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Abstract
Introduction Cluster randomised trials (CRTs) are the gold standard for measuring the community-wide impacts 
of malaria control tools. CRTs rely on well-defined sample size estimations to detect statistically significant effects of 
trialled interventions, however these are often predicted poorly by triallists. Here, we review the accuracy of predicted 
parameters used in sample size calculations for malaria CRTs with epidemiological outcomes.

Methods We searched for published malaria CRTs using four online databases in March 2022. Eligible trials included 
those with malaria-specific epidemiological outcomes which randomised at least six geographical clusters to 
study arms. Predicted and observed sample size parameters were extracted by reviewers for each trial. Pair-wise 
Spearman’s correlation coefficients (rs) were calculated to assess the correlation between predicted and observed 
control-arm outcome measures and effect sizes (relative percentage reductions) between arms. Among trials which 
retrospectively calculated an estimate of heterogeneity in cluster outcomes, we recalculated study power according 
to observed trial estimates.

Results Of the 1889 records identified and screened, 108 articles were eligible and comprised of 71 malaria CRTs. 
Among 91.5% (65/71) of trials that included sample size calculations, most estimated cluster heterogeneity using 
the coefficient of variation (k) (80%, 52/65) which were often predicted without using prior data (67.7%, 44/65). 
Predicted control-arm prevalence moderately correlated with observed control-arm prevalence (rs: 0.44, [95%CI: 
0.12,0.68], p-value < 0.05], with 61.2% (19/31) of prevalence estimates overestimated. Among the minority of trials that 
retrospectively calculated cluster heterogeneity (20%, 13/65), empirical values contrasted with those used in sample 
size estimations and often compromised study power. Observed effect sizes were often smaller than had been 
predicted at the sample size stage (72.9%, 51/70) and were typically higher in the first, compared to the second, year 
of trials. Overall, effect sizes achieved by malaria interventions tested in trials decreased between 1995 and 2021.
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Introduction
Malaria is a parasitic disease that in 2022 was responsible 
for the deaths of 608,000 individuals worldwide, most of 
whom were children in Sub-Saharan Africa [1]. There 
are numerous, effective interventions that can be used 
to combat malaria transmission that are recommended 
by the World Health Organisation (WHO). To generate 
evidence for the recommendation of these tools, cluster 
randomised trials (CRTs) are conducted to demonstrate 
the community-wide effects [2]. Historically, CRTs have 
demonstrated the mass effects of insecticide-treated 
bed nets (ITNs) [3–5], mass chemoprevention strate-
gies [4, 6], long-lasting insecticide treated nets (LLINs) 
[7, 8], and in the future, will be essential to evaluate the 
herd effect of novel malaria vaccines [1, 9, 10]. Despite 
their necessity, CRTs are subject to major constraints. 
Trialling interventions over large geographical areas is 
costly, logistically challenging, and at the design stage, 
requires well-defined estimates of underlying transmis-
sion patterns in the study setting [11]. Consequently, in 
recent decades, some malaria CRTs have reported being 
underpowered and have presented inconclusive findings 
[12–16].

Triallists determine the sample size of CRTs according 
to power calculations that consider cluster-randomisa-
tion, where groups of people, as opposed to individuals, 
are randomised to receive interventions. This design can 
result in heterogeneity of outcomes between and within 
clusters owing to groups of individuals, such as house-
holds, schools, and geographical areas, sharing similar 
biological and socio-economic characteristics which 
introduces correlation in study outcomes [17, 18]. Con-
sequently, cluster heterogeneity needs to be incorporated 
into sample size estimations, along with expected control 
arm transmission and effect size estimates (relative per-
centage reductions between arms), to compensate for the 
lower precision associated with this design. The between- 
and within-cluster heterogeneity can be measured using 
the coefficient of variation (k) or intracluster correlation 
coefficient (ICC), respectively, and heavily impacts trial 
size [17, 18]. Trialling new interventions in areas with 
missing or inadequate data results in investigators hav-
ing to rely on judgement-based estimates for their sample 
size estimations which may be inaccurate.

Numerous reviews have evaluated sample size estima-
tions in CRTs focused on cancer treatments [19], school-
based interventions [20], oral health [21], residential care 
[22] and CRTs in general [23]. These reviews highlighted 
that despite trials mostly including sample size estima-
tions, not all calculations accounted for cluster heteroge-
neity (73% [19], 78% [20], 71% [21] and 47% [22]). Two 
of these reviews further explored whether trials included 
empirical measures of cluster heterogeneity and com-
pared them to prior estimates [20, 23]. Reviews high-
lighted trials rarely provided retrospective estimates of 
cluster heterogeneity (< 40%), and among trials that did, 
large differences were identified between predicted and 
observed estimates. This suggests many trialists mis-
classified the true degree of cluster heterogeneity at the 
design stage. Finally, one review explored which trials 
stated their desired effect sizes and compared them to 
those observed [23]. They showed that 68% of predicted 
effect sizes were overestimated which is a concerning 
finding given larger sample sizes are required to detect 
smaller effect sizes. Interestingly, none of these reviews 
compared the outcome measures predicted and observed 
in the control arms of their included trials. This is crucial 
as misclassification of predicted effect size, cluster het-
erogeneity and control-arm outcome measurements all 
impact study power [17, 18, 24].

Malaria transmission is driven by numerous environ-
mental and socio-economic factors including rainfall, 
temperature, vegetation cover, type of housing and pro-
vision of malaria interventions [25–28]. Consequently, 
transmission is often spatially and temporally variable 
across various geographical scales. This presents a chal-
lenge for malaria CRTs as heterogenous transmission in 
the community may result in spatial/temporal variabil-
ity in malaria-specific outcomes between geographical 
clusters. Therefore, estimating the level of malaria trans-
mission in the control arm and the degree of cluster het-
erogeneity for malaria CRT sample size estimations is 
difficult in the absence of baseline data.

In this review, our aim was to investigate the charac-
teristics and quality of sample size estimations in malaria 
CRTs that used geographical clusters. Specifically, we 
explored whether triallists accurately predicted sample 
size estimation parameters, including control-arm trans-
mission, cluster heterogeneity, and predicted effect sizes, 

Conclusions Study findings reveal sample size parameters in malaria CRTs were often inaccurate and resulted in 
underpowered studies. Future trials must strive to obtain more representative epidemiological sample size inputs to 
ensure interventions against malaria are adequately evaluated.
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according to observed measurements during trials. It is 
hoped results from this review will improve future study 
design and ensure trials are able to accurately detect sta-
tistically significant effects of interventions and guide 
evidence-based implementation.

Methods
Search strategy and selection criteria
We conducted a systematic review of published malaria 
CRTs with epidemiological outcomes. In March 2022, we 
searched the database systems Pubmed, Web of Science, 
Embase and Cochrane reviews using truncated versions 
of the terms ‘malaria’ and ‘cluster randomised trial’ for 
trials published in English language. The bibliographies 
of identified reviews were additionally screened accord-
ing to title and abstract. Search results were imported 
into the reference manager Endnote where digitally 
identified duplicates were removed. Manually identified 
duplicates were removed by two reviewers (JB & JH). 
Pre-determined eligibility criteria were used to screen 
identified articles based on title and abstract (JB & JH) 
while screening discordance was adjudicated by consen-
sus (TC & JC). Identified studies were eligible for inclu-
sion if they met the following criteria: the study was 
a CRT wherein at least six geographical clusters were 
randomised to intervention/control arms and the trial 
measured malaria-specific epidemiological outcomes. A 
minimum of six clusters were chosen as this represents 
the approximate number that can be used to obtain a sta-
tistically significant result [17, 18]. Malaria-specific out-
comes include malaria prevalence or incidence according 
to microscopy, rapid diagnostic tests (RDTs), or molecu-
lar methods. Trials that only measured anaemia and all-
cause mortality were excluded as these outcomes could 
be attributed to other conditions. Prior to study ini-
tiation, the review was registered in PROSPERO on 9th 
March 2022 (CRD42022315741).

Data extraction
Two reviewers (JB & JH) independently extracted infor-
mation from the final list of studies. Extraction discrep-
ancies were resolved by consensus with TC and JC. Data 
for sample size estimations and empirical outcomes were 
extracted for all epidemiological outcomes measured at 
all trial timepoints. For each trial, we extracted data on 
overall trial design, randomisation method and type of 
intervention evaluated. For each sample size estimation 
in trials, we extracted data on all assumptions outlined 
as well as those used to estimate cluster heterogeneity. 
To compare sample size assumptions to observed trial 
outcomes, where data was available, we extracted arm-
aggregated malaria prevalence (cases/survey population) 
and/or incidence data (cases/person-years) by each trial 
year.

Data analysis
For each trial sample size calculation where observed 
prevalence/incidence data were available, we calculated 
the relative reduction (effect size) between intervention 
and control arms for the duration of each study, and 
stratified by year. The effect size was calculated accord-
ing to equations A and B where subscript (1) and (2) rep-
resent the control and intervention arms, respectively, 
while (r) and (p) correspond to malaria incidence per 
person year and malaria prevalence, respectively. In this 
manner, the effect size represents the % relative reduc-
tion between the control and the intervention arm.

 Prevalence effect size = 1− p2/p1  (A)

 Incidence effect size = 1− r2/r1 (B)

To determine the accuracy of predicted sample size 
parameters in malaria CRTs, we estimated the strength 
of association and relative percentage difference between 
the predicted and observed control-arm prevalence/inci-
dence and effect size estimates. To quantify the strength 
of association, we firstly used Shapiro-Wilk tests to inves-
tigate whether predicted and observed parameters fol-
lowed a normal distribution using the ‘swilk’ command in 
STATA (v.18). Test p-values (p < 0.05) were used to reject 
the null hypothesis parameters were normally distrib-
uted. Pair-wise Spearman’s rank correlation coefficients 
(rs, p-values) were then estimated to quantify the strength 
of association between predicted and observed values 
using the ‘spearman’ command in STATA (v.18). Coef-
ficient (rs) 95% confidence intervals (95%CIs) referred 
to bias-corrected intervals derived from bootstraps with 
2000 repetitions according to the STATA (v.13) ‘boot-
strap’ command. To determine whether predicted sam-
ple size parameters were over or underestimated, we 
calculated the relative percentage difference between 
predicted and observed values. Relative percentage dif-
ferences > 10% were considered truly different.

Regarding cluster heterogeneity estimates (k/ICC) pro-
vided in trials, we first investigated whether predicted 
estimates based on prior/baseline data differed to esti-
mates predicted with no data. A pair-wise t-test was used 
to determine whether the mean value difference equalled 
zero (p < 0.05). Among trials that reported cluster hetero-
geneity using observed trial data, we recalculated study 
power (%) according to the observed k/ICC and year 1 
control arm prevalence/incidence. The remaining sample 
size parameters used were identical to the original power 
calculations: predicted effect size (%), cluster size, clus-
ter number and significance level (%). Study power for 
CRTs was calculated according to methods described by 
Hayes and Moulton in [17]. All analyses were conducted 
in STATA (v.18, Texas, USA).
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Results
Our literature search yielded 1889 records from data-
base searching and 145 records from the bibliographies 
of Cochrane reviews (Fig.  1). Following the removal of 
duplicates, a total of 1302 records were screened after 
which 991 were excluded as they were not concerned 
with malaria CRTs. The remaining 311 records were 
assessed for eligibility resulting in 108 published articles 
being included in this study. These articles included trial 
protocols (n = 26), baseline results (n = 3), main results 
of trials (n = 71) and secondary results of trials (n = 8). 
Together, included articles referred to 71 epidemiologi-
cal malaria CRTs (Additional file 1). The review PRISMA 
2020 checklist is included in additional file 2.

The trial-level characteristics of the 71 malaria CRTs 
are shown in Table 1; Fig. 2A-G. Since 1995, malaria-spe-
cific CRTs have increased in frequency and, overall, have 
been conducted in a total of 78 countries across Africa 
(n:53), Asia (n:21) and South America (n:4). 55% (39/71) 
of the trials evaluated vector control interventions, all 
measured Plasmodium falciparum outcomes while 27% 

(19/71) also measured Plasmodium vivax outcomes. 
Most trials adopted a parallel design (86%, 61/71) and 
consisted of two study arms (76%, 55/71). Concerning 
the cluster randomisation procedures, 39% (28/71) used 
simple randomisation to allocate clusters, 24% (17/71) 
implemented stratified randomisation, 23% (16/71) 
employed restricted randomisation, while 13% (9/71) 
randomised clusters within matched pairs. Among trials 
that randomised clusters through pair-matching or strati-
fication, most restricted allocation based on a single cri-
terion. For those that utilised restricted randomisation, 
most used between 3 and 4 restriction criteria (Fig. 2F). 
The most common restriction criteria used for randomi-
sation included cluster transmission intensity (prevalence 
or incidence), cluster size, location, and historical inter-
vention coverage (Fig. 2G). Regarding cluster design, 75% 
(53/71) adopted a basic cluster design, 14% (10/71) used 
a ‘fried egg’ design and 11% (8/71) reported ensuring a 
minimum buffer distance between clusters. Among tri-
als that reported their minimum cluster buffer size, 73% 
(8/11) reported a minimum buffer size < 2 km while those 

Fig. 1 Study selection of included epidemiological malaria CRTs
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who stated a minimum cluster separation reported a 
range between no separation and 3 km.

Among the included 71 CRTs, a total of 65 formal 
cluster sample size estimations were conducted that 
accounted for cluster heterogeneity by including a k, 
ICC or design effect component. Of these, 34/65 were 
based on incidence while 31/65 were based on preva-
lence (Table  2; Fig.  2H-O). The remaining trials either 
did not account for cluster heterogeneity or lacked any 
sample size justification. Over 90% of all sample size 

estimations were calculated to achieve power between 
80 and 90% (59/65) at the 5% significance level (60/65). 
Concerning the epidemiological outcome measures in 
the control arm, most trials predicted incidence using 
prior data (71%, 24/34) or predicted prevalence without 
using prior data (55%, 17/31). Regarding sample size esti-
mations based on prevalence (n: 31), investigators esti-
mated a range of prevalences in the control arm (mean: 
0.21, range: 0.05–0.48) and desired effect sizes (mean: 
47.1% range: 17.5–95%) which tended to be higher in 
low prevalence settings (Fig.  2H). The average required 
cluster sample size was 104.5 individuals (Median 80; 
Fig. 2I) and average required number of clusters per arm 
equalled 17.5 (Fig. 2J). For sample size estimations based 
on incidence (n: 34), a range of incidence estimates in the 
control arm were estimated (range: 0.002–2.6 cases per 
person per annum). Desired effect sizes were similarly 
higher in lower incidence settings (mean: 41.1%, range 
20–93%) (Fig. 2L). The average cluster size for incidence 
was 415 (median: 125) person years (Fig. 2M) while the 
mean number of required clusters per arm was 17.6 
(Fig.  2N). Shapiro-Wilk tests provided strong evidence 
predicted prevalence, incidence and effect size distri-
butions followed a non-normal distribution (p < 0.05) 
(Additional file 3).

The most common cluster heterogeneity measure used 
in malaria CRT sample size calculations was the coef-
ficient of variation (k) (80% 52/65). 68% (44/65) of esti-
mated cluster heterogeneity measures were estimated 
with no prior data while only 32% (21/65) were estimated 
using baseline or pilot study data. Lastly, only a minority 
of investigators retrospectively calculated cluster hetero-
geneity using trial data (20%, 13/65) (Table 2).

Control arm transmission intensity assumptions
We explored how accurately epidemiological outcomes 
were predicted in the control arms of included trials 
(prevalence n: 31, incidence n: 34). Overall, control-
arm predicted prevalence was moderately positively 
correlated with observed prevalence (rs: 0.44 [95%CI: 
0.12–0.68], p < 0.05) (Fig. 3A) while predicted and empiri-
cal incidence was strongly positively correlated (rs: 0.76 
[95%CI: 0.49–0.90], p < 0.05) (Fig.  3B). Moreover, most 
predicted prevalence and incidence estimates were 
overestimated by more than 10% according to observed 
estimates (prevalence overestimation: 61% (19/31), inci-
dence overestimation: 50% (17/34)) (Fig. 3C&D). We also 
assessed whether relying on prior data improved predic-
tions of control-arm prevalence and incidence. Predicted 
control-arm incidence was slightly more associated 
with observed control-arm incidence when estimates 
were predicted with data, compared to, without data 
(Fig. 3B). However, this trend was unobserved for preva-
lence (Fig. 3A). Lastly, we found that predicted incidence 

Table 1 Overall characteristics of malaria CRTs identified in the 
systematic review (n:71)
Trial characteristics n %
Intervention type
 Community engagement 1 1.4
 Drug 26 36.6
 Drug & Vector 5 7.0
 Vector 39 54.9
Primary outcome
 Incidence 39 54.9
 Prevalence 32 45.1
Malaria species
 P. falciparum 52 73.2
 P. falciparum & P. vivax 19 26.8
Design
 Parallel 61 85.9
 Factorial 4 5.6
 Crossover 2 2.8
 Stepped wedge 4 5.6
Randomisation method
 Block 1 1.4
 Pair matched 9 12.7
 Restricted 16 22.5
 Simple 28 39.4
 Stratified 17 23.9
Number of study arms
 2 55 77.5
 3 9 12.7
 4 7 9.9
Cluster type
 Basic 53 74.6
 Buffered 8 11.3
 Fried egg 10 14.1
Level of analysis
 Cluster 23 32.4
 Individual 48 67.6
Formal sample size equationa

 Yes 53 74.6
 No 18 25.4
Reported being underpoweredb

 Yes 17 23.9
 No 54 76.1
a: accounted for cluster heterogeneity

b: reported at the end of the trial
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Fig. 2 Characteristics of malaria CRTs identified in this review.A: Distribution of malaria CRTs. B: Annual frequency of malaria CRTs. C: Overall duration 
of malaria CRTs (dash line: mean). D: Size of buffers around study clusters. E: Minimum separation between study clusters. F: Number of restriction criteria 
used according to the type of trial randomisation strategy. G: The most utilised restriction criteria in malaria CRTs. Population willingness refers to popula-
tion acceptance of trialled interventions. Sample size assumptions used in trials with prevalence as the outcome measure:H: Predicted control-arm 
prevalence compared to predicted effect size. I: The desired total number of individuals surveyed per cluster. J: Required number of clusters per arm for 
prevalence outcomes. K: The predicted coefficient of variation (D) for prevalence sample size calculations among trials stratified by whether values were 
estimating using prior or baseline data (D) or assumed using no data (ND). Vertical dash: mean. Sample size assumptions used in trials with incidence 
as the outcome measure:L: Predicted control-arm incidence per person compared to predicted effect size (p.a.: per annum). M: The desired person-
years per cluster. N: Required number of clusters per arm for incidence outcomes. O: The predicted coefficient of variation (K) for incidence sample size 
calculations among trials stratified by whether values were based on prior or baseline data (D) or assumed using no data (ND). Vertical dash: mean
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strongly correlated with empirical incidence in the first 
and second years of trials (Fig.  3F). In contrast, Pre-
dicted control-arm prevalence was only moderated cor-
related with observed prevalence in the first year of trials 
and weakly correlated with second year trial prevalence 
(Fig. 3E). These results demonstrate investigators tended 
to poorly predict and overestimate control-arm preva-
lence in malaria CRTs.

Cluster heterogeneity assumptions
Among trials that utilised the coefficient of variation 
(k) to account for cluster heterogeneity of incidence/
prevalence in their sample size estimations (Table  2), a 
range of values were used (mean: 0.37, range: 0.1–1.0) 

(Fig. 2K&O). Values of k predicted using prior data were, 
on average, statistically higher than those predicted with 
no prior data (no prior data mean k: 0.30; prior data 
mean k: 0.52, t-test p-value < 0.05). This suggests k was 
likely underestimated in many trials. A small number of 
trials used the ICC to account for cluster heterogene-
ity, which similarly had a large range (mean: 0.12, range: 
0.006–0.40) (Additional file 4).

Among the trials that additionally calculated k/ICC at 
the end of the study using empirical data (20% 13/65), 
we explored whether predicted cluster heterogene-
ity estimates were accurate and used empirical values 
to recalculate study power (Table  3). Empirical cluster 
heterogeneity estimates often differed to those used in 

Table 2 Characteristics of sample size estimations used in malaria CRTs stratified by outcome measure: prevalence or incidence. There 
were a total of 65 sample size estimations, 34 based on incidence outcomes while 31 based on prevalence outcomes
Sample size Overall Incidence Prevalence

Characteristics N:65 N:34 N:31

n % n % n %
Desired power (%)
 80–90 59 90.8 29 85.3 30 96.8
 90–100 6 9.2 5 14.7 1 3.2
Significance level (%)
 10 1 1.5 0 0.0 1 3.2
 5 60 92.3 32 94.1 28 90.3
 2.5 2 3.1 1 2.9 1 3.2
 1.67 2 3.1 1 2.9 1 3.2
Cluster heterogeneity measure
 ICC 10 15.4 6 17.6 4 12.9
 Design effect 3 4.6 2 5.9 1 3.2
 k (CV) 52 80.0 26 76.5 26 83.9
Method used to estimate
Cluster heterogeneity
 With dataa 21 32.3 9 26.5 12 38.7
 Without data 44 67.7 25 73.5 19 61.3
Method used to estimate
Control-arm transmission
 With dataa 38 58.5 24 70.6 14 45.2
 Without data 27 41.5 10 29.4 17 54.8
Retrospectively estimated
Cluster heterogeneity
 Yes 13 20.0 5 14.7 8 25.8
 No 52 80.0 29 85.3 23 74.2
Diagnostic used
 PCR 10 15.4 3 8.8 7 22.6
 RDT 29 44.6 17 50.0 12 38.7
 Microscopy 19 29.2 10 29.4 9 29.0
 Mixed 7 10.8 4 11.8 3 9.7
Age range tested (years)
 < 5 15 23.1 8 23.5 7 22.6
 < 10 14 21.5 9 26.5 8 25.8
 < 15 7 10.8 10 29.4 9 29.0
 All ages 29 44.6 11 32.4 10 32.3
a: estimated using baseline or prior data
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sample size estimations with the majority underesti-
mating k/ICC (62% 8/13). Among 11/13 of these trials 
we were able to replicate original power calculations, 
we additionally recalculated study power according to 
empirical k/ICC values and control-arm prevalence/inci-
dence. Recalculated power for 7/11 trials was below 80%. 
For 4/11 trials, cluster heterogeneity was overestimated 
which resulted in them remaining suitably powered to 
detect their desired effect sizes. It should be noted it was 
not always stated which timepoint/subset of trial data 
was used to retrospectively calculate k/ICC.

Effect size assumptions
Among the 71 included malaria CRTs, a total of 70 
desired sample size effect size estimates were accompa-
nied with empirical effect size estimates. We examined 
how accurately trials predicted these measures accord-
ing to corresponded to observed effect sizes. Overall, 
we identified a weak, statistical insignificant, positive 
correlation between predicted and observed effect size 
estimates (rs: 0.19, [95%CI: -0.04-0.42], p-value:0.11) 
(Fig.  4A). Furthermore, 73% (51/70) of desired effect 
sizes were overestimated by > 10% (Fig. 4B). We explored 

factors that may have contributed to this overestima-
tion. Firstly, among trials that were conducted for at least 
2 years (N:36), we found a moderate positive correla-
tion between year 1 and 2 observed effect sizes (rs:0.44, 
[95%CI:0.06–0.74], p-value:0.007) (Fig.  4C) which were 
typically larger in year 1 (52.8% 19/36) (Fig.  4C). Sec-
ondly, we identified a weak, yet statistically significant, 
negative correlation between overall observed effect 
sizes by trial start date (rs: -0.22, [95%CI:-0.42,-0.01], 
p-value:0.045) revealing effect sizes have decreased over 
previous decades (Fig. 4D).

Discussion
Results from this review reveal malaria CRTs, measuring 
epidemiological outcomes, often rely on poorly defined 
sample size assumptions which results in compromised 
study power. Well powered trials need accurate informa-
tion on predicted transmission intensity in the control 
arm, the estimated heterogeneity of outcomes between 
or within clusters and desired effect size between study 
arms. We found that transmission intensity and effect 
sizes were often over-estimated, with measures of cluster 
heterogeneity commonly misclassified. To ensure future 

Fig. 3 Accuracy of predicted versus observed prevalence and incidence outcomes in malaria CRT control arms. A & B: Correlation between the 
predicted and overall observed prevalence/incidence stratified by method used to predict estimates: using data (D; blue) using no data (ND; red) and 
overall (black). C & D: The percentage of predicted prevalence/incidence estimates that were underestimated (relative percentage difference <-10%), no 
difference (relative percentage difference − 10–10%) or overestimated (relative percentage difference > 10%) according to overall observed estimates. E 
& F: Correlation matrix comparing the predicted prevalence/incidence with estimates observed throughout the trial (observed), in year 1 (Observed y1) 
and in year 2 (Observed y2). rs: Spearman’s rank correlation coefficient. Brackets: rs 95%CIs. *: rs p-value < 0.05
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malaria CRTs are adequately powered to detect the 
impacts of control interventions, efforts need to be made 
to ensure sample size parameters are more reliably esti-
mated at the trial design stage.

Our finding that most desired effect sizes in malaria 
CRTs were overestimated corresponds with results from 
a separate review of 300 non-disease specific CRTs which 
found 68% of trials measured lower effect sizes than 
anticipated [23]. Authors speculated this over-estimation 
was likely attributed to trials being powered to detect 
minimally important differences between study arms 
and/or ineffective interventions being trialled. These 
are common challenges for malaria CRTs too. A 30% 
effect size was previously documented as the thresh-
old for an intervention to have public health relevance 
and be cost-effective according to the WHO. These 
are likely highly ambitious targets for certain interven-
tions [2], particularly when being compared to already 
effective interventions. We speculate ambitious desired 
effect sizes estimates in some cases may have been nec-
essary to acquire funding, which in turn, resulted in null 
results that we argue should not be interpreted as failure 
to demonstrate effect, but a consequence of unrealis-
tic expectation. However, it should be noted some trials 
did conclude their interventions were simply inadequate 
to curb malaria transmission [14, 29, 30]. While other 
trials suggested null results were a consequence of low 

coverage/adherence [31, 32], inappropriate study settings 
[33, 34] and poor quality control [35].

In this review we further explored patterns in observed 
effect sizes among malaria CRTs and revealed effect size 
estimates tended to be higher in the first compared to 
the second year of trials. This implies the adherence and 
community-wide impact of certain trialled interven-
tions wane over time. For interventions such as bed nets, 
recent studies in Tanzania [36], Nigeria [37] and Nicara-
gua [38] have demonstrated net coverage, usage, physical 
integrity and insecticidal activity all decreased within a 
two-year period. Secondly, our results highlight observed 
effect sizes have, overall, decreased since the 1990s. This 
is likely a consequence of trialled interventions being 
increasingly layered over existing, widespread standard-
of-care for malaria. Historically, control arms in malaria 
CRTs consisted of either no or substandard interventions 
including untreated nets and placebo treatments [3, 39, 
40]. Recently however, control arms of trials typically 
include numerous, effective malaria interventions [14, 
41–43] and sometimes only differ from intervention arms 
with regards to regimen [42, 44]. Together, these factors 
likely resulted in effect sizes being overstated and put 
into question the suitability of superiority trials for evalu-
ating some malaria interventions. For interventions that 
differ slightly from existing practise, non-inferiority tri-
als may be worth consideration. Although non-inferiority 

Table 3 The study power (%) to detect desired effect sizes according to predicted (left) and observed (right) sample size parameters among trials that 
retrospectively calculated cluster heterogeneity. The predicted sample size parameters include the predicted control-arm prevalence/incidence and 
the k/ICC values stated in the article methods. The observed sample size parameters include the empirical control-arm prevalence/incidence and k/ICC 
values in the first year of the trials. First year data was utilised to estimate observed study power to account for temporal variations in transmission/cluster 
heterogeneity. The remaining sample size parameters including clusters per arm, cluster size and significance level were identical between the predicted 
and observed power calculations. Blue: study power > 80%. Red: study power < 80%
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margins should be carefully informed by clinically and 
economically relevant guidelines in study settings [45].

Predicting malaria transmission intensity in the con-
trol arms of CRTs is challenging given the disease is so 
spatially and temporally heterogeneous [26, 27]. Here, we 
found weak evidence that estimating control-arm trans-
mission intensity using prior data improved predictions 
of prevalence or incidence. Moreover, estimated trans-
mission intensity correlated with transmission more 
closely in the first, compared to the second, year of the 
trials. This is likely the consequence of environmental, 
seasonal, socio-economic, and behavioural changes that 
impact both human and mosquito populations [46, 47], 
and highlights the challenge in forecasting short term 
malaria transmission patterns [48–52]. Moreover, con-
tamination of interventions between arms [53], increased 
trial participation, higher intervention uptake and 
improved availability of existing control tools over time 
may have also influenced control-arm outcome measure-
ments. These trends similarly could explain why effect 
sizes typically decreased between the first and second 
years of malaria CRTs.

In this review only 20% of included malaria CRTs ret-
rospectively calculated cluster heterogeneity using trial 
data which resembles the previous review of 300 CRTs in 
general that found only 11% provided empirical cluster 
heterogeneity estimates [23]. Moreover, the finding that 
the majority of observed cluster heterogeneity measures 
differed to those inputted into sample size equations is 
concerning as this resulted in trials being either over or 
underpowered [17]. Both scenarios are problematic as 
overpowered trials are unnecessarily large and thus waste 
a proportion of their resources and needlessly expose 
a larger proportion of the community to the interven-
tion. Underpowered studies however have a low chance 
of identifying statistically significant effects, which again 
represents a waste of resources but also is associated with 
serious ethical implications as communities are enrolled 
into a trial that will likely produce null results [11, 54]. 
Future malaria trials should therefore adhere to CON-
SORT guidelines and provide empirical estimates of clus-
ter heterogeneity to both inform future trials and assist 
reviewers in determining whether trials are adequately 
powered to detect their desired impact [23]. Moreover, 

Fig. 4 Accuracy of predicted versus observed effect size (ES) estimates in malaria CRTs. A: Correlation between the predicted and overall observed 
effect size by type of intervention. Diagonal dash: line of equality. B: The percentage of predicted effect size estimates that were underestimated (relative 
percentage difference <-10%), no difference (relative percentage difference − 10–10%) or overestimated (relative percentage difference > 10%) accord-
ing to overall observed effect size estimates. C: Correlation of observed effect size estimates by the 1st and 2nd year of the trial by type of intervention. 
Diagonal dash: line of equality D: The percentage of observed effect size estimates that were higher in the 1st or 2nd year of the trial (relative percentage 
difference > 10%) or were no different (relative percentage difference < 10%). E: D: Correlation between the overall observed effect size estimates versus 
the trial starting year by type of intervention. rs: Spearman’s rank correlation coefficient. Brackets: rs 95%CIs
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given a recent secondary analysis of a malaria CRT in Tan-
zania demonstrated temporal changes in within-cluster 
cluster heterogeneity during the intervention period [55], 
providing empirical estimates of cluster heterogeneity at 
various timepoints during trials may further help deci-
pher whether trials were adequately powered throughout 
[56]. As only a few malaria trials provided retrospective 
estimates of k/ICC, we were unable to investigate whether 
basing estimates on prior data assists in accurately char-
acterising cluster heterogeneity. Although, we did reveal 
assumed ICC/K estimates were lower, on average, than 
calculated ICC/k values in sample size calculations infer-
ring trialists underestimated values. However, this find-
ing could be biased by trialists being more prompted to 
empirically calculate cluster heterogeneity if they antici-
pated elevated values. Consequently, characterising the 
true degree of cluster heterogeneity among a represen-
tative sample of malaria CRTs to inform future trials 
remains an imperative area of continued investigation.

Conclusion
Results from this review demonstrate the accuracy of epi-
demiological inputs in malaria CRT sample/power size 
calculations require improvement. By simply reporting 
empirical cluster heterogeneity measures alongside pub-
lished results, in line with CONSORT guidelines, future 
trials may be better informed to estimate suitable sample 
sizes. Determining trial transmission intensity and het-
erogeneity in the control arm remains a larger challenge 
given the sporadic nature of malaria transmission. With-
out more representative sample size parameters, future 
CRTs are at risk of being underpowered to detect the 
impacts of vital, novel control tools against malaria.
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