tests for clinical reasons, and to increase the prob-
ability that measurements reflected standard ‘per-proto-
col’ procedures. Separate univariable mixed effects 
models, with random intercepts for study site, of the log 
of WBC ratio between day 0 and any other day were fit-
ted. It was not possible to examine effect of treatment 
and dose upon WBC count trajectories as the mg-per-kg 
doses administered were not available for many studies. 
A multivariable analysis was not conducted as changes in 
WBC over time were small and not clinically relevant. 
The proportion of patients who developed DAIDS-
defined leukopenia at day 2, 3 and 7 (assuming leukope-
nia at day 14 and 28 could be confounded by other factors 
not captured in this dataset) were tabulated by treatment 
type. Variability in WBC count between study sites was 
described in terms of coefficient of variation (CV), for 
log-normally distributed data it is expressed as 
√

(

exp
(

s2
)

− 1
)

× 100% , where s is the standard devia-
tion of log-transformed values of WBC count. CV meas-
ures the standard deviation relative to the mean.

Using WBC to estimate parasite density
The objective of this analysis was to assess the effect 
of using an assumed fixed value of WBC count on the 
accuracy of the parasite density and parasite clearance 
estimation.

Parasite density based on thick smear is calculated 
using the following formula [20]:

Parasite density per µL = Number of parasites counted

× total WBC count per µL ÷ number of WBCs counted

Hence, the ratio between parasite densities esti-
mated using an assumed WBC count and using the 
‘true’ measured WBC count equals the ratio between 
the assumed WBC count and ‘true’ WBC count, and 
was described as the “inflation factor”. Three differ-
ent methods for calculating parasitaemia were com-
pared to the ‘gold standard’ of using the patient’s own 
measured WBC count: (i) 8000 cells/μL (a value com-
monly used as the assumed fixed WBC count), (ii) 
the geometric mean estimated from the multivariable 
models described above, but omitting day 0 parasitae-
mia as this was the primary outcome of this analysis, 
and (iii) the age-stratified (age groups: < 1, 1–4, 5–14 
and ≥ 15  years) geometric mean calculated separately 
for each species. In order to explore the clinical impact 
of the inflation factor, the proportion of patients iden-
tified as being hyperparasitaemic (using three defini-
tions defined above) when using the measured WBC 
count (deemed the ‘gold standard’) and the three 
assumed values were compared.

Owing to data limitations, the effect of the method of 
parasite density calculation on the parasite clearance 
estimates could only be evaluated using data on days 0 
and 2. In this scenario, the slope of parasite decline can 
be estimated by −

(

log(P2)−log(P0)
)

/48 where Pi 
denotes parasitaemia density on day i. The inflation fac-
tor for the slope estimated using an assumed value of 
WBC count is additive, does not depend on the 
assumed value provided the same value is used for all 
timepoints, and is equal to the ratio of measured WBC 
count on day 2 and day 0 (for calculation details see 
Appendix). The distribution of the inflation factor and 
its effect on the parasite half-life  PC1/2 [53] defined as 
log(2)
slope

 , as well as on the classification of the artemisinin 
resistance status [54] was evaluated.

All analyses were performed using Stata Statistical 
Software (StataCorp LCC: Release 17, College Station, 
TX, USA).

Results
Ninety-three studies met the inclusion criteria, with 
investigators or the WWARN data access committee 
agreeing to share data from a total of 87 (92.6%) of these 
studies (Fig. 1). Two studies were excluded due to miss-
ing essential data or meta-data, one was a duplicate. Of 
the 84 studies remaining, 6661 (19.3%) patients were 
excluded because of missing age, sex, day 0 WBC count 
or parasitaemia and 104 were excluded because they 
were mixed infections. In total 27,656 patients from 30 
countries were included in the analysis. Patients were 
enrolled between 1990 and 2015, at 140 different study 
sites across Africa (37 studies; 16,747 individuals), the 
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Asia–Pacific region (42 studies; 10,181 individuals) and 
the Americas (5 studies from Brazil and Colombia; 728 
individuals). Details of the included studies and their 
methodology are presented in Additional file 1: Tables 
S1–S3. The vast majority of studies used only a thick 
smear to estimate parasitaemia.

Overall, 24,978 (90.3%) presented with P. falciparum 
mono-infection and 2678 (9.7%) with P. vivax mono- 
infection, their baseline characteristics are summarized 
in Table 1.

Variability and determinants of day 0 WBC count
The WBC count at day 0 was log-normally distributed, 
with a minimum value of 200 cells/µL (a 30-year old 
female patient from Indonesia with falciparum malaria) 
and maximum value of 87,000 cells/µL (a 16-year old 
male from Vietnam with falciparum malaria, which 
remained clinically uncomplicated over 14 days of avail-
able follow-up). WBC count varied considerably by age 
for both species (Table 2). After stratifying by age group 
there was significant heterogeneity in WBC counts 
(Table 2), with all I2 among falciparum study sites > 80% 
and all I2 among vivax study sites > 75% (Additional file 2: 
Figs. S1–S7). There was no obvious pattern in WBC 

values through further stratification by continent or 
between countries.

The geometric mean day 0 WBC count in patients with 
P. falciparum was higher in Africa than in Asia and the 
Americas (Additional file 1: Table S4), but after adjusting 
for age this difference was no longer significant. However, 
lower WBC levels were observed in Africa compared to 
Asia in adults > 15 years of age (by 9.4% [95%CI 1.3–18]) 
but not in any younger age groups. Underweight children 
with falciparum malaria (2280/12,549; 18%) presented 
with 3.3% (95%CI 1.4–5.1) higher day 0 WBC count com-
pared to well-nourished children (10,269/12,549; 82%) 
(p = 0.001).

In multivariable regression analyses the main deter-
minants of WBC count for both species were: age, day 
0 parasitaemia and anaemia at enrolment, as well as 
regional relapse periodicity for patients with P. vivax 
mono-infection and fever in patients with falciparum 
malaria (Table 3). After adjusting for independent pre-
dictors, the geometric mean of the day 0 WBC count 
decreased with age (Fig.  2). The geometric mean day 
0 WBC count was lower in adults compared to chil-
dren aged 1–4  years of age by 32% (95%CI 30–33) in 
falciparum malaria and by 17% (95%CI 13–22) in vivax 
malaria (Table  3). Plasmodium vivax patients with 

Fig. 1 Study profile. Seven of the 84 studies in the analysis include both vivax and falciparum patients



Page 6 of 16WorldWide Antimalarial Resistance Network White Blood Cell Count in Malaria Study Group  Malaria Journal          (2023) 22:174 

severe anaemia had a 36% (95%CI 27–46) lower WBC 
count compared to those with normal haemoglobin 
concentrations, while in areas with short relapse peri-
odicity patients presented with a 16% (95%CI 7–26) 
higher WBC count compared to patients from areas 
with long relapse periodicity. WBC count was corre-
lated positively with day 0 parasitaemia (with a linear 

relationship after log-transformation of the two vari-
ables), with a 1.9% (95%CI 1.1–2.6) and 5.7% (95%CI 
3.5–8.0) increase in WBC count for each tenfold 
increase in parasite density, for falciparum and vivax 
malaria, respectively. All other covariates examined 
were associated with a ≤ 10% difference in day 0 WBC 
count between groups.

Table 1 Patient characteristics at enrolment into studies, by species

1  Evaluated only in children < 5 years of age. WAZ = weight of age z-score. Underweight defined as a WAZ < − 2
2  Evaluated only in children < 5 years of age. WHZ = weight for height z-score. Wasted defined as WHZ < − 2
3  Defined as a day 0 temperature of ≥ 37.5 °C
4  Severe anaemia = Hb < 7 g/dL; moderate anaemia = Hb 7 to < 10 g/dL
5  P. falciparum hyperparasitaemia defined as a parasite count ≥ 100,000/µL as reported in the study
6  P. falciparum transmission intensity defined according to age-standardised parasite rate, where: Low = 0 to 15%, Medium 15 to 40%, High ≥ 40%
7 P. vivax relapse periodicity defined as: Low ≤ 47 days, High > 47 days

N number evaluated. n  number with the characteristic. N/A not applicable. WBC white blood cell

Parameter N Plasmodium falciparum N Plasmodium vivax
Median [min; max] or n [%] Median [min; max] or n [%]

Age (years) 24978 4.9 [0.1; 86.7] 2678 24.6 [0.3; 79.0]

Age group 24978 2678

  < 1 year 1044 [4.2] 2 [0.1]

 1–4 years 11606 [46.5] 168 [6.3]

 5–14 years 5797 [23.2] 501 [18.7]

 15 + years 6531 [26.1] 2007 [74.9]

Male sex 24978 14061 [56.3] 2678 1875 [70.0]

Underweight1 12549 2280 [18.2] 170 49 [28.8]

WAZ  score1 12549 − 1.0 [− 5.8; 4.9] 170 − 1.2 [− 4.6; 2.0]

Wasted2 7943 792 [10.0] 34 5 [14.7]

WHZ  score2 7943 − 0.32 [− 4.9; 5.0] 34 − 0.8 [− 4.2;2.0]

Temperature (°C) 22875 38.0 [34.0; 42.0] 2060 37.4 [34.5; 42.0]

Fever  present3 23684 15981 [67.5] 2076 1032 [49.7]

Haemoglobin (g/dL) 18687 10.0 [3.1; 26.0] 2596 12.3 [3.9; 18.9]

Haematocrit (%) 13721 34.0 [8.6; 63.0] 1404 39.2 [19.0; 52.3]

Anaemia4 24272 2605

 No anaemia 13695 [56.4] 2292 [88.0]

 Moderate anaemia 9196[37.9] 294 [11.3]

 Severe anaemia 1381 [5.7] 19 [0.7]

Parasitaemia (/µL) 24978 17072 [7; 1528753] 2678 3002 [16; 77035]

Hyperparasitaemia5 24978 3124 [12.5] N/A N/A

Transmission intensity [P. falciparum only]6 24978

 Low 15544 [62.2]

 Moderate 3588 [14.4]

High 5846 [23.4]

 Relapse periodicity [P.vivax  only]7 2678

Long periodicity 1179 [44.0]

Short periodicity 1499 [56.0]

Region 24978 2678

 Africa 16747 [67.0] 0 [0]

 Asia–Pacific 8102 [32.4] 2079 [77.6]

 Americas 129 [0.5] 599 [22.4]
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The overall CV for WBC count across study sites was 
48% in falciparum malaria and 34% in vivax malaria and 
decreased to 38% and 30% respectively after adjusting for 
the main determinants and study site. The proportion of 
total WBC variability explained by study site was higher 

for falciparum malaria (17% for log-transformed data) 
than for vivax malaria (7.2% for log-transformed data). 
No pattern in WBC variability was observed between dif-
ferent age groups or transmission intensities.

Table 2 Summary of day0 WBC count in patients with malaria, by Plasmodium species

Parameter Plasmodium falciparum Plasmodium vivax

N Geometric Mean [min; max] or 
n [%]

N Geometric Mean 
[min; max] or 
n [%]

WBC count (/μL)

 All age groups 24978 7300 [200; 87000] 2678 6200 [1200; 29400]

 < 1 year 1044 10500 [1800; 48580] 2 7500 [7100; 8000]

 1–4 years 11606 8300 [1000; 85000] 168 7000[2900; 22400]

 5–14 years 5797 7100 [900; 78000] 501 6500[2000; 25700]

 15 + years 6531 5700 [200; 87000] 2007 6000 [1200; 29400]

Leukocytosis 24978 1100 [4.4] 2678 41 [1.5]

Leukopenia 24978 3607 [14.4] 2678 277 [10.3]

Clinical Leukopenia (DAIDS grading) 24978 251 [1.0] 2678 27 [1.0]

 Mild 153 [0.6] 23 [0.9]

 Moderate 54 [0.2] 2 [0.1]

 Severe 40 [0.2] 2 [0.1]

 Life threatening 4 [0.02] 0 [0.0]

Table 3 Multivariable analysis of determinants of day 0 WBC count, by Plasmodium species

Comparisons with the reference group were significant at p < 0.001 for all variables
1 % change in day 0 geometric mean of WBC count compared to the reference group
2  Includes 2 individuals < 1 year of age
3  P. vivax relapse periodicity, defined as: Short ≤ 47 days, Long > 47 days

N/A Not applicable. N/S Not significant. WBC white blood cell

Plasmodium falciparum n = 23132 Plasmodium vivax n = 2605
% change in day 0 WBC  count1 (95% CI) % change in day 0 WBC 

 count1 (95% CI)

Age group

 < 1 year 21.7 (18.6, 24.7) N/A

 1–4 years Reference Reference2

 5–14 years − 16.5 (− 18.1, − 14.8) − 11.9 (− 16.9, − 6.9)

 15 + years − 31.7 (− 33.2, − 30.1) − 17.4 (− 22.0, − 12.8)

 Log 10 Parasitaemia (/µL) 1.9 (1.1, 2.6) 5.7 (3.5, 8.0)

Anaemia    

 None Reference Reference

 Moderate − 6.3 (− 7.4, − 5.2) − 12.0 (− 15.8, − 8.3)

 Severe − 8.5 (− 10.8, − 6.5) − 36.4 (− 45.6, − 27.2)

Fever 

 No Reference N/S

 Yes 4.1 (2.9, 5.4) N/S

Relapse  periodicity3

 Long N/A Reference

 Short N/A 16.4 (6.9, 26.0)
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Changes in WBC count during malaria infection
In fifty-one studies (14,138 individuals: 11,958 P. falcipa-
rum; 2180 P. vivax) WBC count was measured for > 50% 
of participants on day 0 and again on at least day 2, 3, 7, 
or 14–28; these data were included in the analysis of tem-
poral trends. For both species, the mean changes in WBC 
count initially fell on day 2–3 before rising (Additional 
file 1: Table S5). For patients with P. falciparum, average 
changes in WBC count from day 0 did not exceed 11% 
(Additional file  1: Table  S5) at any timepoint. They var-
ied significantly with age group and anaemic status but 
always remained within 15% in each of subgroups. For 
patients with P. vivax the changes varied with treatment 
and transmission intensity and remained within 20% of 
the WBC count on day 0.

Levels and changes over time for different types of 
WBCs (monocytes, neutrophils and lymphocytes) are 
presented in Additional file  1: Table  S6. Neutrophils 
peaked at day 0, and fell to at nadir at day 2–3, recover-
ing by day 14–28. In contrast, lymphocytes had a nadir 
at day 0 but recovered to a steady level by day 2–3. These 
patterns were observed in both species and for all age 
groups. No obvious pattern was noted for monocytes.

Using WBC count to estimate parasite density
When using an assumed WBC count of 8000 cells/µL in 
the calculation of P. falciparum parasite density (method 
(i), as outlined in Methods), parasite density was under-
estimated by a median (IQR) of 26% (4–41%) in infants 
aged < 1  year (n = 969) but overestimated in adults 
aged ≥ 15 (n = 1707) by 50% (16–91%) (Fig.  3, Addi-
tional file  1: Table  S7). The bias was smallest and more 
symmetrical in children 1–5  years of age (n = 10,170) 
with median (IQR) = −  4.8% (−  28, 25%). Conversely, 
in patients infected with P. vivax, parasite density was 
overestimated in all age groups: by a median (IQR) of 
38% (18–48%) in children aged 1–4  years (n = 70), 25% 
(−  2.0–48%) in children aged 5–14  years (n = 277), and 
33% (11–60%) in adults aged 15 + years (n = 801).

When calculating parasite density using adjusted 
(method (ii)) and age-stratified (method (iii)) geomet-
ric mean WBC counts, the absolute median inflation 
was < 10% with symmetrical interquartile ranges across 
all age groups, for both species. However, the variability 
in the inflation factor of parasite density remained high 
(Additional file 2: Table S7, Fig. 3).

Fig. 2 Relationship between day 0 WBC count and age, for different anaemia levels, adjusted for parasite species and relapse periodicity, estimated 
from the multivariable fractional polynomial model
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Parasitaemia could be re-calculated from counts per 
slide in 30 studies which used thick films only for para-
sitaemia estimation in 13,898 patients with P. falciparum 
mono-infection. Overall, of the participants who would 
be classified as hyperparasitaemic (> 100,000 parasites/
µL) using the measured WBC count, 32% (603/1874) 
would have fallen below the threshold for hyperpara-
sitaemia (false-negative result) by using a WBC of 
8000 cells/µL (method (i)), 23% (543/1839) by using an 
adjusted WBC (method (ii)), and 28% (522/1874) when 
overall geometric mean of WBC count per age cat-
egory was used (method (iii)) (Fig.  4, Additional file  1: 
Table  S8). Even higher rates of false negatives were 
observed when cut-offs for hyperparasitaemia recom-
mended by WHO were used: 200,000 parasites/µL in any 
region [46] or 250,000 parasites/µL in high transmission 
areas [47] (Fig.  5). Overall corresponding false negative 
rates were 70% (318/436) and 71% (36/51) for method 
(i); 61% (276/429) and 65% (33/51) for method (ii), 60% 
(261/436) and 63% (32/51) for age adjusted geometric 
mean method; with negligible false positive rates. For 
‘truly’ non-hyperparasitaemic patients, incorrect classifi-
cation of patients (false-positive result) was below 2% for 
three methods, overall and in each age group.

The additive inflation factor for the slope of para-
site clearance associated with assumed WBC count was 
small for both species (Additional file 1: Table S9). Cor-
responding imprecision in  PC1/2 estimates was posi-
tively correlated with  PC1/2 (Additional file 1: Table S10). 
 PC1/2 was underestimated in 46% (1653/3606) of falci-
parum and 42% (642/1533) of vivax patients. For 75% 
(2711/3606) of individuals with falciparum malaria and 
87% (1328/1533) of individuals with vivax malaria, the 
difference between the true value and the estimate was 
within 10% for any  PC1/2 between 2 and 10  h. A differ-
ence of > 20% was observed only for  PC1/2 between 4 
and 10  h in 12% (417/3574) patients with P. falciparum 
and 4.0% (61/1533) P. vivax infection. Among those, 
only 16% (65/417) and 12% (7/61) were underestimated, 
respectively.

Among falciparum patients with ‘true’  PC1/2 equal to 5, 
6, 7, or 8 h, 7.8%, 7.4%, 0.1% and 0.03% respectively would 
have their resistance status misclassified when a 5.5  h 
cut-off for  PC1/2 was used to denote artemisinin resist-
ance [55] (Fig. 4). No misclassification resulted for other 
values of true  PC1/2.

Fig. 3 Percentage change (inflation factor) in estimated parasite density in uncomplicated P. falciparum and P. vivax* infection, when an assumed 
WBC count is used compared to using the measured WBC count Method (i) assumes WBC count of 8000 cells/µL; method (ii) assumes WBC count 
equal to the geometric mean estimated from multivariable model; method (iii) assumes WBC equal to the geometric mean calculated within each 
age group
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Fig. 4 Accuracy in classification of the hyperparasitaemic status (≥ 100,000 parasites/µL) and the artemisinin resistance status in patients with 
falciparum malaria. Red bars show a proportion (%) of false negatives and blue bars show a proportion (%) of false positives. Method (i) assumes 
WBC count of 8000 cells/µL; method (ii) assumes WBC count equal to the geometric mean estimated from multivariable model; method (iii) 
assumes WBC equal to the geometric mean calculated within each age group. For detection of delayed parasite clearance, false negatives were 
observed only for true parasite clearance  (PC1/2) of 5 h and false positives for true  PC1/2 between 6 and 8 h

Fig. 5 Accuracy in classification of the hyperparasitaemic status in patients with falciparum malaria, using WHO classification. Upper panels show 
results for 200,000 parasite/µL and lower panels show results for 250,000 parasite/µL cut-offs. Red bars show a proportion (%) of false negatives and 
blue bars show a proportion (%) of false positives. Method (i) assumes WBC count of 8000 cells/µL; method (ii) assumes WBC count equal to the 
geometric mean estimated from multivariable model; method (iii) assumes WBC equal to the geometric mean calculated within each age group
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Assessment of risk of bias
There was heterogeneity in measurement of WBC count 
between different studies (Additional file  1: Table  S1). 
Methodological factors potentially contributing to bias 
are presented in Additional file  1: Table  S2. Although 
many studies were unblinded, WBC count measurement 
was automated thus minimizing the risk of observer 
bias. Publication bias was unlikely since WBC measure-
ments were not a primary outcome in any of the publi-
cations and WBC counts are unlikely to have influenced 
the decision to publish. The median (range) proportion 
of patients for whom WBC was measured at day 0 was 
96% (91–100) across studies. Out of 84 studies, 50 were 
included in the analysis of trends over time, with 26 
(52%) of them measuring WBC only on one other occa-
sion until day 14, 22 (44%) on two or three occasions and 
2 (4.0%) studies at all time points. The median (range) 
proportion of patients with WBC measurements at other 
scheduled time points (included in the analysis) was 94% 
(54–100) across studies.

Discussion
To our knowledge, this is the first IPD meta-analysis to 
characterize WBC count levels in both P. falciparum and 
P. vivax malaria across a range of endemic settings. This 
study shows that for infections caused by either species, 
age was the most important determinant of day 0 WBC 
count, but it was also influenced by day 0 parasitaemia, 
anaemia and, for vivax malaria, regional relapse periodic-
ity. This analysis supports previous findings [27, 28, 32] 
that using an assumed value of 8000 cells/µL underesti-
mates parasitaemia in children under 5 years (markedly 
in infants) infected with P. falciparum but overestimates 
parasitaemia in children ≥ 5 years of age and adults, and 
for all age groups with vivax malaria. This could have 
substantial consequences in both a clinical and research 
setting. For instance, in studies using WBC method only 
to quantify parasite density, more than 60% of patients 
with parasitaemia > 200,000 parasites/µL were not iden-
tified as being hyperparasitaemic when a WBC count of 
8000 cells/µL was assumed. This demonstrates that using 
thick smears with an assumed WBC count, especially in 
patients with high parasite counts, is a suboptimal way to 
quantify parasitaemia.

The determinants of day 0 WBC count identified in 
this study shed light on the haematological response in 
acute malaria. For example, leukocytosis has been asso-
ciated with severe malaria and patients with concurrent 
bacterial infection [56]. The higher day 0 WBC counts 
observed in hyperparasitaemic patients may, therefore, 
reflect an immune response to high parasite loads, but is 

also potentially confounded by comorbid bacterial infec-
tion which is estimated to occur in approximately 6% of 
children with acute malaria [57]. Indeed, analysis of dif-
ferential WBC counts shows variability in WBC is driven 
predominantly by neutrophil count. An initial peak in 
circulating neutrophils has been described previously, 
particularly among children [16], and may be a marker of 
concurrent bacterial infection, the most common cause 
of reactive neutrophilia [58]. However, in the absence of 
further haematological details regarding this observed 
neutrophilia, this conclusion remains speculative. In 
addition, patients with severe anaemia (Hb < 7 g/dL) were 
observed to have on average a 10% lower WBC count 
than those with a normal haemoglobin level. Analysis 
of the bone marrow of individuals infected with malaria 
has demonstrated bone marrow dysfunction (affecting 
both erythro- and leucopoiesis) during acute malaria [6], 
and this biological process may explain the association 
between anaemia and lower WBC counts.

In patients with P. vivax malaria, regional relapse 
periodicity was another important independent deter-
minant of day 0 WBC count. Patients living in regions 
with high vivax relapse periodicity may initiate a more 
rapid immune response to vivax malaria due to immune 
memory from previous infection, resulting in a higher 
leucocyte count upon recruitment into the study [59, 60]. 
However, this association may be confounded by other 
population characteristics of patients living in these areas 
which are generally located in South-East Asia and the 
Western Pacific. Anaemia had a much greater effect on 
day 0 WBC count in patients with vivax malaria com-
pared to those with falciparum malaria, with a 36.4% 
lower WBC count observed in vivax patients with severe 
anaemia (Hb < 7 g/dL) as compared to those with a nor-
mal haemoglobin (Hb ≥ 10  g/dL). The spleen and, to a 
lesser extent, the bone marrow are important reservoirs 
for the proliferation of vivax parasites [61, 62], which 
may explain the strong association of vivax patients with 
lower circulating haemoglobin and WBC counts. Further 
clinical research is needed explore this clinical relevance 
of the reservoirs process and their implications on dis-
ease progression.

Whilst these descriptive analyses of WBC count 
are informative for the empirical understanding of 
malaria, it is important to also highlight the clinical 
and research implications of using an assumed WBC 
count in the estimation of parasite density. Firstly, 
using an assumed count of 8,000 cells/µL resulted in 
an underestimation of parasitaemia in young children. 
In a clinical setting, this may have consequences for 
patient management. For instance, whilst the diagnosis 
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of severe malaria is also based on other clinical crite-
ria, in a child with only minor symptoms, a high para-
site load may be an early indication of a poor prognosis 
and need for parenteral treatment. In a research set-
ting, underestimation of parasitaemia in children may 
generate a bias towards adverse outcomes among chil-
dren compared to adults resulting from an undetected 
high parasite load. Indeed, even though a thin smear 
should be the method of choice for quantification of 
high parasite loads, thick smears continue to be com-
monly-used in research settings [25], owing also to 
the frequently-applied exclusion criteria of individuals 
with hyperparasitaemia. In adults, using an assumed 
WBC count resulted in the overestimation of the pro-
portion of individuals with hyperparasitaemia. In a 
clinical setting, this may result in overuse of paren-
teral drugs, wasting a valuable resource. In a research 
context, moreover, studies often truncate the study 
population based on parasitaemia, excluding patients 
with a parasite density exceeding 100,000/μL (in low- 
and moderate-transmission regions) or 200,000 para-
sites/μL (in high-transmission regions) [63] due to 
the increased risk of treatment failure. Should para-
sitaemia be underestimated, therefore, those with a 
high parasite biomass may be erroneously enrolled in 
treatment efficacy studies, thus leading to an overesti-
mation of treatment failure. Wherever possible, stud-
ies should aim to quantify parasitaemia at enrolment 
using the measured WBC count when using a thick 
blood film, and use a thin smear in patients with a high 
parasite count, according to WHO guidelines.

The estimation of parasitaemia also has an impor-
tant role in quantifying the parasite clearance half-life 
 (PC1/2), a measure of drug efficacy [64, 65] and marker 
of artemisinin resistance [54]. Reassuringly, this analy-
sis of parasite clearance half-life found that the abso-
lute imprecision was below 10% for any  PC1/2 between 
2 and 10  h in 75% of falciparum infections. Thus, 
assuming a WBC count of 8000 cells/μL (or any other 
assumed value) did not result in clinically consequen-
tial inaccuracies in estimation of the prevalence of pro-
longed parasite clearance and artemisinin resistance.

This study has several strengths and some limita-
tions. It is the first IPD meta-analysis to explore vari-
ability in WBC count in patients from all endemic 
regions and to quantify its effect upon clinically-rel-
evant outcomes. However, the studied population is 
not representative of all malaria patients, as all studies 
excluded patients with health conditions that may have 
caused hospitalization during follow-up, which in turn 
may also affect WBC count. Other limitations concern 

studies with different follow up and examination 
schedules and thus WBC count measured at different 
timepoints. For instance, only fifty studies measured 
WBC count after day 0 and half of these only meas-
ured it on one other occasion. The WBC data available 
in the first 24 h after treatment were limited and there-
fore analysis of the impact of using an assumed WBC 
count on  PC1/2 was based on just two measurements, 
on day 0 and day 2–3. In addition, despite accounting 
for age and other independent predictors, the vari-
ability between patients and between study sites was 
large. This may be partially explained by the fact that 
20–50% of individuals of African descent have been 
shown to have benign ethnic neutropenia [66]. More-
over, the method of WBC count quantification (using 
either an automated counter or a manual method) may 
have led to further variability in WBC count meas-
urements. Finally, many studies used only thick blood 
smears in this meta-analysis, a finding that was cor-
roborated in a recent review [25]. However, thin blood 
smears are recommended for quantification of high 
parasite densities [19, 20]. Therefore, in settings fol-
lowing current guidelines, the proportions of children 
misclassified as non-hyperparasitaemic may be overes-
timatedin this study.

Conclusions
High variability in WBC count between individuals with 
acute malaria highlights the importance of using meas-
ured WBC count to estimate parasitaemia from a thick 
blood smear whenever possible, in both clinical and 
research contexts. The use of an assumed value of WBC 
count resulted in a considerable underestimation of 
parasite count in children. This could lead to sub-opti-
mal treatment of children with clinically uncomplicated 
but hyperparasitaemic malaria if a thick rather than 
thin smear is used to estimate parasitaemia, such as is 
common in drug efficacy trials. Reassuringly, however, 
assuming a WBC count of 8000 cells/µL did not result in 
clinically consequential inaccuracies in the estimation of 
the prevalence of prolonged parasite clearance and arte-
misinin resistance. Standardization and quality control of 
blood film microscopy methods is critical for both opti-
mizing patient management and anti-malarial clinical 
trials, but is hampered by disparate clinical and labora-
tory resources. It is, therefore, critical that researchers 
fully report on microscopy methods to allow for greater 
transparency between studies, even if standardization is 
not possible.
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Appendix

Estimation of inflation factors for estimation 
of parasite density and parasite clearance

1. Estimation of a single parasite density

Parasite density per µL, P(WBC), when parasite are 
counted per thick smear, can be calculated from the 
following formula:

P (WBC) = Number of parasites counted × total 
WBC count per µL ÷ number of WBCs counted

If Pm = P(measured WBC) is the parasite density 
estimated using measured WBC count, and

Pa = P(assumed WBC) is the parasite density esti-
mated using an assume value of WBC count, then 

The inflation factor when using the assumed WBC 
count instead of the measured WBC count is equal to 
INF = assumed WBC/measured WBC.

2. Estimation of parasite clearance from parasitae-
mia measurements on day 0 and 2

Slope b of the regression line log(Pt) = a – b × t, 
where  Pt is the parasitaemia measurement at time t, 
represents the fraction by which parasite count falls 
per unit time. Parasite clearance half-life  PC1/2 defined 
as log(2)/b is the time needed for parasitaemia to 
reduce by half.

Based on two parasite density measurements esti-
mated using measured WBC count  Pm0 on day 0 and 
 Pm2 on day 2, slope of parasite clearance curve can be 
calculated as:

Slopet = (log(Pm0) – log(Pm2))/48 = log(Pm0/Pm2)/48.
When using parasitaemia count based on the 

assumed value of WBC count, the slope can be 
expressed as:

Slopea = log((Pm 0×  INF0)/(Pm2 ×  INF2))/48 = log(Pm0/
Pm2)/48 + log(INF0/INF2)/48 = 

Slopet + log(INF0/INF2)/48 = Slope t+ log(measured 
 WBC2/measured  WBC0)/48

where  INFi is an inflation factor on day i, and  WBCi 
is WBC measured on day i.

Therefore there is an additive inflation factor asso-
ciated with estimation of slope of parasite clearance 
using assumed value of WBC count, which is equal to

INFS = log(measured  WBC2/measured  WBC0)/48.

Pa/Pm = assumedWBC/measured WBC

Pa = Pm× assumedWBC/measured WBC

Consequently, parasite clearance half-life  PC1/2 esti-
mated using the assumed value of WBC count is equal to:

PCE1/2a = log(2)/Slopea = log(2)/(Slopet +  INFS).

Abbreviations
Hb  Haemoglobin
IPD  Individual patient data
IQR  Interquartile range
N/A  Not applicable
PC1/2  Parasite clearance half-life
RBC  Red blood cell
RCT   Randomized controlled trial
WAZ  Weight-for-age Z-score
WBC  White blood cell
WHO  World Health Organization
WHZ  Weight-for-height Z-score
WWARN  WorldWide Antimalarial Resistance Network
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