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Abstract In our recent paper on the clinical pharmacology of tafenoquine (Watson et al., 2022),
we used all available individual patient pharmacometric data from the tafenoquine pre-registration
clinical efficacy trials to characterise the determinants of anti-relapse efficacy in tropical vivax
malaria. We concluded that the currently recommended dose of tafenoquine (300 mg in adults,
average dose of 5 mg/kg) is insufficient for cure in all adults, and a 50% increase to 450 mg (7.5 mg/
kg) would halve the risk of vivax recurrence by four months. We recommended that clinical trials of
higher doses should be carried out to assess their safety and tolerability. Sharma and colleagues at
the pharmaceutical company GSK defend the currently recommended adult dose of 300 mg as the
optimum balance between radical curative efficacy and haemolytic toxicity (Sharma et al., 2024).
We contend that the relative haemolytic risks of the 300 mg and 450 mg doses have not been suffi-
ciently well characterised to justify this opinion. In contrast, we provided evidence that the currently
recommended 300 mg dose results in sub-maximal efficacy, and that prospective clinical trials of
higher doses are warranted to assess their risks and benefits.

Introduction

Most antimalarial drugs have required dose optimisation following their initial introduction. It
appears likely that tafenoquine is not an exception. The optimal doses of the 8-aminoquinoline drugs
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(primaquine and tafenoquine) in the prevention of Plasmodium vivax relapse are a trade-off between
the blood stage and hypnozoite effects (benefiting all patients), and the haemolytic risk in the sub-
group of patients with glucose-6-phosphate dehydrogenase (G6PD) deficiency. The dose-response
relationship for tafenoquine-induced haemolysis in G6PD deficiency has not been well characterised
(the entirety of the available data for the 300 mg dose comprises 3 heterozygous females with >40%
enzyme activity, Rueangweerayut et al., 2017) but the risk is regarded as substantial, which is why
the drug is restricted to patients with G6PD activity >70%. Compared with primaquine, the most
widely used 8-aminoquinoline antimalarial, tafenoquine, if not used appropriately, may have a higher
risk of causing severe haemolysis. Primaquine can be stopped once haemolysis is apparent, and the
effect is short-lived. Tafenoquine has an elimination half-life of approximately 16 days and cannot be
“stopped”. As high doses (up to 15 mg/kg) of tafenoquine are well tolerated in G6PD normal indi-
viduals (the substantial majority of patients, Watson et al., 2022), and prevention of relapse provides
substantial health benefits (Dini et al., 2020), our individual patient data meta-analysis focused on
efficacy. We concluded that the current dose has sub-optimal efficacy, and recommended evaluation

of higher doses.
Sharma et al challenge our findings. They “assert that, collectively, these data confirm that the
benefit-risk profile of a single 300 mg dose of tafenoquine [...] continues to be favourable” (Sharma

et al., 2024). We believe that this opinion is not supported by the facts. There is no need to wait for
‘real-world evidence' to confirm superior efficacy of higher tafenoquine doses when the available
clinical trial data demonstrate this relationship beyond reasonable doubt. Instead, randomised clinical
trials of higher tafenoquine doses are needed to characterise their efficacy, safety and tolerability.

The following provides a point-by-point reply to Sharma et al.

Sharma et al. state that in the DETECTIVE study ‘doubling the tafenoquine dose from 300 mg to
600 mg was associated with only a marginal increase (from 89.2% to 91.9%) in the primary efficacy
endpoint’.

The DETECTIVE phase 2 trial was small. Only 57 patients received 300 mg and 56 received 600 mg,
distributed across four different countries. One of the countries was India where long latency relapse
strains are found. These relapses would have occurred after 6 months (the study’s follow up dura-
tion). There was substantial variation in body weight. Direct comparison between the two doses
ignores body weight variation (i.e. the major determinant of efficacy) and is underpowered. We fit
a logistic regression model to the DETECTIVE phase 2 efficacy data. We estimate an odds ratio for
any recurrence at 6 months of 0.67 per mg/kg increase (95% CI 0.58-0.76). At 4 months this odds
ratio is 0.62 (95% Cl 0.51-0.72), i.e. almost identical to our results from the pooled dataset (Watson
et al., 2022).

Sharma et al. ask what we mean by ‘optimal primaquine regimens’, and whether these are
'WHO-recommended schedules of primaquine or regimens defined as optimal based on nonregu-
latory studies of primaquine’. We note that there have been no regulatory studies of primaquine. A
primaquine total dose of 7 mg/kg is approved by WHO for the Southeast Asian region. A pooled
individual patient data meta-analysis shows that this dose is clearly more efficacious than 3.5 mg/kg
(Commons et al., 2023).

Results
Efficacy models employed by Watson et al

Sharma et al. state that 'Details of how the best predictor was selected and how statistical significance
was judged were not provided'. The code for the statistical analysis is openly accessible. For the main
analysis it is provided as an RMarkdown file (GitHub, copy archived at Watson, 2023). As expected,
the plasma tafenoquine AUC and Cpuax values are highly correlated with the mg/kg dose, whereas the
terminal elimination half-life is not. For the AUC and the Cpax, we compared results for analyses which
did and did not adjust for the mg/kg dose. When adjusting for the mg/kg dose, there was no longer
a clear relationship between AUC and the odds of recurrence (95% CI for the adjusted odds ratio is
0.64-1.23), or the Ciax and recurrence (95% Cl for the adjusted odds ratio is 0.69-1.49). The corre-
sponding code can be found on lines 981 and after (section ‘AUC’), and lines 1023 and after (section
‘CMAX’) in the main RMarkdown file.
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Box 1. Why a CART model using the Gini criterion is an
inappropriate choice for the estimation of the optimal
tafenoquine dose.

Suppose X ~ Normal(0,1) and Y ~ Bernoulli(p) where p = ¢*/(1 + ¢*). Then, for large positive
value of x, E[ylx] ~ 1 and for large negative value of x, E[ylx] ~ 0. Given a large sample
realisation of the random variables X and Y under this data generating process, the optimal
split for the Gini criterion would be x = 0 (Figure 1). If y = 1 was ‘no recurrence’ and y =0
‘recurrence’, it is unclear why the optimal value of a determinant x should be the value for
which the probability of recurrence is 0.5. ‘Clinical relevance’ implies a value proposition,
whereby a utility (or loss) is assigned to each outcome. In terms of efficacy and tolerability
only, an optimal dose would be in an area where the dose-response is flat (i.e where increases
in the dose lead to very marginal increases in efficacy), not where it is the steepest.

Use of a 4-month versus 6-month follow-up period

The optimal duration of follow-up in a study of radical curative efficacy remains debated. In most trop-
ical regions P. vivax relapses are highly predictable and occur within a few weeks to months after initial
treatment. Trials which have included no 8-aminoquinoline treatment arms indicate that >90% of first
relapses occur within four months (Commons et al., 2023). Longer follow-up increases sensitivity
(more relapses included) but lowers specificity (more reinfections included). The results of our analysis
are almost identical when a 6 month endpoint was applied. This was shown in Appendix 1—figures 4
and 5 in Watson et al., 2022.

Sharma et al. consider that we provide insufficient detail of the sensitivity analysis which included
patients receiving 300 mg only. The sensitivity analysis is given on line 501 in the section “Logistic
Regression” in the main RMarkdown (TQ_efficacy.Rmd). The exact same analysis as the primary anal-
ysis was performed on the restricted subset of patients who received a 300 mg dose of tafenoquine.

Sharma et al. ask how the dosing bands were chosen for our Figure 2. The selected bands were
chosen for simplicity of visualisation ensuring enough patients fell into each category and were thus
meaningful. Importantly, no quantitative results depend upon this categorisation.

Rationale for tafenoquine dose selection
Sharma et al. state that we did not discuss ‘the classification and regression tree analysis, in which a
clinically relevant breakpoint tafenoquine AUC value of 56.4 pg-h/mL was identified’.

The relevance of the quoted 56.4 pg.h/ml threshold for AUC is unclear. We do not see why this
threshold as determined should be considered “clinically relevant”. A CART model determines optimal
breakpoints by minimising a given loss function. It appears from the cited publication (Tenero et al.,
2015) that the authors used the default parameters in the rpart function in R (from the rpart package).
If this is correct, then it would imply that the CART model was fit using the Gini criterion, thus maxi-
mising the ‘purity’ of the split (recurrence vs no recurrence). The Gini criterion is not an appropriate
choice. Under the Gini criterion the cut-off threshold is the value which equally balances sensitivity
and specificity for a continuous covariate which has a continuous relationship with the outcome (e.g. a
linear relationship on the log-odds scale). Box 1 gives a hypothetical example (where X is analogous
to weight) whereby the Gini criterion selects as optimal the value for which the probability of recur-
rence is exactly 0.5. We do not believe that this should be considered optimal.

Sharma et al. quote the TEACH study (paediatric tafenoquine study) as validation of the AUC
approach to tafenoquine dose selection (Vélez et al., 2022). Firstly, we note that TEACH was a single
arm, non-randomised study with no control group. Hence “efficacy” (a causal concept) is ill-defined.
Secondly, we note that the mg/kg doses in TEACH were higher on average than in the adult efficacy
studies. Using the reported mean body weights (Table 1 in Vélez et al., 2022), the mean dose was
approximately 7.0 mg/kg.
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Figure 1. Hypothetical example showing why the Gini criterion does not lead to a split which is clinically relevant
in this context. Under this data generating process, the optimal split for the Gini criterion is at x=0, corresponding
to a probability of 0.5 that y=1.

Sharma et al. state that in the INSPECTOR study (Sutanto et al., 2023), body weight was not a
significant predictor of efficacy. Firstly, no coefficient values or confidence intervals were provided in
the cited publication and a p-value >0.05 does not prove the null hypothesis. Secondly, the tabular
results presented in the paper suggest that the efficacy of tafenoquine was greater in the lighter
patients. The failure rate was 67% in the patients weighing <69kg, but was 91% in the patients
weighing >69 kg (odds ratio for failure is 5.3 [95%Cl 1.0-27.5; P=0.07]).

Use of an ‘unvalidated’ biomarker

Sharma et al. dispute our causal model for tafenoquine because ‘Central to this model are methae-
moglobin (MetHb) production and active metabolites’. They regard methaemoglobin as problematic
because it is considered an ‘unvalidated biomarker of tafenoquine efficacy’.

The observation that tafenoquine and primaquine cause increases in blood methaemoglobin is
uncontroversial. A recent analysis of different 8-aminoquinoline studies conducted over the past
80 years shows a clear relationship between radical curative efficacy and methaemoglobinaemia
(White et al., 2022). There is also general agreement that the gametocytocidal and hypnozoito-
cidal activities of tafenoquine’s predecessor primaquine result from the generation of reactive inter-
mediates. The contentious part of the causal diagram in our paper is presumably that we consider
tafenoquine to be similar, i.e. that the increase in methaemoglobin following tafenoquine is caused
by its metabolites rather than the parent compound. Tafenoquine clinical trial data show that greater
methaemoglobin values on day 7 are correlated with a lower probability of recurrence at 4 months
(after adjustment for the mg/kg dose, Watson et al., 2022). This is the same relationship observed for
primaquine and pamaquine (plasmoquine), suggesting these structurally related compounds all share
a common mode of action. Importantly this hypothesis was prespecified before the tafenoquine meta-
analysis (White et al., 2022). We believe that pre-registering the hypothesis that methaemoglobin
is a biomarker of efficacy and then demonstrating an association in a large dataset provides strong
evidence to support it as a biomarker.

Sharma et al. state: ‘increases in blood MetHb concentrations after tafenoquine administration
were highly correlated with mg/kg dose, but no correlation coefficients, indicating strength of correla-
tion, were discussed in the manuscript’. Based on the responses to our first draft, there appears to
be a mis-understanding of the word ‘correlation’. Correlation denotes an association between two
variables, not restricted to a causal relationship. Correlation can be quantified in a variety of ways,
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not limited to covariance (defined as the expectation of the product of two random variables). We
quantified the correlation between the tafenoquine mg/kg dose and the day 7 methaemoglobin using
the linear model coefficient: 'Each additional mg/kg was associated with a 19% (95% Cl: 17% to 21%)
increase in day 7 MetHb concentrations’. The strength of the correlation is also made clear from
Figure 3c.

Potential safety concerns

The safety concern for tafenoquine is largely confined to patients with G6PD deficiency. There are two
discrete sequential risk distributions for these G6PD deficient patients, neither of which have been
well characterised. First, there is the probability of errors with quantitative testing in ‘real world’ use.
Second, there is the extent of haemolysis in (a) hemizygote and homozygote patients and (b) hetero-
zygotes with different G6PD deficiency variants. No G6PD deficient patient should receive tafeno-
quine with current quantitative testing. So ideally these dangerous events will not occur, but mistakes
will happen. There are no available data on how frequently testing mistakes will occur. We also have
no evidence to compare the subsequent haemolytic risks between the 5 mg/kg and 7.5 mg/kg doses.

Discussion

Sharma et al. state that ‘off-label use of a dose not robustly evaluated in clinical trials would pose
a considerable risk to patient safety’. We have not recommended ‘off-label’ use of higher doses of
tafenoquine. Our main recommendation was that clinical trials of higher doses should be conducted
with the aim of providing optimal efficacy in patients at greatest risk of relapse.

Sharma et al. mention that ‘single doses of tafenoquine 300 mg and 600 mg had similar relapse-
free efficacy at 6 months (89.2% and 91.9%, respectively)’ in the DETECTIVE Phase 2b study. As we
noted above, this ignores variation in body weight and is based on a small sample size. Our pooled
individual patient data meta-analysis suggests a substantial difference in efficacy between 5 and
10 mg/kg doses (Watson et al., 2022).

Conclusion

The individual patient data pharmacometric meta-analysis of the tafenoquine pre-registration studies
provides an evidence-based characterisation of the dose-response relationship for radical curative
efficacy in vivax malaria. The results demonstrate clearly that when using the current 5 mg/kg regimen
a substantial proportion of adults will be under-dosed, and therefore that there would be a substantial
benefit from increasing the dose to 7.5 mg/kg. There is no need to wait for ‘real-world evidence’ to
confirm this finding. The primary concern is safety: what would happen if a G6PD deficient patient
was given tafenoquine radical cure by mistake? In this scenario the relative haemolytic risks for the
5 mg/kg and 7.5 mg/kg are not known. The development and regulatory approval of tafenoquine has
provided a critical alternative for vivax radical cure in endemic countries. Our analysis supports the
need for further prospective clinical trials of higher tafenoquine doses to characterise their efficacy,
safety and tolerability.
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