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Abstract

Background Imperfect adherence is a major barrier to effective primaquine radical cure of Plasmodium vivax. This
study investigated the effect of reduced adherence on the risk of P vivax recurrence.

Methods Efficacy studies of patients with uncomplicated P vivax malaria, including a treatment arm with daily
primaquine, published between January 1999 and March 2020 were identified. Individual patient data from eligible
studies were pooled using standardized methodology. Adherence to primaquine was inferred from i) the percentage
of supervised doses and ii) the total mg/kg dose received compared to the target total mg/kg dose per protocol. The
effect of adherence to primaquine on the incidence of P vivax recurrence between days 7 and 90 was investigated
by Cox regression analysis.

Results Of 82 eligible studies, 32 were available including 6917 patients from 18 countries. For adherence assessed
by percentage of supervised primaquine, 2790 patients (40.3%) had poor adherence (< 50%) and 4127 (59.7%) had
complete adherence. The risk of recurrence by day 90 was 14.0% [95% confidence interval: 12.1-16.1] in patients
with poor adherence compared to 5.8% [5.0-6.7] following full adherence; p=0.014. After controlling for age,

sex, baseline parasitaemia, and total primaquine dose per protocol, the rate of the first recurrence was higher
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p<0.001.

following poor adherence compared to patients with full adherence (adjusted hazard ratio (AHR)=2.3 [1.8-2.9]).
When adherence was quantified by total mg/kg dose received among 3706 patients, 347 (9.4%) had poor adherence,
88 (2.4%) had moderate adherence, and 3271 (88.2%) had complete adherence to treatment. The risks of recurrence
by day 90 were 8.2% [4.3-15.2] in patients with poor adherence and 4.9% [4.1-5.8] in patients with full adherence;

Conclusion Reduced adherence, including less supervision, increases the risk of vivax recurrence.

Keywords Malaria, Plasmodium vivax, Adherence, Primaquine, Rate of recurrence, Supervision

Background

Early diagnosis and effective treatment of malaria are
critical to achieving the ambitious goals of reducing
malaria case incidence and mortality rates by at least 90%
and eliminating malaria in at least 35 countries by 2030
[1, 2]. Anti-malarial efficacy studies usually focus on the
safety and efficacy of anti-malarial drugs in a supervised
setting; whereas, adherence and effectiveness of anti-
malarial regimens are rarely considered [3].

Forty percent of the world’s population is at risk of
Plasmodium vivax infection, with 5-15 million clinical
episodes of vivax malaria each year [2, 4]. Treating infec-
tions with vivax malaria is challenging because P vivax
forms dormant liver stages that can reactivate to cause
bloodstream infections (relapses) weeks to months after
the initial infection. Treating both the blood and liver
stages of vivax malaria has major public health benefits
including reducing the morbidity and mortality associ-
ated with vivax malaria [5].

Primaquine, the most widely used anti-malarial that
kills the liver stage of P. vivax, is administered over 7 to
14 days. Since primaquine treatment is completed well
after the clinical symptoms of malaria have resolved,
adherence to a complete course of treatment is often
poor [6, 7]. When treatment is unsupervised the risk of P,
vivax recurrence increases [5, 7, 8].

To better understand the impact of reduced adherence
and inform strategies for improving the effectiveness of
primaquine radical cure regimens, an individual patient
data pooled meta-analysis of prospective P. vivax clinical
efficacy studies was undertaken to investigate the effect
of reduced adherence on the risk of P vivax recurrence
between days 7 and 90 and the key patient factors that
contribute to reduced adherence.

Methods

Search strategy and selection criteria

A systematic review of all prospective P vivax clini-
cal efficacy studies was updated as previously described
[9, 10]. In brief, MEDLINE, Web of Science, Embase,
and Cochrane Central were searched according to the
Preferred Reporting Items for Systematic Reviews and

Meta-Analyses statement [11] (Additional file 1: checklist
S1) from January 1, 1999, to March 3, 2020, in any lan-
guage. Prospective therapeutic efficacy studies of uncom-
plicated P vivax malaria that were included comprised
randomized and non-randomized trials and prospective
cohort studies with a minimum of 28 days of active fol-
low-up that administered daily primaquine within three
days of commencing chloroquine or an artemisinin-
based combination therapy as a blood schizontocidal
treatment. Studies were excluded if adjunctive drugs
were given or if primaquine had been administered inter-
mittently (Additional file 1: Box S1).

Investigators of eligible studies were contacted to
include their data, in addition to requesting data from
unpublished or ongoing clinical studies if available. Indi-
vidual patient data were uploaded into the WorldWide
Antimalarial Resistance Network (WWARN) repository,
curated, and standardized using the WWARN Data Man-
agement and Statistical Analysis Plans [12].

Procedures

Individual patient records were excluded if primaquine
dosing regimens were intermittent (i.e., weekly, or
monthly treatment) or data on supervision and dosing
were unavailable. Patients with no data on age, sex, body
weight, and baseline parasitaemia were also excluded.
Primaquine mg/kg doses were calculated from the num-
ber of tablets, or the mg doses given to each patient. If
the daily tablet or mg dose was not available, doses were
derived from the expected mg daily dose according to the
weight-based or age-based dosing regimen in the study
protocol. Vomited doses were considered to be replaced
if redosing data were available and doses were re-admin-
istered on the same day.

The exposure of interest, adherence to primaquine,
was calculated based on supervision status and dosing
information (Table 1). For the main analysis, the met-
ric for adherence was derived from the level of supervi-
sion of primaquine intake for each patient. In a subset of
patients with more detailed information available, two
additional metrics for adherence were derived: actual
doses of primaquine administered, and the total mg/kg
dose administered. The three metrics were calculated for
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Table 1 Adherence to primaquine definitions in the study
Adherence by Metric Proportion (%) Categories
(as per
distribution)
Supervision status Supervision ‘ Qumkf)g if ia”y dogeslsypervzed . 0-<50%
total number of daily doses administered or expecte:
>50-<90%
>90%
Dosing information Actual doses of primaquine number of daily doses administered <90%
administered total number of daily doses expected >90%
Total mg/kg dose administered  total mg/kg dose administered 0-<50%
>50-<90%

total mg/ kg dose expected >90%

each patient based on a comparison between actual doses
recorded as being administered per individual and the
target dose according to the study protocol. The primary
metric of adherence was the level of supervision which
was defined as the number of directly observed (super-
vised) doses divided by the total number of administered
or expected doses per protocol. Data on supervision
were derived from doses recorded as being administered
where possible, or if not, were assumed from expected
doses as per the study protocol. The secondary measures
of adherence were calculated based on dosing informa-
tion for each patient. In studies in which the daily admin-
istration of all drug doses was recorded, the percentage
of doses received by each patient was calculated from the
number of doses administered divided by the number of
doses expected per protocol. The second assessment of
adherence by dosing information was derived using the
total mg/kg dose administered as a proxy for adherence
in studies in which daily dose data were not recorded.
Adherence was calculated from the total mg/kg dose
administered divided by the total target mg/kg dose per
protocol (i.e., maximum was 100%).

Based on their distributions, adherence by supervi-
sion or percentage of total mg/kg dose received were
categorized into three groups: 0 to<50% (poor adher-
ence),>50% to<90% (moderate adherence), and>90%
(full adherence). As most patients had full adher-
ence using information of actual doses of primaquine
administered, this measure was categorized into two
groups: imperfect adherence (<90%) and full adher-
ence (>90%). There were very few patients in both <50%
and >50-<90% groups for adherence by actual dosing
information.

Transmission intensity at each study site was catego-
rized as low (<1 case per 1000 person-years), moderate
(>1 and <10 cases per 1000 person-years), or high (>10
cases per 1000 person-years) based on transmission esti-
mates obtained from the Malaria Atlas Project [13, 14].
Study sites were also categorized as having long or short

P, vivax relapse periodicity according to their geographi-
cal location [14], with regions with short relapse perio-
dicity defined as having a median time to patent relapse
of <47 days [14]. The elimination half-life of the schizon-
tocidal anti-malarial drug used was categorized as rapid
(<1 day), intermediate (1-7 days), or slow (>7 days),
based on the longest acting partner drug in combina-
tion therapies [15]. The total dose of primaquine was
categorized as very low dose (<2.5 mg/kg), low dose
(2.5- <5 mg/kg), and high dose (>5 mg/kg) [16]. In stud-
ies where haematocrit was available but not haemoglo-
bin, haematocrit was converted to haemoglobin using the
formula: Haemoglobin = (Haematocrit — 5.62)/2.60 [17].

Outcomes

The primary outcome was P vivax recurrence between
day 7 and day 90. The secondary outcome was P. vivax
recurrence between day 7 and day 42.

Statistical analysis

Summaries of baseline patient characteristics were pro-
vided for different measures of adherence to primaquine.
The risk of the first P vivax recurrence between days 7
and 90 (and days 7 and 42) was calculated for the primary
and secondary measures of adherence (based on super-
vision and the total mg/kg dose of primaquine admin-
istered) using Kaplan—Meier survival analysis. Patients
were right-censored at the day they were last seen, the
day prior to a more than 60-day gap between blood
smears, the last day of study follow-up or the day of out-
come (first recurrence), depending on whichever came
first [12].

Cox’s proportional hazards regression analysis was
used to estimate the association between adherence
category (based on supervision status or total mg/kg
dose administered) and the rate of P. vivax recurrence
during follow-up. Adherence by actual dose of pri-
maquine administered was not investigated since over
97% of individuals had full adherence (>90%). The Cox
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model with the adherence metric being the level of
supervision as the exposure of interest was adjusted for
age, sex, baseline parasitaemia and target total mg/kg
dose per protocol. A random intercept for the study site
was not included due to collinearity with supervision
status. The Cox model with the adherence metric being
the total mg/kg dose administered as the exposure of
interest included age, sex, and baseline parasitaemia,
with a random intercept for the study site to account
for the unobserved heterogeneity in patients’ hazard
related to different sites. The expected mg/kg total dose
per protocol was not included due to correlation with
the exposure (total mg/kg dose administered). Body
weight of the patients was not included as a confounder
in the multivariable analysis due to collinearity with age
and indirect inclusion through total mg/kg dose. The
elimination half-life of schizontocidal treatment was
not included in the regression analysis as the majority
of patients (96%) were prescribed a slowly eliminated
anti-malarial drug (half-life >7 days). The proportional
hazards assumption was tested visually and using Sch-
oenfeld residuals. If non-proportional hazards were
present for the adherence exposure of interest, interac-
tions between adherence and time were assessed.

A separate analysis was undertaken to identify key
factors contributing to imperfect patient adherence in
studies in which the actual dose of primaquine admin-
istered was recorded. Adherence by supervision was
not considered in this analysis due to the collinearity of
supervision with study sites. Adherence by total mg/kg
dose was not included in this analysis as this measure-
ment is strongly collinear with age and weight. Imper-
fect adherence was defined as adherence <90% by the
actual dose administered information. The univariable
association between imperfect adherence and age as a
categorical variable, sex, the daily dose of primaquine,
start day of primaquine, expected primaquine duration,
vomiting, baseline parasitaemia density, and baseline
fever as a marker of clinical illness severity were ana-
lysed by logistic regression, with study site included as
a random effect.

To assess the risk of bias, baseline characteristics of
included studies were compared with targeted studies
that were not included. Heterogeneity of studies was
assessed by removal of one study site at a time and cal-
culation of the coefficient of variation around param-
eter estimates. A post hoc sensitivity analysis was
undertaken with level of supervision as a variable of
interest, repeating the Cox model in patient data i) col-
lected in randomized studies and ii) in non-randomized
studies.

Statistical analyses were done in Stata (version 16.0)
and R (version 4.1.3), according to a statistical analysis
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plan [18]. The review is registered in PROSPERO, num-
ber CRD42020173816.

Results

Of 265 published P vivax efficacy studies since 1960,
82 eligible studies were published between January 1,
1999, and March 3, 2020, and included patients treated
with primaquine (Fig. 1; Additional file 1: Tables S1-
S3). Individual patient data were available from 34
(41.5%) of the targeted published studies including
10,628 patients. Additional patient data were available
for 107 patients from one unpublished and two pub-
lished studies (Additional file 1: Table S1). Of these
10,735 patients, 3818 (35.6%) patients were excluded
because of protocol deviations and not being treated
with primaquine, leaving 6917 patients from 32 stud-
ies and 18 countries (Fig. 1 and Additional file 1: Figs.
S$1-S3) [19-49]. Of the 6917 patients included in the
analysis, all had data on supervision, 2910 (42.1%) had
information on actual daily doses administered, and
3706 (53.6%) had data on the total mg/kg dose adminis-
tered. The baseline characteristics of patients of studies
targeted for inclusion, but not included in the pooled
analysis, were similar to patients in the included stud-
ies although they were enrolled less recently and were
older (Additional file 1: Table S4).

Adherence by supervision

A total of 6917 (100%) patients were included in the
analysis for primaquine adherence defined according to
supervision, of whom 4127 (59.7%) patients had >90%
adherence, 2790 (40.3%) had <50% adherence and no
patients had adherence between>50 and<90%. The
median age of patients was 19.0 years (interquartile range
(IQR) [11.0-32.0]; range 9 months to 94 years), with
452 (6.5%) aged younger than 5 years (Table 2). In total
4904 (70.9%) patients were from the Asia—Pacific region,
compared with 1338 (19.4%) from the Americas and 672
(9.7%) from Africa. Patients with <50% adherence to pri-
maquine defined according to supervision were older,
more likely to come from regions with low relapse perio-
dicity, to start primaquine after day 1 and have a lower
baseline parasitaemia (Table 2).

Overall, 353 (5.1%) patients had P vivax recurrence
between days 7 and 90, with 186 recurrences in patients
with<50% adherence and 167 recurrences in patients
with >90% adherence. The cumulative risks of recurrence
at day 42 were 4.7% [95% confidence interval (CI) 3.9—
5.9] in patients with <50% adherence and 1.5% [1.2-1.9]
in patients with>90% adherence; p=0.014 (Fig. 2). The
corresponding risks at 90 days were 14.0% [12.1-16.1]
and 5.8% [5.0-6.7]; p<0.001 (Fig. 2). Patients within a
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265 studies from literature review of all published
clinical trials of Plasmodium vivax

——>| 53 studies published before 1999

212 studies published since 1999

130 studies excluded
29 studies without chloroquine/ACT
2 studies with adjunctive drugs
49 studies did not give primaquine
7 studies without daily primaquine
41 studies given primaquine

after day 3

2 studies of pregnant women

v

82 studies with primaquine targeted for pooled analysis
(n=25,981)

48 studies excluded

4 studies with no data available

3 studies without minimum
data for inclusion

35 studies with no response from
investigators

6 studies with investigators
unable to be contacted

v

34 studies available for inclusion
(n=10,628; 41.5% of targeted studies)

3818 patients excluded

107 additional patients included 2497 not treated with primaquine
34 from one unpublished study 126 with no P. vivax at enrolment
73 from 2 published studies 177 with primaquine after day 3

201 with intermittent dosing

437 with lack of data on

adherence
380 with protocol deviation

v

v

6,917 patients (32 studies) included in analysis
6,917 with supervision data
2,910 with actual dosing data
3,706 with total dose data

Fig. 1 Study profile

study site were either all poor adherers (<50%) or all After controlling for age, sex, baseline parasitae-
complete adherers (>90%) (Additional file 1: Table S5 mia, and target primaquine total dose, the rate of
panel A). the first recurrence between days 7 to 90 was higher
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Table 2 Demographic and baseline characteristics for adherence by supervision

Adherence by supervision (%) Overall (N=6917)
<50 (N=2790) >90(N=4127)

Sex

Female 1036 (37.1%) 1493 (36.2%) 2529 (36.6%)

Male 1754 (62.9%) 2630 (63.8%) 4384 (63.4%)
Age (years)

Median [IQR] 23.0(11.0-37.9) 17.1(11.0-29.0) 19.0(11.0-32.0)

<5 191 (6.8%) 261 (6.3%) 452 (6.5%)

5-15 726 (26.0%) 1409 (34.2%) 2135 (30.9%)

>=15 1872 (67.1%) 2453 (59.5%) 4325 (62.6%)
Relapse periodicity

Low periodicity 1580 (56.6%) 1489 (36.1%) 3069 (44.4%)

High periodicity 1210 (43.4%) 2635 (63.9%) 3845 (55.6%)
Geographical region

Africa 207 (7.4%) 465 (11.3%) 672 (9.7%)

Americas 722 (25.9%) 616 (14.9%) 1338 (19.4%)

Asia—Pacific 1861 (66.7%) 3043 (73.8%) 4904 (70.9%)
Transmission intensity of study site

Low 261 (9.4%) 1526 (37.0%) 1787 (25.8%)

Moderate 1239 (44.4%) 1427 (34.6%) 2666 (38.6%)

High 1290 (46.2%) 1171 (28.4%) 2461 (35.6%)
Blood-stage drug elimination half-life

Rapid, < 1 day 50 (1.8%) 0 (0.0%) 50 (0.7%)

Intermediate, 1-7 days 217 (7.8%) 31 (0.8%) 248 (3.6%)

Slow, > 7 days 2523 (90.4%) 4096 (99.2%) 6619 (95.7%)
Primaquine regimen duration

<14 days 1136 (40.7%) 1967 (47.7%) 3103 (44.9%)

14 days 1654 (59.3%) 2160 (52.3%) 3814 (55.1%)
Start day of primaquine

Day 0/1 2025 (72.6%) 3990 (96.7%) 6015 (87.0%)

Day 2/3 765 (27.4%) 137 (3.3%) 902 (13.0%)
Planned primaquine total dose

Very low dose 78 (2.8%) 208 (5.0%) 286 (4.1%)

Low dose 2641 (94.7%) 1708 (41.4%) 4349 (62.9%)

High dose 71 (2.5%) 2206 (53.5%) 2277 (32.9%)
Malnutrition

Yes 19 (18.1%) 64 (24.6%) 83 (22.7%)

No 86 (81.9%) 196 (75.4%) 282 (77.3%)
Fever at baseline, temperature >37.5 °C

Yes 1222 (57.9%) 1615 (45.0%) 2837 (49.8%)

No 889 (42.1%) 1975 (55.0%) 2864 (50.2%)
Weight (kg) 57.0 (45.0-68.0) 47.0 (27.0-57.6) 50.0 (30.8-61.2)
Haemoglobin (g/dL) 12.7 (11.2-14.0) 12.7 (11.5-14.0) 127 (11.4-14.0)
Parasitaemia, parasites per pL 2520.0 (960.0-5802.0) 3189.8 (870.4-8923.0) 2938.5 (900.0-7500.0)

Data are presented as median (IQR) for continuous measures, and n (%) for categorical measures
IQR - Interquartile range; there were no patients with adherence by supervision between > 50- < 90%

Data were missing for the following variables: sex (4 patients in the > 90% group), age (4 patients in >90% group and 1 patient in the <50% group), relapse
periodicity, geographical region, and transmission intensity of study site (3 patients in the >90% group), planned total dose of primaquine (5 patients in the >90%
group), malnutrition status - calculated for children aged < 5 years of age (86 patients in <50% group and 1 patient in the >90% group), fever (679 patients in <50%
and 537 patients in the >90% group), baseline parasitaemia (122 patients in > 90% group and 449 patient in the <50% group), baseline haemoglobin (518 patients
in>90% group and 828 patient in the <50% group), weight (65 patients in >90% group and 807 patient in the <50% group)
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3152 2720 2553 2520 2485 2329

Fig. 2 Risk of the first recurrence between days 7 and 90 in patients with adherence by supervision. The shaded areas represent 95% Cls. There

were no patients with adherence by supervision between > 50— <90%.

following poor versus full adherence (adjusted hazard
ratio (AHR)=2.3, 95% CI [1.8-2.9]; p<0.001 (Additional
file 1: Table S6, Fig. S4). Results were similar in sensitiv-
ity analyses restricted to randomized controlled trials
and observational studies (Additional file 1: Table S7).
Sensitivity analyses in which one study site was removed
at a time revealed no apparent bias relating to individ-
ual study sites from included studies (Additional file 1:
Table S8).

Adherence by total mg/kg dose administered

There were 3706 (53.6%) patients with data available on
the total mg/kg dose administered, of whom 3271 (88.3%)
patients had >90% adherence, 88 (2.4%) had>50-<90%
adherence and 347 (9.4%) had<50% adherence. The
median age was 17.4 years (IQR: 11.0-29.0; range from
9 months to 94 years), with 257 (6.9%) aged younger
than 5 years (Additional file 1: Table S9). There were
2760 (74.5%) patients from the Asia—Pacific region, and
an equal proportion of patients in the Americas (13.0%)
and Africa (12.5%). Compared with patients with full
adherence (>90%), patients with poor adherence (<50%)
defined by the total mg/kg dose administered were
younger, more likely to come from regions with high
relapse periodicity, to be administered primaquine at a
higher dose for a shorter duration and to come from the
Asia—Pacific region (Additional file 1: Table S9).

Overall, 153 (4.1%) patients had recurrence between
days 7 and 90, of whom 16 (10.5%) had <50% adher-
ence, 10 (6.5%) had >50-<90% adherence and 127 (83%)
had>90% adherence. The cumulative risks of recur-
rence at day 42 were 4.8% [2.8—8.0] in patients with <50%
adherence, 1.9% [0.3-12.8] in patients with>50-<90%
adherence and 0.8% [0.6-1.3] in patients with>90%
adherence; p<0.001. The corresponding risks at 90 days
were 8.2% [4.3—-15.2], 22.7% [12.9-38.3] and 4.9% [4.1-
5.8]; p<0.001 (Fig. 3). In total, 79.4% (247/311) of patients
in the <50% group were censored by day 28 in the analy-
sis, and 73.8% (256/347) of these patients in this group
were from a single study conducted in Vietnam which
had 28 days follow-up (Additional file 1: Table S5-panel
B)) [28].

After controlling for age, sex, and baseline parasitae-
mia, reduced adherence was significantly associated
with an increased rate of recurrence between days 7 to
90: AHR=7.6 [95% CI 1.9-30.0], p=0.004, for <50%
compared to>90% adherence and AHR=3.2 [95% CI
1.5-6.7], p=0.003, for>50-<90% compared to>90%
adherence (Table 3). As the Kaplan—Meier survival
curves crossed at approximately 56 days, the compara-
tive rate of P vivax recurrence was estimated using a
time-varying HR before and after this time (Table 3
and Additional file 1: Table S10). In a sensitivity analy-
sis removing one study site at a time, the coefficient of
variation for the <50% adherence group was 18.7%, with
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Fig. 3 Risk of the first recurrence between days 7 and 90 in patients with adherence by total mg/kg dose administered. The shaded areas represent

95% Cls

Table 3 Effect of the total mg/kg dose administered on the risk of Plasmodium vivax recurrence between days 7 and 90 in patients

with information on the total mg/kg dose administered

Adherence Overall risk of recurrence between days Risk of recurrence between days 7 and  Risk of recurrence between days 56
by totalmg/ 7 and 90 56 and 90
kg dose
administered Number of Adjusted HR*  p-value Number of Adjusted HR*  p-value Number of Adjusted HR*  p-value
recurrences (95% Cl) recurrences (95% Cl) recurrences (95% Cl)
(Number of (Number of (Number of
patients) patients) patients)
>90% 127 (3231) Ref. . 49 (691) Ref. . 78 (2540) Ref. .
>50-<90% 10 (81) 32(1.5-6.7) 0.003 2(38) 1.11(0.3-4.8) 0.884 8(43) 6.0 (2.6-13.9) <0.001
<50% 16 (311) 76(19-3000 0004 14 (253) 10.1 (1.9-52.5)  0.006 2(58) 33(03-386) 0336

HR: hazard ratio, 95% Cl: 95% confidence interval

* Adjusted for age, sex, baseline parasitaemia, and study site as a random effect (a detailed result is presented in Additional file 1: Table 510)

T Data were missing for sex (one patient), and baseline parasitaemia (49 patients)

AHRs ranging from 2.8 to 10.7. The corresponding figure
for the moderate adherence group was 14.1%, and AHRs
ranged from 2.5 to 5.1 (Additional file 1: Table S11).

Adherence by actual doses of primaquine administered
Among 2910 patients with actual information on doses
of primaquine administered, 86 (3.0%) patients had
imperfect adherence (<90%). Due to the low number
of patients with imperfect adherence, the risk of recur-
rence was not assessed by actual dosing (Additional file 1:
Table S12 presents demographic and baseline character-
istic for adherence by actual dosing groups).

To define the key factors contributing to imperfect
adherence according to the actual dose of primaquine
administered, the association between patient charac-
teristics and adherence was explored. Primaquine dos-
ing information, patients’ characteristics, and clinical
markers that could be associated with imperfect adher-
ence were included. There was a trend to higher odds of
imperfect adherence with increased primaquine daily
dosing (for every 0.25 mg/kg odds ratio (OR)=1.1, 95%
CI 0.9-1.4; p=0.228) (Table 4). Expected primaquine
duration was not associated with imperfect adherence
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Table 4 Risk factors for imperfect adherence (< 90%) in patients with information on actual dose administered
Adherence by actual dose administered Univariable analyses
>90% (n=2824) <90% (n=86) Unadjusted OR (95% Cl) p-value

Primaquine daily dose, every 2824 (97.0%) 86 (3.0%) 1.1(09-14) 0.288
0.25 mg/kg increase
Primaquine regimen duration

14 days 1604 (97.3%) 45 (2.7%) Ref. .

<14 days 1220 (96.8%) 41 (3.2%) 1.2(0.7-2.2) 0.551
Start day of primaquine

Day 2/3 80 (97. 6%) 2 (24%) Ref. .

Day 0/1 2744 (97.0%) 84 (3.0%) 1.2(0.8-1.8) 0323
Vomiting

No 1314 (96.6%) 46 (3.4%) Ref. .

Yes 518 (97.0%) 16 (3.0%) 0.9 (04-2.1) 0.775
Sex

Male 1815 (96.7%) 63 (3.3%) Ref .

Female 1009 (97.8%) 23 (2.2%) 0.7 (0.4-1.0) 0.068

Age (years) 2824 (97.0%) 86 (3.0%) 1.0(0.98-1.01) 0.821
Age category (years)
>15 1726 (96.8%) 57 (3.2%) Ref. .

5-<15 930 (97.6%) 23 (24%) 0.8 (0.5-1.1) 0.131

<5 168 (96.6%) 6 (3.4%) 1.1(04-2.9) 0.878
Parasitaemia, parasites per pL 2768 (97.0%) 85 (3.0%) 1.0(0.7-1.3) 0.887
every tenfold increase
Fever at baseline, temperature >37.5°C

No 1609 (97.28%) 45 (2.72%) Ref. .

Yes 1032 (96.45%) 38 (3.55%) 1.3(0.8-2.1) 0.246

OR: odds ratio

Data were missing for the following variables: baseline parasitaemia (56 patients in >90% group and one patient in the <90% group), baseline haemoglobin (61
patients in >90% group and 2 patient in the <90% group), weight (54 patients in >90% group and 2 patient in the <90% group), fever (183 patients in the >90%
group and 3 patients in <90%), and vomiting (992 patients in the >90% group and 24 patients in < 90%)

(OR=1.2 for<14 day versus 14-day regimen, 95% CI
0.7-2.2; p=0.551) (Table 4).

Discussion
In this pooled analysis of individual patient data from
prospective clinical efficacy studies, poor adherence to
primaquine was associated with a greater risk of P vivax
recurrence, and this was consistent for different defini-
tions of adherence. Overall, adherence in the context of
clinical trials was high, with no factors identified that
were associated with imperfect adherence.
Recommended anti-malarial regimens for P vivax
include a three-day course of schizontocidal drugs such
as chloroquine or artemisinin-based combination ther-
apy, plus a 7- to 14-day course of primaquine for hyp-
nozoitocidal treatment [50]. Adherence to the blood
schizontocidal therapy tends to be better when patients
are clinically unwell with malaria, however, subsequent
adherence to primaquine then decreases as patients
begin to feel better [16, 51]. In turn, poor adherence and

supervision have been associated with reduced effective-
ness of primaquine radical cure regimens [7, 52]. There-
fore, measuring adherence to treatment and identifying
factors relating to reduced adherence is important [22,
23].

In this study there was a 2.3-fold increase in the risk
of recurrence when adherence was < 50%, when defined
according to the level of supervision. These findings are
based on clinical efficacy studies with active case fol-
low-up and encouragement for taking medication; thus,
patients would be expected to be more adherent than in
routine clinical practice. The results are consistent with a
2010 study from the Thailand-Myanmar border, in which
patients treated with directly observed therapy were six
times less likely to have a recurrence during 90-day fol-
low-up compared to those self-administering therapy
[53]. Similarly, in Ethiopia, supervision of primaquine
was associated with a fourfold reduction in the risk of
recurrence within 12 months [35]. Conversely, a study in
Afghan refugees found the anti-relapse efficacy of 14-day
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primaquine in patients with supervised and unsuper-
vised treatment was similar, suggesting adherence may
vary between populations [54]. Previous studies have also
shown that when primaquine is administered outside
efficacy studies, the impact of reduced adherence may be
apparent [6, 7]. Real life data reporting passive detection
of malaria from the Brazilian National Malaria Control
Programme found a twofold increased risk of recurrence
within 180 days with unsupervised versus supervised
7-day primaquine [8] and historical data from Ameri-
can soldiers repatriated from Vietnam found a 4.4-fold
increase in the odds of recurrence with unsupervised
versus supervised 14-day primaquine [55].

Treatment strategies to overcome non-adherence
are now receiving greater attention. Two recent stud-
ies demonstrated the non-inferiority of 7-day high dose
primaquine compared with 14-day high dose primaquine
[41, 47]. In 2019, tafenoquine, a new hypnozoitocidal
agent for the anti-relapse treatment of P vivax was
licensed [56]. Unlike primaquine, tafenoquine is a single-
dose treatment, avoiding the potential concerns around
adherence [44]. However, both tafenoquine and 7-day
primaquine have potential barriers to implementation
due to the inability to cease tafenoquine and prevent hae-
molysis in G6PD deficient individuals and the potential
risk of increased haemolysis in primaquine regimens
with a higher daily dose [56].

Although the duration of anti-malarial treatment is a
potential determinant of adherence [ 53, 57], the results
of this pooled analysis of clinical trial studies did not find
an association between the duration of primaquine regi-
men and adherence. The confounding associated with a
higher daily primaquine dose could not be adjusted for
due to few patients with imperfect adherence reducing
power to undertake multivariable analysis.

Several factors have been linked with the recurrence
of vivax malaria and were considered in the imperfect
adherence analysis. These factors include younger age,
male sex, the level of parasitaemia on admission, fever,
and history of malaria [38, 53, 58, 59]. Results of this
study suggested male sex, and a higher mg/kg daily pri-
maquine dose may be associated with poor adherence
and greater risk of recurrent P. vivax, but the confidence
intervals for the estimates of these factors were wide and
a multivariable analysis was not undertaken due to few
patients with imperfect adherence.

This study has several additional limitations. First,
the analysis included less than half of the patients from
the clinical trials targeted and no studies since March
2020 (due to the time required to receive individual
patient data from study investigators and curation in the
WWARN repository). However, a sensitivity analysis in
which study sites were removed one at a time revealed
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minimal bias relating to the individual study sites that
were included. Moreover, a high proportion of patients
(45%) in this pooled analysis were from three studies
that include patients recruited from six countries [29, 41,
47] (Additional file 1: Table S5). The baseline character-
istics of patients included had similar characteristics to
those from studies that were targeted but not available
for inclusion in the analysis (Additional file 1: Table S4).
Second, the inclusion of clinical efficacy studies with
active follow-up of patients and supervised treatment in
many cases meant that a high proportion of patients had
full adherence based on supervision or total mg/kg dose
administered, and an assessment of adherence could not
be made based on actual doses administered. Instead,
adherence was inferred based on level of supervision or
total mg/kg dose administered. This likely reduces the
ability to assess some potential determinants of adher-
ence, such as the acceptability profile of a regimen includ-
ing side effects, pill burden and duration. Third, patients
from one study with only 28 days of follow-up [28] com-
posed 74% of the patients with < 50% adherence by total
mg/kg dose. Censoring at 28 days for these patients pre-
vented an understanding of the risk of recurrence beyond
this time and likely contributed to the time-varying haz-
ard ratio in the Cox regression model assessing the risk of
recurrence over 90 days.

Although recurrent parasitaemia can be due to relaps-
ing malaria caused by failure of effective anti-relapse
therapy to kill hypnozoites from the liver, it can also be
due to new infections or recrudescence related to ineffec-
tive blood stage treatment. A lack of current standardized
methodology to distinguish these causes, prevented the
categorization of recurrent events in the current analy-
sis. A further limitation of the current study was the lack
of assessment of adherence on late relapses which can
occur > 6 months after initial infection and cannot be eas-
ily distinguished from reinfections. Schizontocidal anti-
malarial elimination half-life leads to a variable period
of post-treatment prophylaxis, preventing recurrent
parasitaemia. Over 95% of patients in the current study
were treated with schizontocidal anti-malarials with a
long elimination half-life and the distribution of patients
across schizontocide elimination half-life categories was
similar across adherence groups.

Conclusions

In summary, this pooled analysis of individual patient
data highlights that even in clinical studies with active
follow-up, the risk of P vivax recurrence is increased
when patients have reduced adherence. These results
highlight the need for future studies to look beyond the
efficacy of radical cure regimens and evaluate their effec-
tiveness amidst real-world implementations. In addition,
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mathematical models that aim to predict the impact of
anti-relapse regimens need to incorporate estimates of
imperfect adherence. Improvements in adherence can be
achieved by understanding the determinants of adher-
ence and implementing varied interventions based on
the sociocultural contexts of different endemic settings
[52, 57]. These findings reinforce the need for national
malaria control programmes and researchers to consider
alternative regimens and methods to improve adherence
when anti-relapse therapy is implemented.
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