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Preface

The men and women who serve in the U.S. Armed Forces and who are
deployed to distant locations around the world encounter myriad health threats.
In addition to those associated with the potential for combat, exposure to harmful
agents, and disruption of their family life, they may face disease threats that are
specific to the locations to which they are sent. Prominent among these is malaria,
a parasitic disease that is endemic to several locations where U.S. forces have
been posted over the years, including in parts of Afghanistan and Iraq. The threat
of malaria—a debilitating and potentially deadly illness—can be significantly
mitigated through the use of antimalarial drugs for prevention. Such drugs have
known side effects, however, and concerns over whether adverse events related to
taking the drugs persist after administration is stopped are well justified. This is a
challenging issue, given the diversity of antimalarial drugs used, the wide range
of potential adverse events, and the numerous other health concerns that service
members encounter following deployment.

While there are many questions that could be asked regarding the use of anti-
malarial drugs for deployed personnel, the committee’s charge was very specific:
assemble, examine, and assess the research that contributes to an understanding of
whether the use of antimalarial drugs may cause persistent or latent health prob-
lems. The committee was not asked to review patient reports or to make recom-
mendations regarding the use of such drugs (as the Food and Drug Administration
does) nor to provide guidelines for those traveling to malaria-endemic areas (as
the Centers for Disease Control and Prevention does). Instead, the committee was
charged with evaluating the available scientific and medical information, and it did
not speculate or conjecture beyond that body of knowledge. It is thus important to
note that a determination that the evidence was not sufficient to draw a conclusion

ix
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regarding a particular drug—outcome association should not be interpreted as a
determination that the drug does not cause adverse health effects: the lack of evi-
dence of adverse effects is not evidence of a lack of adverse effects. The commit-
tee looked carefully and exhaustively at the evidence and in this report describes
the process by which the information it considered was gathered and presents its
summary and assessment of what that research can tell us.

The committee hopes that its work will help the Department of Veterans
Affairs, the Department of Defense, and other agencies, such as the Peace Corps
and the Department of State, that send teams and workers to serve in malaria-
endemic areas to provide guidance to its health care providers—in particular,
regarding specific questions and symptoms in persons who have used the drugs of
interest for prophylaxis and who may have concerns about their long-term health.

It is clear that some proportion of those who were deployed and prescribed
antimalarial drugs became ill. The committee received accounts from a number
of those who had experienced such illnesses, some quite severe, and there can be
no doubt that their health problems are real and that they followed their use of
antimalarial drugs. We very much appreciate the courage and commitment of those
who took the time to educate the committee based on their personal experience.

The committee also wishes to acknowledge the Department of Veterans
Affairs, Department of Defense, Food and Drug Administration, Peace Corps,
Centers for Disease Control and Prevention, and Department of State who made
presentations to the committee and responded to follow-up questions. We are
extremely appreciative of the outstanding efforts of the staff of the National Acad-
emies of Sciences, Engineering, and Medicine’s Health and Medicine Division;
Anne Styka, who served as study director; Stephanie Hanson and Kristin White,
who had a daunting task of identifying and culling the large and complex literature
and more generally guiding and assisting the committee in its mission. We also are
grateful to Rebecca Chevat who generously and capably provided logistical sup-
port to the committee. Finally, the committee would like to acknowledge a number
of other individuals who helped make this work possible: Daniel Bearss, a senior
research librarian who helped design and perform the initial literature searches
and who sadly passed away during the course of this work; Jorge Mendoza, a
senior research librarian who conducted the second set of literature searches;
Audrey Thevenon, a program officer on the Board on Life Sciences, who provided
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Summary

Malaria is a constant threat for nearly half of the world’s population, and
people who travel to endemic areas for business, leisure, or military support opera-
tions are also at risk. In 2018 the World Health Organization estimated that there
were 228 million cases of malaria, with 405,000 resulting in death (WHO, 2019).
While preventive measures like mosquito repellents, window screens and bed nets,
repellent-impregnated clothing, and large-scale use of insecticides are available
to reduce the risk of infection, these measures are not as effective as prophylactic
drugs. Several drugs are widely used for malaria prophylaxis, and as of 2019 six
are approved by the Food and Drug Administration (FDA) and are available by
prescription: chloroquine, primaquine, mefloquine, doxycycline, atovaquone/
proguanil (A/P), and tafenoquine.

Malaria has affected nearly every U.S. military deployment since the Civil
War, and it remains an ongoing threat to those engaged in current conflicts in South-
west Asia and peacekeeping missions to Africa and Southeast Asia. Department of
Defense (DoD) policy requires that service members deployed to malaria-endemic
areas be issued antimalarial drugs and adhere to the drug-taking regimens. Policies
concerning which should be used as first-line and as second-line agents have evolved
over time in response to malaria parasite resistance to antimalarials and new data
about the drugs’ adverse events and which precautions should be taken for specific
underlying health conditions, areas of deployment, and other operational factors.

As is the case with any FDA-approved drug, each approved antimalarial drug
has been tested for its safety and efficacy, so their risks of concurrent adverse
events have been well characterized. However, the studies conducted to gain FDA
approval are generally limited by small numbers of subjects and short follow-up
periods, making it difficult to identify adverse events that are rare but potentially

1
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2 LONG-TERM HEALTH EFFECTS OF ANTIMALARIAL DRUGS

serious or that occur or develop over long periods of concurrent use or events that
may persist post-cessation. The spectrum of potential adverse events may thus not
be fully appreciated until the drug has been on the market for many years. Concern
with the potential for long-term or persistent adverse events has been raised by
veterans, service members, and other users. This is especially true for antimalarial
drugs that have neurologic- or psychiatric-based effects, particularly mefloquine.

In response to these concerns, the Department of Veterans Affairs (VA)
contracted with the National Academies of Sciences, Engineering, and Medicine
(the National Academies) to convene an expert committee to assess the scientific
evidence regarding the potential for long-term health effects resulting from the use
of antimalarial drugs that have been approved by FDA and/or used by U.S. service
members for malaria prophylaxis.

CHARGE TO THE COMMITTEE

At the committee’s first meeting on January 28, 2019, a VA representative
charged it to examine and “assess long-term health effects that might result from the
use [by adults] of antimalarial drugs” that have been approved by FDA for use as
prophylaxis in adults or used by DoD or that are of special interest to VA. Mefloquine
and tafenoquine were specified as the two drugs of highest interest and importance to
VA. Other antimalarial drugs that have been used by DoD in the past 25 years were
also deemed to be important. Antimalarials that were used more than 25 years ago
but are no longer in use were considered to be of lesser importance and were not
assessed.

Although long-term health effects that might occur in any organ system were
to be considered, VA specified that neurologic and psychiatric effects, including
the potential development of posttraumatic stress disorder (PTSD), were particular
areas of interest. VA stressed that long-term (which the committee interpreted to
mean persistent, i.e., beginning during drug use and continuing after cessation, or
latent, i.e., present only after cessation of drug use) health effects of antimalarial
drugs should be the focus of the committee’s work because short-term (or concur-
rent) adverse events are well recognized and indicated on a drug’s FDA-mandated
package insert. The committee defined a health effect—and preferentially uses the
term “adverse event”—as any generally recognized symptom, condition, or diag-
nosis. As it was charged with addressing neurologic and psychiatric outcomes and
because these outcomes were not assessed consistently across studies, the commit-
tee adopted a rubric for categorizing different outcomes; that rubric is explained
in Chapter 3. The committee was asked to offer conclusions based on available
evidence regarding associations of persistent or latent adverse events and to offer
observations concerning the best use of available data as well as considerations
for future research on the short-term and also the persistent or latent health effects
of antimalarial drugs. In conducting its work, the committee operated indepen-
dently of VA and other government agencies. It was not asked to make, and it did

Copyright National Academy of Sciences. All rights reserved.
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not make, judgments regarding specific cases in which individuals have claimed
injury from the use of an antimalarial drug or such issues as the potential costs of
compensation for veterans or policies regarding such compensation. The commit-
tee did not perform a cost—benefit analysis or a risk assessment regarding the use
of these drugs. This report provides an evidence-based assessment of the scientific
evidence regarding persistent and latent adverse events following the prophylactic
use of the six antimalarial drugs of interest for the Secretary of Veterans Affairs to
consider as VA exercises its responsibilities to veterans.

COMMITTEE’S APPROACH TO ADDRESSING ITS CHARGE

The committee’s principal source of information on the potential persistent
and latent health effects associated with the use of the antimalarials of interest was
epidemiologic studies (observational studies and clinical trials) that were identified
from comprehensive searches of the published peer-reviewed literature. In total,
the committee considered more than 12,000 abstracts and examined more than
3,000 full-text articles and book chapters. Other supplemental sources of informa-
tion included U.S. and foreign government documents and reports; information
supplied by VA, DoD, and FDA; invited presentations on particular topics (such
as neurotoxicology, antimalarials policy practiced by other government agencies,
and adverse events monitoring through postmarketing surveillance), and comments
offered by veterans and others, such as spouses and advocates, who are concerned
about health issues that may be related to antimalarial drug use. The information
provided by the public at the open meetings and over the course of the study was
used to identify gaps in the literature regarding specific health outcomes of concern.
The committee did not collect original data or perform any secondary data analyses.

A two-step process was used to screen the results of searches to identify poten-
tially relevant literature for review. The first step entailed screening for relevance
by title and abstract, and the second step was a full-text review to determine the
final set of studies that the committee evaluated. For an epidemiologic analysis to
be considered, it had to (1) have the drugs used in a prophylactic manner (not for
treatment of active cases of malaria or for another disease or condition), (2) report
on the presence or absence of adverse events or effects or other health outcome
(such as blood counts), (3) have a comparison group, and (4) use adult populations
(aged 16 years and older).! Additionally, the most important criterion was that there
had to be empirical information about the adverse event (or indicate a lack of such
an event) that began or persisted at least 28 days after the cessation (final dose) of
the drug of interest. As long as a study met these criteria, it was included, even if
it had severe methodologic limitations. Ultimately, 21 epidemiologic studies that
met the committee’s inclusion criteria were identified that addressed one or more
of the six drugs of interest (Ackert et al., 2019; Andersen et al., 1998; DeSouza,

! If some of the subjects were less than 16 years old, the study was included.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/25688

Assessment of Long-Term Health Effects of Antimalarial Drugs When Used for Prophylaxis

4 LONG-TERM HEALTH EFFECTS OF ANTIMALARIAL DRUGS

1983; Eick-Cost et al., 2017; Green et al., 2014; Laothavorn et al., 1992; Leary et
al., 2009; Lee et al., 2013; Lege-Oguntoye et al., 1990; Meier et al., 2004; Miller
et al., 2013; Nasveld et al., 2010; Rueangweerayut et al., 2017; Schlagenhauf et
al., 1996; Schneider et al., 2013, 2014; Schneiderman et al., 2018; Schwartz and
Regev-Yochay, 1999; Tan et al., 2017; Walsh et al., 2004; Wells et al., 2006). These
formed the basis for the committee’s conclusions on the relationships between the
use of antimalarial drugs and specific categories of persistent adverse health effects.
Just over half of the identified studies (11) examined exposure to mefloquine; fewer
examined the other drugs of interest: tafenoquine, 7; doxycycline, 7; A/P, 4; prima-
quine, 4; and chloroquine, 3.

Studies that did not follow their populations for at least 28 days after the final
dose of a drug of interest was administered or that did not distinguish the timing of
the adverse event (e.g., the follow-up time was more than 28 days after drug cessa-
tion, but the authors did not distinguish which adverse events occurred inside and
outside the 28-day window) are briefly mentioned in this report but are not evalu-
ated in depth. For example, several studies included only a brief mention that “no
serious adverse events were reported” without further explanation of what adverse
events were examined, how “serious” was defined, or the timing of those events;
these were not considered informative for the committee’s purposes. Likewise,
studies that focused on derivatives of the drugs of interest (such as for drug dis-
covery), drug-delivery systems (e.g., carriers, encapsulations), or the simultaneous
administration of an antimalarial drug of interest in combination with any other
antimalarial drug that is not an FDA-approved combination were considered to be
outside of the committee’s scope of work and were excluded from consideration.

The epidemiologic studies that met the inclusion criteria for primary evidence
varied in their methods and quality. Each was assessed based on a common set of
methodologic principles. The methods assessment included the selection of the
study populations, study design, the length of follow-up, the sources of measure-
ment for exposure and adverse events or health outcomes, the statistical analyses
used, and control for confounding. A thorough evaluation was made of each
study’s strengths, limitations, and potential biases and their implications for the
study results and for the precision of reported results, and this informed the evalu-
ation of the study’s contribution to the evidence base. If a study examined more
than one drug or health outcome, it was considered separately for each drug and for
each of those outcomes. It is important to note that a study could be well designed
and well conducted but still have flaws, such as not distinguishing the timing of
adverse events, that limited its information value to the committee.

EVIDENCE REVIEWED BY THE COMMITTEE

The committee reviewed epidemiologic studies that used different designs,
populations, and analysis methods; examined disparate adverse events or out-
comes; and used diverse methods to collect information. For assessment purposes,
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the committee categorized these studies by population, with studies of military and
veterans presented first, followed by studies of other human populations (occu-
pational groups, travelers, research volunteers, and residents of malaria-endemic
areas). To supplement this information, other sources of adverse-event informa-
tion, such as systematic reviews of concurrent adverse events, case reports, and
studies of selected subpopulations, were also examined. The committee addition-
ally drew on the knowledge of the biologic underpinnings of the adverse event
or outcome of interest generated through experimental animal and cell culture
studies in order to evaluate the degree to which the effect of a specific drug on a
specific adverse event is grounded in knowledge of the pathways by which such
an impact could occur.

Military and Veteran Populations

Because active-duty military and veterans are the population of interest,
studies of these groups were accorded considerable weight in the committee’s
deliberations. The committee reviewed all identified studies of U.S. and foreign
service members and veterans who used any of the antimalarials of interest. Few
of these studies included objective measures of drug concentrations in the blood or
tissue; more typically, the use of a particular antimalarial and its dosage was based
on prescription data, self-report, or specified as part of the study design. Full adher-
ence with the drug regimen was generally assumed when estimating and quantify-
ing the risk of specific adverse events and health outcomes related to the use of a
particular drug, although research has shown this is not always the case. As with
other studies of health outcomes in military populations, where there is seldom
any measure of exposure to a specific agent, comparisons between deployed and
nondeployed veterans are considered the next most relevant comparison. Since
sending service members to known malaria-endemic areas without prevention
measures would be unethical, several studies of military populations compare the
effects of two or more antimalarials. Because of the many other factors and stresses
associated with deployed environments like combat, specific effects attributable to
the use of an antimalarial drug may be difficult to tease out.

Studies of Non-Military and Non-Veteran Populations

Although U.S. service members and veterans constitute the primary popula-
tion of interest, the committee also considered other populations that use anti-
malarial drugs (occupationally exposed persons, travelers, research volunteers,
and people living in malaria-endemic areas) in which there was the potential for
more precise quantification and evaluation of the risks of adverse events. These
populations use antimalarial drugs but do not have some of the potentially con-
founding stressors, such as combat, typically found in military populations. Safety
and tolerance studies performed in research volunteers from non-endemic areas
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who were followed for at least 28 days post-drug-cessation provide additional lines
of evidence, as do the results of studies conducted using endemic populations.
Finally, studies of adverse events associated with the prophylactic use of a drug in
a population with a specific underlying condition (such as pregnancy or comorbid
conditions) or demographic trait are described when appropriate.

Animal and Mechanistic Studies

The most commonly used experimental animal models for testing the
potential toxicity of antimalarial drugs are mice, rats, dogs, and rhesus monkeys.
The committee used studies of laboratory animal models to determine whether
there is evidence of a pathophysiologic process or biologic mechanism that could
provide evidence bearing on the relationship between exposure to an antimalarial
drug in humans and a persistent or latent health effect. Several factors must
be considered when extrapolating these results to human disease and disease
progression, including the magnitude and duration of exposure, the timing of
exposure during development or differentiation, the route of exposure, model-
specific factors (such as sex, genetic background, and stress), and differences in
pharmacokinetics and pharmacodynamics across species. Insights about biologic
processes inform whether an observed pattern of statistical association might
be interpreted as the product of more than error, bias, confounding, or chance.
Discussions about biologic plausibility are presented after the evidence in humans
is presented as part of the comprehensive synthesis of all the pertinent evidence.

WEIGHING THE EVIDENCE AND CONCLUSIONS

The quantitative and qualitative procedures underlying the committee’s
assessment of the evidence have been made as explicit and transparent as possible,
as it focused its assessment on the potential for an association between the expo-
sure to an antimalarial drug and health outcomes rather than a direct causal effect.
A system of four categories of association for rating health outcomes based on the
strength of the scientific evidence has gained wide acceptance by Congress, VA,
researchers, and veterans groups, and has been used in the National Academies
report series of assessments of veterans’ health as well as in several other stand-
alone reports including evaluations of safety and the adverse health outcomes of
vaccines. The four categories are sufficient, limited or suggestive, inadequate or
insufficient, and no association. The criteria for each category express a degree of
confidence based on the quality of the evidence, specifically the timing and dura-
tion of the exposures, the nature of the specific adverse events or health outcomes,
the populations exposed, and the quality, precision, and consistency of the studies
examined. The conclusion does not take into account the benefit of the antimalarial
to either population or individual health. Although both primary and supporting
studies contributed to the committee’s conclusion regarding the evidence of pro-
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phylactic use of an antimalarial to be associated with adverse events in a particular
body system, primary studies were given more weight.

Conclusions were made independently of other reports or author conclusions.
Several other groups have reviewed the available literature on a specific
antimalarial drug, class, or a particular health outcome. However, they used
different frameworks, inclusion criteria, or methods to judge association or
causality, and therefore their conclusions may differ from those of the committee.

For each of the six drugs of interest, adverse events were categorized by neu-
rologic, psychiatric, gastrointestinal, eye, cardiovascular, and other disorders. The
committee assembled and discussed the evidence to reach a consensus on the level
of the evidence for persistent or latent health effects for each drug of interest; these
conclusions are presented in the Synthesis and Conclusion sections. In making its
assessments, the committee was careful to note that a lack of informative data does
not mean that there is no increased risk of a specific adverse event, only that the
available evidence does not provide support for an increased risk. Each conclu-
sion consists of two parts: the first sentence assigns the level of association, and
the second sentence offers additional detail regarding whether further research in a
particular area is merited based on a consideration of all the available evidence and
any signals that may be present. For those health outcomes in which the committee
concluded there is not a clear justification for additional research, the intention was
to distinguish those issues for which there is presently an empirical basis for look-
ing more closely and those for which such a basis is not present. As more research
accumulates, the outcomes that warrant further research may change.

KEY FINDINGS AND GENERAL OBSERVATIONS

Nine of the 21 epidemiologic studies examined multiple drugs of interest,
and they contribute to the evidence described in multiple chapters. In many cases,
even when there were multiple studies of the same drug and same outcome, the
characteristics of the study populations and methods were so divergent as to be of
questionable relevance to one another. Almost no studies collected data prospec-
tively for the purpose of assessing persistent or latent adverse events months to
years after the cessation of antimalarial use.

The committee presents a total of 31 conclusions regarding the level of associa-
tion between exposures to a drug of interest and persistent or latent adverse events
(see Box S-1). For one association, there was determined to be a sufficient level of
evidence to determine that an association exists. The committee concluded that there
is sufficient evidence of an association between the use of tafenoquine and vortex
keratopathy,” which although it was found to persist beyond 28 days post-cessation,

2 Vortex keratopathy manifests as deposits in the inferior interpalpebal portion of the cornea. These
deposits rarely result in reduction of visual acuity or ocular symptoms, and they typically resolve with
discontinuation of the medication that caused them (AAO, 2019).
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BOX S-1
Summary of Conclusions Regarding Categories of
Association Between Exposure to Antimalarial Drugs and
Persistent or Latent Adverse Events by System Outcome

Sufficient Evidence of an Association

Epidemiologic evidence is sufficient to conclude that there is a posi-
tive association between the prophylactic use of an antimalarial drug and
the outcome in studies in which chance, bias, and confounding can be
ruled out with reasonable confidence. For example, if several small studies
without known bias and confounding show an association that is consistent
in magnitude and direction, there could be sufficient evidence of an as-
sociation. Experimental data supporting biologic plausibility strengthen the
evidence of an association but are not a prerequisite and are not enough
to establish an association without corresponding epidemiologic findings.
There is sufficient evidence of an association between the following anti-
malarial drugs and health outcomes:

e Tafenoquine and vortex keratopathy

Limited or Suggestive Evidence of an Association

Epidemiologic evidence suggests an association between prophy-
lactic use of an antimalarial drug of interest and the outcome in studies of
humans, but the evidence can be limited by an inability to confidently rule
out chance, bias, or confounding. For example, a high-quality study with
strong findings of a positive association in conjunction with less compelling
or inconsistent results from studies of populations with similar exposures
could constitute such evidence. None of the associations between anti-
malarial drugs and health outcomes were determined to constitute limited
or suggestive evidence.

Inadequate or Insufficient Evidence of an Association

The available epidemiologic studies are of insufficient quality, valid-
ity, consistency, or statistical power to support a conclusion regarding
the presence or absence of an association. For example, such studies
may have failed to control for confounding factors or had inadequate
assessment of exposure or outcomes. Because the committee could not
possibly address every rare condition or disease, it does not draw explicit
conclusions about outcomes that are not discussed, and instead it makes
conclusions by body system. It also notes whether the existing evidence,
including nonepidemiologic information, merits additional research in a
specific area. There is inadequate or insufficient evidence of an asso-
ciation between the following antimalarial drugs and health outcomes,
grouped by whether the existing evidence supports additional research:

Basis for additional research
¢ Mefloquine and neurologic events
¢ Mefloquine and psychiatric events, including PTSD
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e Mefloquine and eye disorders, including cataract

e Tafenoquine and psychiatric events

e Tafenoquine and eye disorders (other than vortex keratopathy)
e Atovaquone/Proguanil and eye disorders

® Doxycycline and gastrointestinal events

No basis for additional research

e Mefloquine and gastrointestinal events

e Mefloquine and cardiovascular events

e Tafenoquine and neurologic events

e Tafenoquine and gastrointestinal events

e Tafenoquine and cardiovascular events

e Atovaquone/Proguanil and neurologic events
e Atovaquone/Proguanil and psychiatric events
e Atovaquone/Proguanil and gastrointestinal events
e Atovaquone/Proguanil and cardiovascular events
¢ Doxycycline and neurologic events

® Doxycycline and psychiatric events

¢ Doxycycline and eye disorders

¢ Doxycycline and cardiovascular events

® Primaquine and neurologic events

® Primaquine and psychiatric events

® Primaquine and gastrointestinal events

® Primaquine and eye disorders

® Primaquine and cardiovascular events

e Chloroquine and neurologic events

e Chloroquine and psychiatric events

¢ Chloroquine and gastrointestinal events

e Chloroquine and eye disorders

e Chloroquine and cardiovascular events

Limited or Suggestive Evidence of No Association

Several adequate studies, which cover the full range of human expo-
sure, are consistent in showing no association or reduced risk (not dis-
tinguished for the purposes of this evaluation, which was focused on the
potential for adverse effects) with an exposure to an antimalarial of interest at
any concentration and had relatively narrow confidence intervals. A conclu-
sion of “no association” is inevitably limited to the conditions, exposures, and
observation periods covered by the available studies, and the possibility of
a small increase in risk related to the magnitude of exposure studied can
never be excluded. However, a change in classification from inadequate or
insufficient evidence of an association to limited or suggestive evidence of
no association would require new studies that correct for the methodologic
problems of previous studies and that have samples large enough to limit
the possible study results attributable to chance. None of the associations
between the antimalarial drugs and health outcomes were determined to
constitute limited or suggestive evidence of no association.
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was also found to resolve within 3 to 12 months and did not have a clinical implica-
tion, such as loss of vision.

For the other 30 conclusions across all drugs and outcome categories con-
sidered, the evidence between the drug of interest and persistent or latent adverse
events was inadequate or insufficient. For all outcomes except for the potential of
some eye disorders for A/P users, the occurrence of latent effects (those effects
that did not manifest in individuals while taking the antimalarial and only emerged
after drug cessation) was not supported. Based on information from the assessed
epidemiologic studies and other studies of concurrent events, case reports, or
biologic plausibility, the committee considers the existence of some persistent
events for certain antimalarials to be highly plausible but not sufficiently studied.
For this reason, in its conclusion for each outcome category the committee speci-
fies whether the existing evidence warrants additional research in a specific area.
The committee determined that there is a basis for further research for seven of
the drug—outcome associations, and it views the most plausible persistent adverse
events to be those that are the result of enduring concurrent events and thus gave
additional weight to the evidence for concurrent events in determining whether
there is a basis for further research.

The interpretation of studies that did not find increased risk associated with a
particular drug took into account the extent to which they would have been capable
of detecting associations had they been present. The informativeness of such
studies depends in part on their statistical power, which is determined by factors
that include the overall study size and frequency of the adverse events of interest.
In a number of instances, studies that found no evidence of an association were
of sufficient size and quality that it is unlikely that there are truly large increases
in common adverse events, but this did not preclude smaller effects or effects on
rarer outcomes. Even such modest increases in rare events may lead to substantial
impairment for the individuals who are affected and result in a large absolute num-
ber of adverse events, given the number of people who use the antimalarial drugs.

Neurologic and Psychiatric Outcomes

As noted above, VA asked the committee to specifically address the evidence
for persistent neurologic and psychiatric outcomes and the potential development
of PTSD. Of the six drugs of interest, these concerns were greatest for mefloquine.
Concurrent adverse neurologic events associated with the use of mefloquine
are well recognized and include dizziness, vertigo, loss of balance, headache,
memory impairment, confusion, encephalopathy, sensory or motor neuropathies,
convulsions, and tinnitus. However, the post-cessation studies did not find these
concurrent adverse events to be present at statistically different rates among users
of mefloquine than with those who used other antimalarial drugs or who did
not use any prophylaxis. Similarly, the evidence supporting concurrent adverse
psychiatric effects (anxiety, depression, mood swings, panic attacks, abnormal
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dreams, insomnia, hallucinations, aggression, psychotic or paranoid reactions, and
suicidal thoughts) with the use of mefloquine is compelling, but the epidemiologic
studies that examined these outcomes at least 28 days post-drug-cessation do not
indicate an increase of persistent psychiatric events relative to other antimalarial
drugs or no use of antimalarial drugs.

Three high-quality studies—all conducted using active-duty U.S. military or
veteran populations—reported PTSD diagnoses (based on International Classifi-
cation of Diseases, Ninth Revision, Clinical Modification [ICD-9-CM] codes) or
PTSD symptoms (based on validated instruments), taking into account deployment
and combat exposure. In an analysis of active-duty service members, Eick-Cost
etal. (2017) presented adjusted effect estimates of PTSD stratified by deployment
status. Among the nondeployed, those who were prescribed mefloquine were
found to have a statistically significant decrease in PTSD diagnoses relative to
those prescribed doxycycline, but a statistically significantly increased risk rela-
tive to individuals who were prescribed A/P. There was no difference in PTSD
diagnoses for deployed service members prescribed mefloquine versus those
prescribed doxycycline or A/P. When service members were stratified by prior
psychiatric history, no statistically significant differences between mefloquine and
doxycycline for PTSD diagnoses were found. In their analysis of the hospitaliza-
tions of active-duty service members, Wells et al. (2006) reported no statistically
significant differences for PTSD diagnoses for deployed service members who
were prescribed mefloquine versus deployed service members who did not use an
antimalarial drug or, separately, who were assigned to Europe or Japan. In their
study of veterans who had responded to the 2009-2011 National Health Study for
a New Generation of U.S. Veterans, Schneiderman et al. (2018), using a standard-
ized instrument, also found no difference in PTSD symptoms between mefloquine
users and nonusers of antimalarials after controlling for demographic character-
istics and deployment. Therefore, based on the available evidence primarily from
the epidemiologic studies, the committee concluded that there is insufficient or
inadequate evidence of an association between the use of mefloquine for malaria
prophylaxis and persistent or latent neurologic events or psychiatric events, includ-
ing PTSD. However, given the concurrent adverse events, case reports, public
submissions, and experimental animal studies, the committee concluded that there
is a basis for further study of such associations.

Tafenoquine, like mefloquine, is contraindicated in persons with a history
of psychotic disorders or current psychotic symptoms. None of the seven
epidemiologic studies included data on psychiatric adverse events for which
the timing post-tafenoquine-cessation was specified. In studies conducted pre-
FDA approval, the most common concurrent psychiatric adverse reactions for
tafenoquine were reported to be sleep disturbances, depression or depressed
mood, and anxiety. Moreover, results from a combined set of studies submitted to
FDA reported that psychiatric adverse events were similar between participants
receiving tafenoquine and those receiving mefloquine and that the rates of adverse
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events for both groups were higher than those for participants receiving a placebo.
Despite the issues with these studies—the timing of the events was not specified,
the studies did not conduct systematic monitoring for the outcomes, and for several
of the studies people with a history of psychiatric disorders were excluded—still
these findings enhance the plausibility of psychiatric events being associated
with use of tafenoquine. As such, although the committee concluded that there
was insufficient or inadequate evidence of an association between the use of
tafenoquine for malaria prophylaxis and persistent or latent psychiatric events,
it also concluded that there was a basis for further study of persistent or latent
psychiatric events.

Other Outcomes for Which There Is a Basis for Additional Research

The committee also identified several other indications of associations for
specific outcomes in its review of post-cessation epidemiologic studies and sup-
porting evidence (such as case reports of persistent adverse events, concurrent
adverse events, or biologic plausibility) that would merit further study. For three
of the drugs—mefloquine, tafenoquine, and atovaquone/proguanil—the com-
mittee believes there is a basis for additional research on persistent or latent eye
disorders. For doxycycline there is a basis for additional research into persistent
gastrointestinal events.

ADVANCING RESEARCH ON ANTIMALARIAL DRUGS

Given the seriousness of malaria and the billions of people at risk for it, there
will be a continued need for antimalarial drugs. Studying the persistent and latent
effects of exposures is challenging, and therefore it is important to recognize that
a perfect or complete understanding is likely unrealistic. A key limitation of the
existing literature is that very few studies were designed specifically to examine
latent or persistent adverse events. To establish causal links between antimalarial
exposure and persistent adverse events, it will be important to have a series of
randomized trials and multiple well-designed observational studies of varying
types that are designed to examine potential persistent outcomes and overcome
the considerable weaknesses noted in past research. Ideally these studies would
have explicit documentation of the timing of antimalarial drug use and symptom
occurrence (with clear temporal ordering), an extended follow-up that includes
assessments at multiple time points, and a validated collection of information
regarding potential confounders, antimalarial exposure (dose and timing), and the
outcomes of potential interest, including a careful collection of neurologic and
psychiatric outcomes using validated instruments. Because some of the outcomes
of concern are or may be rare, the samples will need to be of sufficient size to
detect associations if they do exist. While it may not be realistic to carry out a large
set of studies that have all of these components, there are strong designs that take
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advantage of existing data sets that would be feasible. In addition, a series of well-
designed studies that each have a number of (but perhaps not all) these components
could be quite informative, and they could be used to triangulate the evidence so
as to develop an understanding of the potential mechanisms and persistent adverse
events. Using standardized definitions and making exposure, outcome, and covari-
ates as compatible as possible would better allow for a synthesis of the evidence
across studies.

There has recently been more interest in assessing the potential persistent or
latent adverse events of antimalarial drugs than there was when the first of the
drugs were approved in the 1940s. For example, two required Phase IV trials are
now being conducted to evaluate long-term tafenoquine safety. With regard to
mefloquine specifically, several factors may influence whether additional studies
of'its use for malaria prophylaxis are conducted and how informative those results
will be. Although mefloquine is still recommended for civilian use, the numbers
of prescriptions for it have declined substantially, likely in part due to the 2013
FDA boxed warning regarding concurrent psychiatric symptoms (see Chapter 4),
to media reports of adverse events, and to the availability of similarly efficacious
drugs with comparatively fewer adverse events or different adverse event profiles.
Since 2009, DoD policy has severely restricted the use of mefloquine for service
members. Therefore, any prospective or retrospective studies conducted using
service members since these policies went into effect will lack generalizability and
will include people who have previously tolerated mefloquine, which may account
for some of the findings of no difference in risk of most outcomes compared with
other antimalarials.

Some of the most informative studies have used health care databases or
other data sources that cover large populations. Therefore, a logical place to look
for additional opportunities would be in other large databases that include a suf-
ficiently large number of individuals who used antimalarial drugs and that provide
documentation of their subsequent health experience; another option would be to
link several large databases to obtain the data needed for both exposure and out-
come assessment. Such data sources might include general VA and DoD health
care databases, existing DoD and VA registries, cohorts of service members or
veterans assembled previously, Medicare, FDA Sentinel, commercially available
claims databases, and health care data from other countries with national health
care systems. Other avenues of investigation that would likely be informative
about persistent or latent adverse events are re-analyses of some of the existing
studies to clarify the temporal course of drug use and health experience to enable
inferences regarding concomitant versus persistent adverse events. It was clear
to the committee that data on post-drug-cessation events had been collected for
several epidemiologic studies, but the data were not reported in a manner that
allowed the committee to distinguish the timing of the adverse events. A pooled
data analysis effort using a standardized approach may also move this area of
scientific inquiry forward.
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Several other strategies and approaches were considered for advancing the
evidence base on persistent adverse events associated with the use of antimalarial
drugs. Conducting studies of adverse events up to 3—6 months post-cessation
would be informative if focused and validated assessments of health status were
performed over the subsequent weeks or months. This might involve extending
clinical trials or systematically following returning travelers using clinical evalu-
ations or even questionnaires that are sufficiently sensitive to discern even sub-
clinical health status. To the extent that there are hypotheses regarding individuals
with selected risk factors, smaller, more intensive evaluations could be used to
target adverse events in these populations. Large case—control studies of specific
adverse events could potentially generate additional evidence on associations of
antimalarial drugs. Finally, well-conceived in vitro or in vivo studies could provide
meaningful information to help in interpreting the evidence from human popula-
tions. Mechanistic links between antimalarial drugs and persistent or latent adverse
outcomes have yet to be systematically and definitively explored through experi-
mental studies, and the current literature in that area is relatively weak. Examples
of research that would be required for suitable rigor include testing the impacts
of prolonged exposure to biologically relevant antimalarial dosing across several
behavioral tests with validity for persistent or latent psychiatric, neurologic, or
other disorders and in vivo testing of lasting antimalarial-induced cell loss and
toxicity using contemporary standards of assessment.

A number of approaches are unlikely to provide much additional insight
regarding the persistent adverse events of antimalarial drugs. These include cross-
sectional studies that do not allow for distinguishing between the use of a drug and
correlates of symptoms or diagnoses; small clinical trials without sufficiently long
post-cessation follow-up periods or sufficient numbers of participants to provide
the needed statistical precision to address clinically significant outcomes; and
studies of reports submitted to adverse event registries, such as that used by FDA.

FINAL OBSERVATIONS

There is a sharp contrast between the extensive evidence pertaining to con-
current adverse events that are experienced while a drug is being used or shortly
following its cessation and the dearth of high-quality information pertaining to
adverse experiences that are present after the use of that drug has ended. This
remains true after combining the available studies across all the drugs of interest
(some of which have been in use for more than 70 years) and types of possible
adverse events. There appears to be a disconnect between the level of concern
raised—millions of people have used the drugs, and there are recognized con-
current adverse events and case reports of adverse events—and the systematic
research on persistent adverse events, particularly in areas such as the use of meflo-
quine and persistent neurologic or psychiatric outcomes. The available epidemio-
logic studies are highly variable in their methodologic quality and relevance and
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rarely can be considered replications, given the diversity of study populations and
designs. Although conducting high-quality research on the persistent and latent
effects of exposures is challenging, this should not prevent it from being done.
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Introduction

Despite the fact that malaria was eliminated in the United States in the 1950s,
it continues to be a serious disease in many others countries around the world. The
World Health Organization (WHO) estimated that in 2018 there were 228 million
cases of malaria, and that an estimated 405,000 of these cases resulted in death
(WHO, 2019). Malaria is a constant threat for nearly half of the world’s popula-
tion, while among the other half, there are many people who travel to areas where
malaria is endemic for business, leisure travel, or to assist with military support
operations, and they are also at risk of contracting malaria. The use of malaria
prevention methods such as dermal mosquito repellents, chemical-repellent-
impregnated clothing, and bed nets can help reduce the risk, but they are not as
effective as prophylactic drugs.

A variety of malaria-preventing drugs have been discovered since quinine was
first isolated from the bark of the cinchona tree in the early 1800s, and several are
in widespread use today. As of 2019, six drugs have been approved by the Food
and Drug Administration (FDA) that are currently available by prescription for
malaria prophylaxis. They are, by order of the year of FDA approval, chloroquine,
primaquine, mefloquine, doxycycline, atovaquone/proguanil, and tafenoquine.
As is the case with any FDA-approved drug, each of these antimalarial drugs
was tested in several studies to examine its safety and efficacy, so their risks of
adverse drug events have been well characterized, at least for short-term effects.
These adverse events, which include nausea, upset stomach, and drowsiness, are
actually quite common but usually do no permanent harm to the user; in a small
number of cases, however, they can have serious or persistent consequences. Stud-
ies conducted to gain FDA approval are generally limited by their small numbers
of subjects, strict inclusion and exclusion criteria, and short follow-up periods,
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which makes it difficult during the approval process to identify adverse events that
are rare but potentially serious or that occur or develop over long periods of time.
As aresult, some of the possible potential adverse events may be fully appreciated
only after a drug has been on the market for many years.

Among the Americans most likely to be exposed to malaria are members of
the military. Malaria has affected nearly every U.S. military deployment since the
American Civil War and it remains an ongoing threat to service members involved
in current conflicts in Southwest Asia and peacekeeping missions to Africa and
Southeast Asia. Department of Defense (DoD) policy requires that service mem-
bers deployed to malaria-endemic areas be issued antimalarial drugs and adhere to
the drug-taking regimens. Policies concerning which should be used as first-line
and as second-line agents have evolved over time in response to malaria parasite
resistance to antimalarials and new data about the drugs’ adverse events and which
precautions should be taken for specific underlying health conditions, areas of
deployment, and other operational factors.

Service members, veterans, and other users have raised concerns about the
use of these antimalarial drugs, particularly mefloquine, resulting in long-term
or persistent effects, especially those that are neurologic or psychiatric based.
Furthermore, the number of veterans seeking disability compensation for condi-
tions attributed to mefloquine use while in service is increasing. The Department
of Veterans Affairs (VA) has responsibility for the health care of veterans and,
therefore, has an interest in knowing which symptoms and health effects might
persist in veterans long after service. Given its mission and in response to these
concerns, VA contracted with the National Academies of Sciences, Engineering,
and Medicine (the National Academies) to convene an expert ad hoc committee
to conduct an assessment of the scientific evidence regarding the potential for
long-term health effects resulting from the use of any of the currently available
antimalarial drugs that were approved by FDA and/or used by U.S. service mem-
bers for malaria prophylaxis.

IDENTIFICATION AND SELECTION OF PROPHYLACTIC
ANTIMALARIAL DRUGS TO BE REVIEWED

To determine the antimalarial drugs that would be included in this report,
a senior research librarian at the National Academies compiled a list of all anti-
malarial drugs that have been approved by FDA. This list contained 25 potential
drugs of interest. Staff members of the National Academies’ Health and Medicine
Division then investigated each drug on the list to determine whether it was used
for prophylaxis, treatment, or both prophylaxis and treatment of malaria. The drugs
that are or have previously been used solely for the treatment of malaria were
eliminated from further consideration; this included such agents as Artemisinins,
Halofantrine, Fansidar, and Daraprim. The remaining drugs were cross-checked
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with policies from DoD on the use of antimalarial drugs for the prophylaxis of
malaria with no time limits (Woodson, 2013) and also with the Centers for Disease
Control and Prevention timeline summarizing the history of antimalarial drugs
(Arguin and Magill, 2017). The resulting list of antimalarial drugs was then sent to
DoD for verification of each drug’s use as an antimalarial prophylactic in military
populations. Representatives from DoD confirmed the drugs on the initial list and
added two additional antimalarial agents, Dapsone (diaminodiphenyl sulfone) and
combination chloroquine-primaquine (C-P pill) for the committee’s consideration.

The initial list was also sent to VA for confirmation of the antimalarial drugs
of interest to be assessed. When VA formally presented the Statement of Task to
the committee, it added tafenoquine to the list of drugs for consideration. VA also
stressed that those antimalarial prophylactic agents that are currently available
or that have been used within the past 25 years were of highest interest. Based
on the contract between VA and the National Academies and as specified in the
committee’s Statement of Task, this report includes the following antimalarial
drugs that are used as prophylaxis, have been approved by FDA or used by U.S.
military personnel, and are currently available or have been used in the recent
past: mefloquine (Lariam®), tafenoquine (Arakoda™), atovaquone-proguanil
(Malarone®), doxycycline (Acticlate®, Vibramycin®, Doryx®, Vibra-Tabs®,
Doryx® MPC, doxycycline hyclate), chloroquine (Aralen®), and primaquine.
Literature on other antimalarials, such as studies related to quinine’s mecha-
nisms of action, were also considered in order to inform the understanding of the
mechanisms and the potential persistent or latent biologic effects of similar drugs.
Although quinine, tetracycline, hydroxychloroquine, dapsone (diaminodiphenyl
sulfone), and quinacrine (mepacrine, Atabrine) were used for prophylaxis of
malaria by U.S. service members, these agents were all used more than 25 years
ago and before the 1990-1991 Persian Gulf War and were not considered further.

CHARGE TO THE COMMITTEE

Box 1-1 shows the committee’s Statement of Task. A VA representative deliv-
ered the charge to the committee during the open session of the committee’s first
meeting on January 28, 2019. As described above, the antimalarial drugs to be con-
sidered by the committee were approved by FDA for use as prophylaxis in adults
or used by DoD or were of special interest to VA. Mefloquine (also sold under the
trade name Lariam®) and tafenoquine (Arakoda™) were specified as the two drugs
of highest interest and importance to VA, with other antimalarial drugs that are cur-
rently in use by DoD or that have been used by DoD in the past 25 years also to be
considered important. Antimalarials that were used more than 25 years ago but that
are no longer in use were considered to be of lesser importance. VA stressed that the
focus of the committee’s work should be the long-term health effects of antimalarial
drugs that are used for prophylaxis because the short-term adverse events of the
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BOX 1-1
Committee’s Statement of Task

An ad hoc committee of the National Academies of Sciences, Engineering,
and Medicine will conduct a study to assess the long-term health effects that
might result from the use of antimalarial drugs by adults, in particular mefloquine,
for the prophylaxis of malaria. The committee will examine the currently available
medications, as approved by the Food and Drug Administration and/or used by
the Department of Defense, and of interest to the Department of Veterans Affairs,
and the long-term health effects that might occur in any organ system. These
include latent effects that might be expected from their use by Service mem-
bers during deployment to areas with endemic malaria, such as Afghanistan.
Special attention will be given to possible long-term neurologic effects, long-
term psychiatric effects and the potential development of Posttraumatic Stress
Disorder (PTSD). Additionally, the committee will consider approaches for identi-
fying short-term, long-term, and persistent adverse health effects of antimalarials.
The committee will develop findings and conclusions based on its review of the
evidence; the report will not include recommendations.

antimalarial drugs of interest are well recognized and are clearly indicated on the
package inserts issued by FDA. Although the committee was asked to examine
neurologic and psychiatric effects of the drugs—and the potential development of
posttraumatic stress disorder (PTSD) in particular—the committee was to consider
effects that might occur in any organ system. Instead of recommendations, the
committee was asked to offer conclusions based on available evidence regarding
the long-term effects and to provide observations on the best use of available data
as well as considerations for future research in examining the persistent or latent
health effects of antimalarial drugs.

Given the difficulty of conducting strict causality assessments, the committee
chose instead to base its assessment on measures of association between exposure
to an antimalarial drug and health outcomes. Assessing evidence for associations
rather than causation means that the rigor of the evidence required to support a
finding of statistical association is weaker than what is required to support causal-
ity, although some of the criteria that would contribute to determining causality
may be met.

THE STUDY PROCESS AND INFORMATION GATHERING

The National Academies convened a 10-member interdisciplinary committee
that included experts in epidemiology, biostatistics, pharmacology, drug safety,
psychology, psychiatry, neurology, biochemistry, medicinal chemistry, toxicology,
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malaria, and military and veteran’s health. The committee met in person for five
2-day meetings over 10 months. Between the in-person meetings, small groups of
committee members held conference calls to review specific studies or to discuss
the evidence base on a particular health outcome or topic.

In conducting its work, the committee operated independently of VA and
any other government agency. It was not asked to make—and it did not make—
judgments regarding specific cases in which individual people have claimed
injury from the use of an antimalarial drug or regarding such broader issues as
the potential costs of compensation for veterans or policies about such compen-
sation. Several other groups have reviewed the available literature on specific
antimalarial drugs, classes, or particular health outcomes. However, they used dif-
ferent frameworks, inclusion criteria, or methods to judge association or causality,
and therefore the conclusions presented may differ from those of this committee.
This report is intended to provide an evidence-based assessment of the scientific
information available on long-term health effects following the prophylactic use
of the antimalarial drugs which the Secretary of Veterans Affairs can consider as
VA exercises its responsibilities to veterans. The committee did not perform a
cost-benefit analysis or a risk assessment regarding the use of these drugs. This
report, as with all National Academies’ reports, is freely accessible online at the
National Academies Press’s website (www.nap.edu).

Several activities were undertaken to develop the scientific foundation for
the report’s findings and conclusions. The principal sources of information on
potential long-term health effects associated with the use of the antimalarials
of interest to the committee came from detailed searches of the published peer-
reviewed literature which were not subject to time constraints. The committee did
not collect original data, conduct original studies, or perform any secondary data
analyses. In total the committee considered more than 12,000 abstracts of scientific
and medical studies and read more than 3,000 full-text articles and book chapters.
The literature search strategy and process for reviewing all results is discussed
in detail in Chapter 3, Identification and Evaluation of the Evidence Base. This
process was supplemented by examining other pertinent published literature,
government documents and reports, and testimony and by consulting relevant
National Academies reports.

As is the practice of nearly all National Academies consensus committees,
the committee held two open sessions not only to gather additional information
from people who have particular expertise on topics and subjects that arise
during deliberations (such as experts in toxicology, agency representatives who
are familiar with antimalarials policy and changes to it, and those who monitor
reports of adverse events through postmarketing surveillance), but also especially
to listen to individual veterans and others, such as spouses and advocates, who are
concerned about aspects of health that may be related to use of these antimalarial
drugs. Open sessions were held during the committee’s first two meetings; the
agendas and presentation topics are presented in Appendix A, and brief summaries
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of the presentations are found in Appendix B. The comments and information
provided by the public at the open meetings and over the course of the study
were used to identify information gaps in the literature regarding specific health
outcomes of concern.

In addition to information provided by invited speakers and members of the
public, the committee obtained information from VA and DoD via information
requests that followed up on issues raised during presentations and on sources
of data on policy. The committee also made two information requests to FDA to
request the data or an explanation of the data that were used to support changes
to the package insert or label associated with the adverse events of mefloquine.
All presentations, responses to information requests, and written comments are
available in the public access file for the project.!

ORGANIZATION OF THE REPORT

The remainder of this report is organized into nine chapters and four
appendixes. Chapter 2 presents background information about the antimalarial
drugs of interest as well as the military use of them and deployment factors that
may exacerbate certain effects of some antimalarial drugs. Chapter 3 describes the
considerations that guided the committee’s identification, review, and evaluation
of the scientific evidence.

The committee’s evaluation of the epidemiologic literature and other supple-
mental information and its conclusions regarding the evidence are presented by
drug in Chapters 4-9: Chapter 4, Mefloquine; Chapter 5, Tafenoquine; Chapter
6, Atovaquone/Proguanil; Chapter 7, Doxycycline; Chapter 8, Primaquine; and
Chapter 9, Chloroquine. Because most of the attention concerning the adverse
effects of antimalarials has been associated with the use of mefloquine, this drug
is presented first. The other five drugs of interest are ordered by the FDA date of
approval for use as a prophylactic for malaria, from most recent to earliest. Each
drug-specific chapter begins with a brief history of the drug’s development and use
followed by a summary of the changes that have been made to the drug package
insert or label since its approval as a prophylactic drug for malaria and then its
pharmacokinetic properties. Known short-term adverse events associated with the
use of the drug are then reported, followed by a summary and assessment of each
of the identified epidemiologic studies that met the committee’s inclusion crite-
ria and were able to contribute some information on long-term health outcomes
following cessation of the drug. Because neurologic and psychiatric outcomes,
including PTSD, were specified in the committee’s charge, results related to these
outcomes are presented whenever they have been reported. Supplemental sup-
porting evidence is then presented, including other identified studies of health

! Public access materials can be requested from paro@nas.edu.
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outcomes in populations that used the drug of interest for prophylaxis but that did
not meet the committee’s inclusion criteria regarding the timing of follow-up; case
reports of persistent adverse events; and information on adverse events of the drug
when used in specific groups, such as women who are pregnant or those who have
chronic health conditions. After the primary and supplemental evidence in humans
is presented, supporting literature from experimental animal and in vitro studies
is then summarized. Each chapter ends with a synthesis of all of the evidence
presented and the inferences and conclusions that can be made from the available
evidence, organized by body system category (neurologic disorders, psychiatric
disorders, gastrointestinal disorders, eye disorders, cardiovascular disorders, and
other disorders).

Chapter 10 contains a summary of the inferences from the available literature
along with the methodologic challenges and limitations to investigating the
persistent or latent effects of antimalarial drugs for prophylaxis. The committee
discusses research considerations or approaches that can be implemented to
improve the quality of data collected as well as the overall evidence base.
Appendix A provides a list of open meeting agendas and invited presentation
topics and Appendix B summarizes the invited presentations to the committee. A
table that gives a high-level overview of each of the 21 epidemiologic studies that
met the committee’s inclusion criteria is presented in Appendix C. Committee and
staff biographies can be found in Appendix D.
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Background

This chapter provides background and information on several aspects of the
committee’s work. It begins with an overview of malaria as a disease and of
the need for antimalarial drugs for prophylaxis. It then provides an overview
of how the antimalarials under consideration interrupt the life cycle of the
Plasmodium parasites and discusses the differences among causal prophylaxis,
suppressive prophylaxis, presumptive anti-relapse therapy, and the treatment of
malaria. An overview of differences among the classes of antimalarial drugs and
their mechanisms of action is also provided. The next part of the chapter focuses
on the use of prophylactic antimalarial drugs within military populations, includ-
ing adherence and concurrent exposures that could occur during military service.

MALARIA IN HUMANS

The World Health Organization (WHO) has estimated that in 2018 there
were 228 million cases of malaria (range, 206 million to 258 million) occurring
in 87 countries and that 405,000 of these cases resulted in death. Nearly 50% of
the world’s population live in malaria-risk areas. WHO’s Africa region carries the
highest global burden of malaria, with 93% of the world’s cases and almost 50%
of its deaths occurring there. More than 60% of the malaria deaths in Africa are
estimated to occur in children under 5 years of age. In 2018, just six countries
in Africa accounted for more than half of all malaria cases worldwide: Nigeria
(25%), the Democratic Republic of the Congo (12%), Uganda (5%), Céte d’Ivoire
(4%), Mozambique (4%), and Niger (4%). By contrast, WHO’s South-East Asia
Region and Eastern Mediterranean Region accounted for 3.4% and 2.1% of cases,
respectively (WHO, 2019). In 2016, 2,078 confirmed cases of (and 7 deaths from)

25
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malaria, nearly all imported, occurred in the United States, the majority of which
(n=1,729) originated in Africa (Mace et al., 2019). Increasing opportunities for
international travel creates the risk of contracting malaria in populations that
would otherwise not be exposed (Lalloo and Magill, 2019).

The vast majority of people residing in endemic areas experience malaria
multiple times over their lifetimes, and very often the disease involves two or
more species and stages of parasite. Consequently, as they age, these people often
develop a partial immunity to each malaria species that they were infected with
and subsequently experience less severe illness when infected with any of the spe-
cies to which they have previously been exposed (Baird, 2012). WHO has made
malaria case reduction a priority with the goal of reducing morbidity and mortality
associated with malaria by 90% by the year 2030. Such an endeavor will require
a multipronged approach to greatly reduce the transmission of malaria in endemic
populations, primarily through the use of drugs for prophylaxis or treatment,
vector control, and early diagnosis, and it will require improvements in access to
and availability of antimalarial drugs for both prophylaxis and treatment, political
leadership, increased resources, new tools (such as an efficacious vaccine), and
education about antimalarial drugs and the need for increased drug adherence.
Resistance to efficacious antimalarial drugs is a major concern, and this has been
observed for several of the available drugs. Improvements in the availability of
high-quality, correctly dosed drugs is particularly important, as antimalarial drugs
of substandard quality or even falsified contents have been reported in endemic
areas (Kaur et al., 2015; Newton et al., 2017). Low-quality drugs and falsified
drugs contribute to drug resistance and higher levels of morbidity and mortality.

Disease

Infection with the Plasmodium parasite occurs after an infected female
Anopheles mosquito takes a blood meal from a human host. Once the parasite
infects a human, it migrates to the liver and enters into an incubation period
during which the parasite establishes itself within the body and continues its
life cycle. Depending on the Plasmodium species, the incubation period lasts
from 7 to 30 days, and no symptoms of malaria are present during this time. For
P. falciparum, typically about 10 to 15 days after the infective bite occurs, the first
signs of disease will manifest. Most patients with uncomplicated malaria present
with some combination of common symptoms including fever, chills, sweats,
headaches, nausea, vomiting, body aches, or general malaise. Additional symp-
toms may include abdominal cramping, cough, muscle pains, and varying levels
of mental disorientation. These symptoms are typically the result of the human
immune response to massive hemolysis and malaria parasites being released into
the bloodstream (Moss and Morrow, 2014).

If uncomplicated malaria is not treated in a timely manner, severe malaria can
develop. Features of severe malaria generally appear 3 to 7 days after the onset
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of the symptoms associated with uncomplicated malaria. According to WHO, the
case definition of severe malaria includes one or more of the following symptoms
or clinical findings that occurs in the absence of an identified alternative cause
and in the presence of P, falciparum asexual parasitemia: impaired consciousness,
acidosis, hypoglycemia, severe malarial anemia, renal impairment or acute kidney
injury, jaundice, pulmonary edema, significant bleeding, shock, or hyperparasitemia
(WHO, 2014).

The current case definition of severe malaria by WHO no longer includes
neurologic symptoms or abnormalities outside of those associated with a coma.
Prior to the 2014 malaria case definition revision, cerebral malaria was defined as
severe malaria in which patients who were not comatose also exhibited neurologic
symptoms (e.g., headache, neck stiffness, drowsiness, agitation, delirium, febrile
convulsions, focal neurologic signs, or behavioral disturbances). Neurologic
symptoms were eliminated from the case definition because high fever alone,
which is a common symptom of malaria, is known to produce mild impairment of
consciousness (sometimes referred to as delirium, obtundation, obnubilation, con-
fusion, and psychosis) (WHO, 2014). The removal of other neurologic symptoms
or abnormalities from the case definition also allowed for comparability of clini-
cal findings associated with severe malaria. Because it is difficult to differentiate
between the symptoms caused by high fever and those caused by severe malaria,
removing fever from the case definition allows for more precise diagnostic criteria
in which fever is removed as a potential confounder.

Although WHO’s case definition for severe malaria no longer includes
neurologic symptoms not directly associated with coma, several studies have
found that many survivors of severe malaria can develop long-term physiologic
damage resulting in neurologic and cognitive deficits (Idro et al., 2006, 2010,
2016; John et al., 2008). Studies examining the relationship between uncompli-
cated malaria and long-term neurologic and psychiatric effects have been incon-
clusive (Dugbartey et al., 1998; Fernando et al., 2003).

In addition to neurologic and cognitive deficits that may be caused by clinical
malaria, the Centers for Disease Control and Prevention (CDC) has reported that
it has potential for other long-term health consequences as well. Serious long-
term health effects can include severe anemia, rupture of the spleen, nephrotic
syndrome, hyperreactive malarial splenomegaly, severe disease in a pregnant
mother, premature birth or low-birth-weight infants, and recurrence of malaria
infection. These symptoms can lead to severe disability and may even result in
death if malaria infections remain untreated. Prompt and adequate treatment can
prevent the development of these more serious health consequences (CDC, 2019a).

Infectious Agents

There are five species of the Plasmodium parasite that are known to cause dis-
ease in humans: Plasmodium falciparum, Plasmodium vivax, Plasmodium ovale,
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Plasmodium malariae, and Plasmodium knowlesi. Figure 2-1 summarizes the life
cycle of all Plasmodium parasites, although the specific details of the progression
through the cycle vary among the five species. A result of this variation is that the
timelines for symptom presentation and the targets of drug actions differ among
the species (CDC, 2019a).

After the Plasmodium parasite enters the human body, it migrates to the
liver and begins invading hepatocyctes; this is the exo-erythrocytic phase of the
Plasmodium life cycle. Once in the hepatocytes, the incubation period varies,
resulting in different timelines being observed between infection and the presenta-
tion of symptoms for different infective species. The P. falciparium, P. malariae,
and P. knowlesi species enter the incubation period, and over the next several days
replicate thousands of times inside the hepatocytes. The increasing parasitic load
inside liver cells eventually causes the hepatocyte to swell and rupture, releasing
thousands of parasites into the bloodstream. Once in the bloodstream, the parasite
enters into the erythrocytic phase of its life cycle and continues replicating within
the body (Moss and Morrow, 2014).

By contrast, P. vivax and P. ovale can, after invading the hepatocytes, either
continue to progress through the life cycle (like P. falciparum, P. malariae, or
P. knowlesi) or become hypnozoites and lie dormant within the hepatocyte for up
to several years before reactivating and resuming their development, subsequently
causing clinical symptoms of malaria. During this dormant period P. vivax and
P. ovale hypnozoites remain undetectable by the human immune system or any
current diagnostic techniques. These hypnozoites can differentiate at any time into
the next stage of the life cycle, at which point they are released into the blood-
stream (Moss and Morrow, 2014). Importantly, not all dormant parasites differenti-
ate at the same time. This means some of the dormant parasites may differentiate
and continue through the parasite life cycle, while others may remain dormant and
undetectable. This complicates the prophylaxis and treatment needed for these two
Plasmodium species; therefore, prophylactics that target the exo-erythrocytic stage
of the Plasmodium life cycle are critical for preventing infection with P. vivax and
P, ovale.

PROPHYLACTIC ANTIMALARIAL DRUGS

As described in Chapter 1, the antimalarial drugs covered by this report are
those that are currently available and approved by the Food and Drug Administra-
tion (FDA) as of 2019 for malaria prophylaxis in adults and that are currently being
used, or that have been used in the past 25 years by U.S. military personnel for
malaria prophylaxis. Specifically, they are mefloquine, tafenoquine, atovaquone/
proguanil (A/P), doxycycline, primaquine, and chloroquine.
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FIGURE 2-1 Life cycle of the Plasmodium parasite.

NOTES: “The malaria parasite life cycle involves two hosts. During a blood meal, a
malaria-infected female Anopheles mosquito inoculates sporozoites into the human host Q.
Sporozoites infect liver cells  and mature into schizonts 9, which rupture and release
merozoites @. (Of note, in P. vivax and P. ovale a dormant stage [hypnozoites] can persist
in the liver [if untreated] and cause relapses by invading the bloodstream weeks, or even
years later.) After this initial replication in the liver (exo-erythrocytic schizogony E), the
parasites undergo asexual multiplication in the erythrocytes (erythrocytic schizogony L=1).
Merozoites infect red blood cells €. The ring stage trophozoites mature into schizonts,
which rupture releasing merozoites ©. Some parasites differentiate into sexual erythrocytic
stages (gametocytes) @. Blood stage parasites are responsible for the clinical manifes-
tations of the disease. The gametocytes, male (microgametocytes) and female (macro-
gametocytes), are ingested by an Anopheles mosquito during a blood meal ©. The
parasites’ multiplication in the mosquito is known as the sporogonic cycle [ while in
the mosquito’s stomach, the microgametes penetrate the macrogametes generating zygotes
©. The zygotes in turn become motile and elongated (ookinetes) '@, which invade the
midgut wall of the mosquito where they develop into oocysts W!. The oocysts grow, rup-
ture, and release sporozoites @, which make their way to the mosquito’s salivary glands.
Inoculation of the sporozoites @ into a new human host perpetuates the malaria life cycle”
(CDC, 2017).

SOURCE: CDC, 2017.
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Differences Between Causal Prophylaxis, Suppressive Prophylaxis,
Presumptive Anti-Relapse Therapy, and Treatment of Malaria

There are two types of prophylaxis used to prevent the development of clinical
malaria: causal and suppressive. Briefly, causal prophylaxis is begun in persons free
of infection, and it prevents the formation of both tissue schizonts in the liver and hyp-
nozoites of the malaria parasite. Suppressive prophylaxis refers to drugs that act only
on parasites within the red blood cells (Schwartz, 2012). Neither type of prophylaxis
prevents human infection with Plasmodium parasites; instead, the drugs inhibit the
Plasmodium parasite’s ability to further establish infection, replicate, and cause clinical
disease; the drugs are also used to prevent recurrence of malaria. Two other categories
of antimalarial drugs are approved for use by FDA: those for presumptive anti-relapse
therapy (PART) and drugs for treatment of malaria. Precise definitions that clearly
explain the differences between the different types of prophylaxis were not available
from CDC, WHO, or FDA. As a result, the following definitions were compiled from
other sources.

Richter et al. (2016) defines recurrence of malaria as a clinical malaria attack
after it has been treated. Recurrence is further differentiated into recrudescence
and relapse. Recrudescence is defined as “malaria recurrence originating from
subclinical low-level circulating asexual erythrocytic stages, and the Plasmodium
species associated with recrudescence are genetically identical to the ones of the
first attack” (Richter et al., 2016, p. 2140). Relapse is defined as “malaria recurrence
originating from the latent Plasmodium tissue stages (hypnozoites) associated with
P, vivax and P. ovale species, and the Plasmodium species associated with relapse are
heterologous and differ from those causing the first malaria episode” (Richter et al.,
2016, p. 2140); however, relapses may be genetically identical, if the initial infec-
tion was monogenomic. Recrudescence is often linked to the failure or low efficacy
of suppressive antimalarial prophylaxis, whereas relapse can be associated with the
inappropriate use of suppressive prophylaxis for the prevention of hypnozoites from
P, vivax or P. ovale infection or with the failure of causal prophylaxis.

Causal Prophylaxis

Of the six drugs included in this report, three exhibit causal prophylactic activ-
ity: A/P, primaquine, and tafenoquine. A/P exhibits causal prophylactic activity only
against P, falciparum, and it is not effective against hypnozoites associated with P,
ovale or P, vivax. Causal prophylaxis, also called exo-erythrocytic stage prophylaxis,
kills the Plasmodium parasite before it can complete its development in the liver,
thereby inhibiting the parasite’s ability to replicate or cause clinical disease (60
Degrees Pharmaceuticals, 2018). The use of causal prophylaxis to prevent infection
with P, vivax and P. ovale is critical; these species can remain dormant in the liver for
long periods (up to several years) after an infection occurs and can result in relapse
of disease. Causal prophylaxis should be taken for 7-14 days after returning from
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an area with endemic malaria because the parasites are killed early in their life cycle
and they never enter the bloodstream. Figure 2-1 illustrates the way in which causal
prophylaxis interferes with the exo-erythrocytic phase of the Plasmodium life cycle
(A; steps 1-4). Because causal prophylaxis acts on the exo-erythrocytic stage of the
life cycle, it can prevent human infection by all Plasmodium parasites. It is believed
that causal prophylactic drugs work by interfering with some key cellular processes
necessary for replication and cell survival, including deoxyribonucleic acid (DNA)
replication and mitochondrial function (Schwartz, 2012).

Suppressive Prophylaxis

Whereas some of the drugs used for causal prophylaxis also demonstrate
suppressive prophylactic activity (e.g., A/P, primaquine, and tafenoquine), meflo-
quine, chloroquine, and doxycycline are defined exclusively as suppressive anti-
malarial prophylactic drugs. Suppressive prophylaxis has no effect on Plasmodium
parasites until the liver phase of the life cycle is complete and the parasite has
invaded red blood cells. Suppressive prophylaxis is ineffective against hypnozoites
of P, vivax or P. ovale, but it will kill P, vivax or P. ovale parasites that have entered
the bloodstream (Schwartz, 2012). Figure 2-1 shows how suppressive prophylaxis
interferes with the erythrocytic phase of the Plasmodium life cycle (B; steps 5-7).
Taking suppressive prophylaxis as directed will suppress the symptoms of malaria
in individuals who are infected with the malaria parasite. However, if suppressive
prophylaxis is not taken as directed, symptoms of the disease will likely appear.
Because these drugs act only on parasites in red blood cells, an individual must
take them for 4 weeks after leaving an area with endemic malaria in order to
eliminate parasites that may appear in the bloodstream during that time (Moss
and Morrow, 2014).

The mechanisms of action for suppressive prophylactic drugs vary but are
known to include blocking the production of hemozoin, which is a chemical that
the parasite produces to protect itself from the toxic products produced as a result
of its digestion of hemoglobin by turning them into a non-toxic compound; inhib-
iting vesicle functions that may interfere with phospholipid metabolism; binding
to and altering the parasite’s DNA; blocking transcription and translation of DNA
into RNA and proteins; and impairing the expression of the apicoplast (a collec-
tion of structures present in Plasmodium parasites that allows for the invasion
of host cells and the establishment of the parasite—host interaction) genes in the
parasite, resulting in the inability of the parasite to replicate its DNA (Parhizgar
and Tahghighi, 2017).

Presumptive Anti-Relapse Therapy

PART, also known as terminal prophylaxis, is the use of an antimalarial drug
toward the end of the exposure period (or immediately thereafter) to prevent relapses
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or the delayed onset of clinical malaria caused by hypnozoites (dormant exo-eryth-
rocytic stages) of P. vivax or P. ovale. PART is generally indicated for people who
have had prolonged exposure in malaria-endemic areas (such as military personnel,
Peace Corps volunteers, or missionaries) (CDC, 2019a). Two of the drugs included
in this report, primaquine and tafenoquine, can be used both as primary prophylaxis
and as PART. When used for PART, these drugs are often given in combination with
chloroquine or another blood schizonticide. PART is an important factor in prevent-
ing relapse of malaria. Because PART agents act on both the exo-erythrocytic and
erythrocytic stages, they affect the malaria life cycle at the same points as causal and
suppressive prophylactic agents (see A and B in Figure 2-1).

Treatment

An inherent distinguishing factor between the prophylaxis and the treatment
of malaria is how the antimalarial drugs are used: prophylaxis prevents disease,
while the goal of treatment is to cure infection. Each of the drugs included in this
report can be used for either prophylaxis or treatment; however, the dosage at
which each drug is used for the treatment of malaria is significantly higher than
when it is used for prophylaxis. For example, the treatment dose of A/P is four
times higher than its prophylactic dose. As a result of the higher blood concentra-
tions achieved with treatment regimens, adverse events may occur with treatment
that are not observed when the drug is used for prophylaxis, or adverse events
may be more severe in their presentation (Arguin and Magill, 2017; CDC, 2019b).
Whereas the FDA package insert for A/P lists diarrhea, dreams, oral ulcers, and
headache as common adverse events (>4% of adults) when A/P is used as directed
for prophylaxis, the common (>5% of adults) adverse events when A/P is used for
treatment include abdominal pain, nausea, vomiting, headache, diarrhea, asthenia,
anorexia, and dizziness (FDA, 2019).

Distinguishing Between the Different Classes of Antimalarial Drugs

The antimalarial drugs under consideration in this report belong to several
drug classes (based on chemical structure): 8-aminoquinolines (primaquine and
tafenoquine), 4-aminoquinolines (chloroquine), tetracyclines (doxycycline), and
quinoline methanols (mefloquine). A/P is a combination drug: atovaquone belongs
to the class of naphthoquinones and proguanil is a synthetic arylbiguanide (anti-
folate). The adverse events of a given drug are often difficult to predict a priori,
but sometimes the compounds of a certain drug class result in common adverse
events. However, even though numerous non-antimalarial drugs contain quinoline
(or quinolone) substructures, these structurally diverse drugs have adverse event
profiles that are distinct from those of the antimalarial quinolines discussed in
this report. The following text explains the different mechanisms of action that
each drug class exhibits on the Plasmodium parasites; however, it is important
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to note that each drug class also exhibits unique pharmacokinetic and pharmaco-
dynamic properties once inside the human body. The differences are not limited
to the characteristics observed at a drug class level, but are also observed between
individual drugs within the same drug class. Detailed information on the different
pharmacokinetic and pharmacodynamic properties of each drug are presented in
each drug-specific chapter.

8-Aminoquinolines

The 8-aminoquinoline class of antimalarials is unique in that it owes its
ability to prevent the relapsing forms of malaria by acting against the malaria
hypnozoites that lie dormant in the liver (Marcsisin et al., 2014). Primaquine,
the prototype 8-aminoquinoline, was developed in 1945 and has prophylactic
activity against the liver stage of all malaria parasites, against the asexual and
sexual stages of P. vivax, P. ovale, P. malariae, and P. knowlesi, and the sexual
stages of P. falciparum (it is only weakly active against the asexual blood stages
of P. falciparum), and it has radical curative activity in P. vivax and P. ovale
malaria. It is the most widely used 8-aminoquinoline for malaria prophylaxis,
but its exact mechanism of action is still unknown. Primaquine localizes within
the Plasmodium mitochondria and impairs the mitochondrial metabolism, which
suggests drug-induced mitochondrial dysfunction as a potential mechanism of
action (Schlagenhauf et al., 2019).

In general, 8-aminoquinolines are metabolized by the cytochrome P450
CYP2D family (particularly CYP2D6), which is required for both their anti-
malarial activity and their toxicity. Several possible modes of action on the
parasite have been proposed. One hypothesis is that active metabolites of
8-aminoquinolines may lead to mitochondrial dysfunction (Schlagenhauf et al.,
2019) and the alteration of intracellular membrane structures in both erythrocytic
and pre-erythrocytic stages of the parasite. Another hypothesis is that the highly
reactive metabolites generate intracellular reactive species, which cause oxidative
damage. The primaquine metabolite, 5-hydroxyprimaquine, and its downstream
oxidation products such as the corresponding 5,6-orthoquinone (Fasinu et al.,
2019) cause a substantial generation of reactive oxygen species, most notably
hydrogen peroxide (Camarda et al., 2019). This leads to the killing of the malaria
parasite (Camarda et al., 2019), methemoglobinemia (Liu et al., 2011), and oxida-
tive damage to the erythrocyte cytoskeleton (Bowman et al., 2005).

Tafenoquine was first identified in 1978, but it was only recently approved
(2018) for the prophylaxis and radical cure of malaria. Clinical trials of tafenoquine
have not definitively determined whether it works via a causal or a suppressive
prophylaxis mechanism (Baird, 2018). Tafenoquine is substantially more active
against the erythrocytic stages of the Plasmodium life cycle than primaquine,
and it is more slowly metabolized with a terminal elimination half-life of 14-17
days. Tafenoquine is active against all pre-erythrocytic and erythrocytic forms of
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human malaria as well as against the gametocytes of P. falciparum and P. vivax
(FDA, 2018a).

Neither the precise mechanism of action of tafenoquine nor its molecular target
have been determined. In vitro studies with the erythrocytic forms of P. falciparum
suggest that tafenoquine may exert its effect by inhibiting hemozoin formation
and inducing apoptotic-like death of the parasite (FDA, 2018b; Vennerstrom et
al., 1999). This may explain why tafenoquine is active against the asexual blood
stage of parasites, unlike primaquine, which does not inhibit hemozoin formation
(Ebstie et al., 2016). Otherwise, the mechanism of action of tafenoquine is similar
to that of primaquine (Ebstie et al., 2016) in which the spontaneous oxidation
of metabolites generates hydrogen peroxide and hydroxyl radicals. The reactive
oxygen species generated through P, falciparum ferredoxin-nicotinamide adenine
dinucleotide phosphate (NADP") reductase and diflavin reductase enzymes are
thought to result in parasite death, a theory that is supported by the upregulation of
these enzymes in tafenoquine-sensitive stages of the parasite (Ebstie et al., 2016).

One limitation of antimalarial 8-aminoquinolines is that they are contra-
indicated in people who have the X-linked glucose-6-phosphate dehydrogenase
(G6PD) genetic defect. GOPD deficiency is the most common genetic human
enzyme disorder, with 186 genetic variants that have been described. It is esti-
mated to affect more than 400 million people worldwide, most of them in malaria-
endemic areas and most commonly in males (Nkhoma et al., 2009). G6PD is the
key enzyme in the oxidative pentose phosphate pathway. It converts NADP* into
its reduced form, NADPH. NADPH is essential for protection against oxida-
tive stress in erythrocytes. G6PD deficiency causes an increased susceptibility
of erythrocytes to hydrogen peroxide and other reactive oxygen species which
can lead to hemolysis (the rupture of red blood cells and release of their contents
into the plasma) and hemolytic anemia (red blood cells being destroyed faster
than they can be replaced), which in turn can lead to other serious complications,
including arrhythmias, cardiomyopathy, heart failure, and death (NIH, n.d.; Peters
and Van Noorden, 2009). The extent of hemolysis depends on the dose and dura-
tion of drug exposure and the degree of GO6PD deficiency. Persons with >80% of
normal red-blood-cell GO6PD activity are considered to be G6PD normal (WHO,
2016a). Males with <10% normal red-blood-cell G6PD activity are regarded as
G6PD deficient; females with 30-80% of normal red-blood-cell G6PD activity
are considered to be G6PD intermediate, and those with <30% are regarded as
G6PD deficient. A study of more than 63,000 U.S. military personnel determined
that 2.5% of men and 1.6% of women were G6PD deficient, with most of them
having a moderate level of deficiency (Chinevere et al., 2006). The highest rates
of deficiency were seen in African American men (12.2%) and women (4.1%) and
Asian men (4.3%).

WHO recommends the use of ultraviolet spectrophotometry as the gold
standard for measuring G6PD activity; however, this technique requires technol-
ogy that is not suitable for field development or point-of-care testing. As a result,
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the most commonly used field test for G6PD deficiency is the fluorescent spot
test (FST), a semi-quantitative assay that requires minimal laboratory supplies
and does not require expertise for result interpretation. Several qualitative tests
have been recently introduced that have better operational characteristics and
similar detection capabilities as the FST. These tests can only distinguish G6PD
homozygous females and hemizygous males with intermediate enzyme activities
above 30% of normal from G6PD-normal individuals. Because G6PD deficiency is
linked to the X chromosome, females can present with homozygous, heterozygous,
or normal G6PD gene expression. The commonly used field tests are insufficient
for detecting GO6PD activity in heterozygous females with intermediate enzyme
activities that fall outside of the 30% of normal threshold. As a result, heterozygous
females may express G6PD-deficient characteristics that are not detected by the
currently available field testing procedures (Ley et al., 2017); the presentation of
these false-negative results may lead to inadvertent exposure to 8-aminoquinoline
antimalarial drugs and their subsequent adverse events (Peters and Van Noorden,
2009). Recently, researchers have also begun exploring quantitative testing that
can be administered in resource-limited settings; however, many of these tests are
still in development or are undergoing evaluation (Pal et al., 2019).

Methemoglobinemia, usually mild and reversible, is a well-characterized
feature in recipients of 8-aminoquinolines at therapeutic dosing (Baird, 2019).
Methemoglobinemia occurs when the level of methemoglobin in red blood
cells exceeds 1%, which can lead to decreased availability of oxygen to tissues
(Denshaw-Burke et al., 2018). Severe methemoglobinemia can lead to compli-
cations, including abnormal cardiac rhythms, altered mental status, delirium,
seizures, coma, and profound acidosis; if the level of methemoglobin in red blood
cells exceeds 70%, death can result.

4-Aminoquinolines

As reviewed by Foley and Tilley (1998) and O’Neill et al. (2006), chloroquine,
which was first discovered in 1934, is the prototype 4-aminoquinoline antimalarial
drug. Both enantiomers of the racemic chloroquine have equivalent antimalarial
activity. Chloroquine is active against the erythrocytic stages of all species of
malaria, and it is also active against the gametocytes of P, vivax, P. malariae, and
P, ovale. 1t is a diprotic weak base, and it works by concentrating in the parasite
food vacuole and binding tightly to hematin as it is formed during the digestion of
hemoglobin by the parasite. The binding of chloroquine to hematin interferes with
the assembly of hematin into the non-toxic hemozoin, or malaria pigment, and this
may increase the intrinsic toxicity of hematin to the parasite. As reviewed by Ecker
etal. (2012), drug resistance to chloroquine in P. falciparum is mediated primarily
by mutant forms of the chloroquine resistance transporter (PfCRT). These mutant
forms of PfCRT effectively efflux chloroquine from the parasite digestive vacuole,
the site of the drug’s action. Mutations in PfCRT allow the parasite to persist at
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drug levels that kill chloroquine-sensitive parasites. Some researchers have sug-
gested that chloroquine-sensitive P. falciparum is returning in parts of Africa due
to the discontinuation of the widespread use of chloroquine in the early 1990s,
which may have resulted in the parasite’s reversal to a chloroquine-sensitive
state (Schlagenhauf et al., 2019). Individuals who have G6PD deficiency should
be closely monitored while receiving chloroquine because of the potential for
hemolysis to occur; however, significant hemolysis is rare when the drug is given
at prophylactic and therapeutic doses (Schlagenhauf et al., 2019).

Quinoline Methanols

Mefloquine is a synthetic structural analog of quinine (Hellgren et al., 1997).
Mefloquine, as well as the other antimalarial quinolines such as chloroquine, pri-
maquine, and tafenoquine, differs considerably from quinine with respect to both
its mechanistic biology and the adverse events associated with its use. Further-
more, as numerous non-antimalarial drugs also contain quinoline substructures,
overgeneralizations about adverse events of quinolines as a group are unwarranted
(Dorwald, 2012). Mefloquine, a quinoline methanol, was first identified as a com-
pound with antimalarial activity in animal models in the 1960s and was approved
for prophylaxis and the treatment of malaria in humans in 1984. Mefloquine
consists of a 50:50 racemic mixture of the erythro isomers available as tablets
containing 250 mg of mefloquine salt. The formulation of mefloquine available in
the United States contains 250 mg of mefloquine hydrochloride.

Mefloquine is a potent, long-acting blood schizonticide that is effective
against all malarial species that infect humans (Schlagenhauf et al., 2010); how-
ever, it has no activity against the liver stages of parasite development (Palmer et
al., 1993). Both the (+) and the (—) enantiomers are active against P. falciparum,
but a higher activity for (+) mefloquine has been reported (Hellgren et al., 1997).
One major reason for its importance in the malaria-prophylaxis armamentarium is
its efficacy against chloroquine-sensitive and chloroquine-resistant P. falciparum,
(Palmer et al., 1993), although resistance of P, falciparum to mefloquine is known
to exist in parts of Cambodia, Laos, Myanmar, Thailand, and Vietnam (CDC,
2019a). The exact mechanism of action is unclear, but it is thought that inhibiting
hemozoin formation in the P, falciparum food vacuole causes a toxic accumulation
of the highly reactive hematin moiety, which in turn kills the parasite; oxidative
damage is believed to play a role (Ridley et al., 1997; Sullivan et al., 1998). One
study has found that in addition to inhibiting hemozoin, mefloquine can induce
apoptosis in Plasmodium species by activating metacaspase and reactive oxygen
species production (Gunjan et al., 2016). More recently, mefloquine was found to
act by targeting the P. falciparum 80S ribosome to inhibit protein synthesis (Wong
etal.,, 2017).
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Antibiotics

Tetracyclines are a class of broad-spectrum antibiotic drugs that are used
to treat a wide range of illnesses. Tetracyclines were first investigated for their
antimalarial potential in the 1960s after the emergence of chloroquine-resistant
P. falciparum parasites. The tetracycline drug doxycycline is a slow-acting
schizonticidal agent. In addition to its activity against the erythrocytic stage of
the parasite, doxycycline is thought to possess some pre-erythrocytic (causal)
activity, but efficacy studies found unacceptably high failure rates for its use as
a causal prophylactic. There is very limited evidence concerning doxycycline’s
effect on gametocytes of Plasmodium species, and it has been shown to have
no effect on the hypnozoites. In one study that examined gametocytemia and
doxycycline, P. vivax gametocytemia increased from 32% pre-treatment to 44%
immediately post-treatment, and the median gametocyte clearance time was
62 hours. Gametocytemia has no clinical implications, but malaria may still be
transmitted through mosquitoes if they bite an individual being treated for malaria
with doxycycline (Tan et al., 2011).

Although doxycycline is known to be a blood schizontocide, the exact mecha-
nism of its action is not well defined (Schlagenhaufet al., 2019). In P. falciparum,
doxycycline impairs the expression of apicoplast genes, leading to nonfunctional
apicoplasts in subsequent progeny, and it impedes the development of viable para-
sites. Doxycycline’s antimalarial actions may be similar to its bacteriostatic actions
of binding to ribosomal subunits and inhibiting protein synthesis, but this has only
been observed in suprapharmacologic doses (Tan et al., 2011).

Combinations (Antifolates)

Atovaquone/proguanil (A/P) is a fixed drug combination made from atova-
quone and proguanil for the prophylaxis of P. falciparum malaria. Atovaquone is
a hydroxynaphthoquinone, and proguanil is a synthetic arylbiguanide (antifolate);
the two drugs work synergistically against the erythrocytic stages of all the
Plasmodium parasites and against the liver stage (causal prophylaxis) of P. falci-
parum. A/P is not active against hypnozoites in P, vivax or P. ovale, and it does not
prevent relapse infections (Nixon et al., 2013).

Atovaquone acts by inhibiting the Plasmodium species’ mitochondrial elec-
tron transport at the cytochrome bc, complex, which collapses mitochondrial
membrane potential. The electron transport system of the Plasmodium spe-
cies is 1,000 times more sensitive to atovaquone than this system in mammals,
which is thought to explain the selective action and limited adverse events of
the drug (Schlagenhauf et al., 2019). Inhibition of the Plasmodium bc, complex
by atovaquone affects the concentrations of metabolites in the pyrimidine bio-
synthetic pathway and in the biosynthesis of purine, both of which are required for
DNA replication in the Plasmodium parasite (Boggild et al., 2007). Proguanil is
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metabolized to cycloguanil, which inhibits dihydrofolate reductase, resulting in an
impeding of the synthesis of folate cofactors required for parasite DNA synthesis.

When atovaquone and proguanil are given in combination, both in vitro and in
vivo studies have found the mechanism of action to be synergistic between the two
of them (Canfield et al., 1995; Looareesuwan et al., 1999). This leads to high cure
rates of P. falciparum malaria, even in cases where the parasites have developed
a resistance to cycloguanil conferred by DHFR mutations (Gay et al., 1997). The
cause of the synergy between proguanil and atovaquone is thought to be found
in the biguanide mode of action, not in the action of its metabolite(s) (Srivastava
et al., 1999). Proguanil acts synergistically with atovaquone in individuals with
proguanil-resistant parasites or in those who are unable to metabolize proguanil
to cycloguanil because of CYP450 enzyme deficiencies (Helsby et al., 1990;
Looareesuwan et al., 1999).

MILITARY USE OF ANTIMALARIALS

Malaria has affected almost all U.S. military deployments, actions, and
overseas exercises since the American Civil War (see Table 2-1), and despite
advances in antimalarial drugs and improvements in preventive equipment and
supplies, it remains an ongoing threat (IOM, 2006). The number of malaria cases
in U.S. service members varies each year and recently has ranged from a high of
124 cases in 2011 to a low of 30 cases in 2013 and 2015 (AFHSC, 2013, 2014,
2015,2016; WHO, 2016b). A 65% increase in reported cases of malaria in military
service members was reported between 2017 (35 cases) and 2018 (58 cases), and
more than 25% of the cases in 2018 were due to P. falciparum, the most severe
species of malaria (AFHSB, 2019). Successful control of malaria in the military
demands effective prophylactic interventions, force-wide education about malaria
and prevention, and prophylactic adherence by individual service members.

Keeping abreast of malaria medically and technologically has been a con-
tinuing effort for the U.S. military. During World War II the Japanese blockade of
Javanese and Philippine quinine sources, Germany’s monopoly on manufacturing
available quinine and the antimalarial quinicrine (also known as mepacrine and
under the trade name Atabrine), and intelligence that Germany was synthesizing
new antimalarials all served to compel the United States to attempt to synthesize
quinicrine based on a drug sample and to spur the United States and its allies to
focus research into new synthetic antimalarials (IOM, 2006; Kitchen et al., 2006).

By 1942, the United States had successfully synthesized quinicrine, and U.S.
service members were receiving it. The antimalarial research program, a collabo-
ration among the military, scientific institutions, universities, and pharmaceutical
firms, was established in 1941. Two of its early discoveries were chloroquine,
which is effective against P. falciparum and which the U.S. military began using
in 1945, and primaquine, which is effective against P. vivax and was first used on

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/25688

Assessment of Long-Term Health Effects of Antimalarial Drugs When Used for Prophylaxis

BACKGROUND 39

TABLE 2-1 Major U.S. Military Actions, Deployments, or Overseas Exercises
in Locations with a Malaria Threat, 1861-2003

Location Year Threat Morbidity and Mortality
Civil War 1861-1865 P vivax, 1.3 million cases, 10,000 deaths®
(Union) P. falciparum
Panama Canal 1904-1914 P vivax, 1906 malaria rate 1,263/1,000/year
P. falciparum 1913 malaria rate 76/1,000/year”
P, vivax Estimated 5,000 cases overseas
WWI 1914-1918 P, falciparum 1917: 7.5/1,000/year in United States®
WWII 1939-1945 P, vivax 600,000 cases mostly in Pacific theater. In

some areas of South Pacific malaria rates
were 4,000/1,000/year (4 cases per person
per year) (Downs et al., 1947)

Korean War 1950-1953 P, vivax Malaria rate 611/1,000/year
3,000 cases in troops returning to United
States?
Vietnam War  1962-1975 P, falciparum, 100,000 cases®
P. vivax 1.7/1,000 case fatality rate

Hospital admissions 27/1,000/year
1965 malaria rate for U.S. Army forces:
98/1,000/year

1970: 2,222 cases (mostly P. vivax)
Treated in United States

Panama 1988-1989  P. falciparum Action primarily in Panama City

Persian Gulf 1991 P, vivax Few cases in northern Iraq, Kurdish area

Somalia 1992-1994 P, falciparum, 48 cases; 243 cases in forces on return home
P, vivax (CDC, 1993)

Nigeria 2001 Chloroquine-resistant ~ Special forces 7 cases (2 deaths in 300 men)
P. falciparum

Afghanistan 2003 P, vivax, 8 cases in 725 Ranger task force members®
chloroquine-resistant ~ (Kotwal et al., 2005)
P, falciparum

Liberia 2003 P. falciparum U.S. marines 80/290 (28% attack rate) with

40 Marines evacuated by air to Germany

Iraq War 2003— P. vivax Few cases

@ Records for the Confederate forces were difficult to find (probably not kept). One example in
South Carolina was 42,000 cases in 18 months in 1862—1863. (Malaria was endemic in the United
States until the late 1940s.)

b 1913 malaria rate drop was due to control measures enforced by Colonel Gorgas.

¢ Malaria rate for troops training and/or garrisoned in southern states.

4 In troops returning home there were at one point 629 cases/week.

¢ Some operational areas were intense: Ia Drang Valley (1966) malaria rate 600/1,000/year, equiva-
lent of 2 maneuver battalions rendered inoperative.

/In Bardera in 1993 where malaria is hyperendemic: 53/490 cases in Marines.

¢ Attack rate (June—September 2002) 52.4/1,000/year.

SOURCE: I0M, 2006.
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U.S. ships returning from Korea in 1951 (Brundage, 2003; IOM, 2006). By the
early 1960s, P. falciparum resistance to chloroquine had been reported in South
America, Southeast Asia, and Oceania (CDC, 2018; Kitchen et al., 2006). By 1962,
the “C-P pill,” a combination tablet of chloroquine and primaquine, had become
the standard prophylactic regimen for soldiers in Vietnam. In 1963, however, the
increasing toll of chloroquine-resistant P. falciparum in service members in Viet-
nam led to the launch of the U.S. Army Medical Research Program on Malaria
at the Walter Reed Army Institute of Research (Brundage, 2003; IOM, 2006;
Ockenhouse et al., 2005). Within 10 years, 27 new drugs or drug combinations had
been developed, including dapsone, mefloquine, and halofantrine, which appeared
to be the answers to chloroquine-resistant P. falciparum (Brundage, 2003; IOM,
20006). In 1966 dapsone was added to the C-P tablet given to troops at high risk of
chloroquine-resistant P. falciparum (Brundage, 2003); hydroxychloroquine may
also have also been used in Vietnam and during the Korean War, although records
are unclear.!

In the late 1960s mefloquine was developed by F. Hoffmann-LaRoche in col-
laboration with the Walter Reed Army Institute and WHO (Kitchen et al., 2006).
It was approved in 1989, was likely used by the military as early as 1990, and
was used during Operation Restore Hope in Somalia (1992—-1993) and Operation
Iraqi Freedom (OIF; 2003-2011) (Kitchen et al., 2006, Sanchez et al., 1993).2
Mefloquine was used as a first-line prophylactic agent only for deployments to
certain high-malaria-risk areas in sub-Saharan Africa, such as for the Liberian
Task Force in 2003, and it was used as a second-line agent in OIF and Operation
Enduring Freedom (OEF) (Wiesen, 2019). The military began testing doxycycline
for malaria prophylaxis in 1985, but it was not used routinely for prophylaxis until
1992 in Somalia (Sanchez et al., 1993; Wallace et al., 1996).3 Doxycycline was used
as the first-line agent in OIF (2003—2007) and OEF (2001—present), and it continues
to be used in deployments to malaria-endemic regions (DoD, 2013).

A 2009 Department of Defense (DoD) memorandum advised that in chloro-
quine-resistant areas where doxycycline and mefloquine are equally efficacious,
and when personnel have a history of neurobehavioral disorders, doxycycline
should be the first-line agent and A/P the second-line agent, and in those who
cannot take doxycycline or A/P, mefloquine should be used very cautiously and
with clinical follow-up (DoD, 2009). The memo also stated, presumably regard-

! Personal communication to the committee, COL Andrew Wiesen, M.D., M.P.H., Director, Preven-
tive Medicine, Health Readiness Policy and Oversight, Office of the Assistant Secretary of Defense
(Health Affairs), April 16, 2019.

2 Personal communication to the committee, COL Andrew Wiesen, M.D., M.P.H., Director, Preven-
tive Medicine, Health Readiness Policy and Oversight, Office of the Assistant Secretary of Defense
(Health Affairs), April 16, 2019.

3 Personal communication to the committee, COL Andrew Wiesen, M.D., M.P.H., Director, Preven-
tive Medicine, Health Readiness Policy and Oversight, Office of the Assistant Secretary of Defense
(Health Affairs), April 16, 2019.
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ing personnel with no history of neurobehavioral disorders, that mefloquine
should only be used by those with contraindications to doxycycline and without
contraindications to mefloquine. A 2013 DoD memo stated that doxycycline and
A/P were to be considered first-line agents in chloroquine-resistant areas, with
mefloquine reserved for use by those intolerant to or with contraindications to both
doxycycline and A/P (DoD, 2013). A/P was approved in 2000, but its use in mili-
tary service members was not significant until 2013, when it joined doxycycline
as a first-line choice for chloroquine-resistant areas (DoD, 2013). The military
medicine concept of force health protection is defined as “all measures taken by
commanders, supervisors, individual service members, and the military health
system to promote, protect, improve, conserve, and restore the mental and physical
well-being of service members” (Raczniak et al., 2019). Force health protection
policy positions in DoD are issued as directives and instructions and include the
use of antimalarial drugs for prophylaxis. Although policy may be made at higher
levels, the final decision to use malaria prophylaxis under force health protection
is made by commanders in the field, guided by their medical staff (Raczniak et
al., 2019). Final decisions regarding malaria prophylaxis policy can be directed by
authorities at other levels as well.

When malaria prophylaxis is indicated, service members are required to
receive it under proper medical supervision. If a drug is medically contraindicated,
alternative agents may be used if they are available, and the unit medical officer
is to document those who have not received standard preventive measures so that
they may receive additional monitoring or treatment if they become ill. However,
while ordinary travelers are encouraged to adhere to malaria prophylaxis, military
personnel are required to do so. Moreover, military personnel often use malaria
prophylaxis for longer periods than travelers (many deployments are for 1 year or
more), and they do so under demanding, stressful, and dangerous circumstances
(Fukuda et al., 2018).

Unlike the case with individual travelers, large military operations have
operational constraints related to their forward planning. It is not easy to make
rapid changes in policy concerning the widespread use of new medications,
particularly when large numbers of personnel are deployed at short notice from
a number of locations around the world. Moreover, many military missions to
endemic areas are in places of conflict, where malaria control measures have been
interrupted or impaired (Pergallo, 2001).

Current DoD policy requires that troops sent to endemic areas use personal
protective measures, such as sleeping under mosquito nets, wearing insecticide-
impregnated uniforms, using insect repellent (i.e., DEET [N,N-diethyl-3-
metatoluamide]), and taking malaria prophylaxis drugs as prescribed. Although
these requirements are particularly important for troops stationed in endemic
areas for long periods of time, some individuals with certain military occupations,
such as pilots and aircrews who transport goods and people and make short trips
(generally less than 24 hours) to malaria-endemic areas, are subject to different
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requirements. For example, mefloquine is not approved for prophylactic use in
pilots (DelJulio, 2016).

Adherence to Malaria Prophylaxis

One of the most important factors in choosing among the several drugs avail-
able for malaria prophylaxis is understanding the dosing regimen required to
effectively prevent the development of clinical malaria. Efficacy rates are lower
for individuals who incorrectly use antimalarial drugs than for those who use them
correctly (Cunningham et al., 2014; Goodyer et al., 2011; Saunders et al., 2015).
Although the terms adherence and compliance are often used interchangeably, the
two terms are not synonymous. Medication adherence, as defined by WHO, is “the
degree to which the person’s behavior corresponds with the agreed recommenda-
tions from a health care provider.” To assess adherence, investigators typically
consider whether individuals actively fill or pick up newly prescribed medications
from a pharmacy, or instead refill existing prescriptions on time (National Stroke
Association, 2012). Compliance refers to the extent to which a person’s behavior
matches the prescriber’s advice (Horne, 2006). Therefore, compliance refers to
how much and how often an individual ingests a medication compared with the
dosing regimen dictated on the medication’s prescription label, packaging, or
FDA package insert. It is important to distinguish between drug adherence and
drug compliance because they may affect not only the efficacy of a drug but also
the adverse events that may be associated with the drug’s use. Despite this, many
publications mix the terms. To avoid confusion, the committee preferentially uses
the term “adherence” throughout the report when referring to behaviors regarding
use of the antimalarial drugs of interest.

Adherence to prophylactic antimalarial drug regimens is often suboptimal.
Studies specifically examining adherence in the case of drugs used for malaria
prophylaxis have reported several reasons for the low rates of adherence, including
forgetfulness, fear of adverse events, discomfort of swallowing or of swallowing
too many pills, receiving inaccurate pre-travel advice from nonmedical or medi-
cal professionals, incorrect risk perception, failure to take any prophylaxis, and
inaccurate understanding of malaria transmission (Adshead, 2014; Behrens et al.,
1998; Cunningham et al., 2014; Goodyer et al., 2011; Hopperus Buma et al., 1996;
Huzly et al., 1996; Landman et al., 2015; Laver et al., 2001; Ollivier et al., 2008;
Phillips and Kass, 1996; Ropers et al., 2008; Saunders et al., 2015). In studies of
people who are employed by or participate in organizations in which the use of
antimalarial drugs for prophylaxis is required (e.g., military, Peace Corps, Depart-
ment of State), reported adherence rates may be inflated. The dosing regimens
vary for each antimalarial drug, so that adherence is more achievable for some
drugs than others. For example, doxycycline and A/P must be taken every day,
whereas mefloquine and tafenoquine only need to be taken once a week. One
study of U.S. soldiers serving in Afghanistan in 2007 found that 60% were fully
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adherent with daily doxycycline and 80% reported full adherence with weekly
mefloquine (Saunders et al., 2015). Similar rates of low adherence have been
reported in other international military forces. In 2006 a study of French troops
using daily doxycycline for prophylaxis found that 63.4% were nonadherent, based
on measured plasma concentrations of doxycycline (Ollivier et al., 2008), while
Dutch marine battalions stationed for 6 months in Cambodia reported 86.3% fully
adhered with weekly mefloquine prophylaxis (Hopperus Buma et al., 1996). FDA
and drug manufacturers note that even for individuals who adhere completely
to drug dosing regimens, no drug is 100% efficacious, and it is still possible to
develop clinical symptoms of malaria. Therefore, in addition to using antimalarial
prophylaxis, the use of other preventative measures is recommended.

In malaria-endemic areas, DoD policy dictates that such personal protective
measures as insect repellent (most commonly DEET), bed nets, and permethrin-
impregnated uniforms be used in addition to a malaria prophylactic drug. Although
DEET is known to be effective against mosquitos and other insects, during some
deployments, such as Somalia, troops did not like that DEET caused dust to cake
on the areas of exposed skin where it was used (Ledbetter et al., 1995). Similarly,
the operational work and living environments of military personnel do not always
lend themselves to the appropriate use of protective measures. For example, bed
nets were reportedly not used in some combat environments for fear that the
poles that bed nets were suspended on made the troops larger targets to the enemy
(Ledbetter et al., 1995). One survey of U.S. soldiers who served in Afghanistan
found that only 1% reported consistent use of bed nets, 4% reported consistent use
of mosquito repellent, and 31% reported that all of their uniforms had been treated
with permethrin; however, 44% and 20% of the survey respondents reported that
bed nets and skin repellents, respectively, had not been issued during the deploy-
ment (Saunders et al., 2015).

While real or perceived side effects and adverse events of drugs used for
malaria prophylaxis are common reasons given for the lack of adherence to them,
other factors may contribute, especially during deployments. Forgetfulness, espe-
cially when troops have irregular schedules, have little or disrupted sleep, or go
on leave, is common (Hopperus Buma et al., 1996; Ledbetter et al., 1995; Mayet
etal., 2010; Saunders et al., 2015). Other reasons for a lack of adherence that have
been reported in the published literature include not believing malaria is a serious
threat or that the threat was “over,” or accidently laundering pills (Hopperus Buma
et al., 1996; Ledbetter et al., 1995; Saunders et al., 2015). Unit commanders may
require that the taking of antimalarials is directly observed by unit medical person-
nel to improve adherence.

Concurrent Exposures of Military Service

This section focuses on the many natural and anthropogenic exposures that
U.S. service members and veterans may have experienced that may confound
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associations between the use of antimalarial drugs and long-term health outcomes.
As those antimalarial drugs that have been used in the past 25 years are of highest
interest to the Department of Veterans Affairs (VA), this would include their use in
service members who were deployed in support of OEF, OIF, and Operation New
Dawn (OND) in Iraq and Afghanistan as well as surrounding areas included in the
Southwest Asia Theater of Operations* and also peacekeeping, humanitarian, and
engineering activities in Haiti, Liberia, Somalia, and other malaria-endemic areas
around the world. Concurrent military exposures of the 1990-1991 Persian Gulf
War (Operation Desert Storm and Operation Desert Eagle) are also considered
because the antimalarials used for prophylaxis were chloroquine (DoD, 1993; VA,
1993) and doxycycline (Thornton et al., 2005) depending on the service branch
and unit commander, with some reports of mefloquine use as well (see Kotwal et
al., 2005), and these are antimalarial drugs that VA considers to be of high interest.
Some of the potentially confounding exposures were unique to specific conflicts,
such as the numerous oil-well fires and their smoke, the release of the nerve agents
sarin and cyclosarin, and the use of pyridostigmine bromide as a prophylaxis for
the nerve agents in the 1990-1991 Persian Gulf War. Other exposures, such as
vaccinations against anthrax and botulinum, while uncommon, were used in the
Persian Gulf War as well as the recent conflicts in Iraq and Afghanistan.

Understanding the adverse health effects of military service requires
examining a combination of many complex issues, some of which may occur
simultaneously for an individual. Some of these issues are explored below (and are
based on information found in the National Academies Gulf War and Health report
series as well as in several other reports that examined the health effects related
to myriad exposures that service members received during their deployments).
These issues include exposure to multiple biologic and chemical agents, combat
and other psychologic stressors, the deployment environment, and individual
variability factors.

Environmental and Chemical Exposures

During deployments, service members may have had a variety of environmen-
tal exposures related to their deployment including solvents, fumes from kerosene
heaters in unvented tents, and exposure to petroleum-based combustion products
including diesel fuel and leaded gasoline that were used in cooking stoves and
portable generators and to suppress sand and dust in desert environments and aid
in the burning of waste and trash in open air burn pits. Such combustion products
may contain many hazardous agents such as polyaromatic hydrocarbons, dioxins,
furans, and methane.

4 VA defines the Southwest Asia Theater of operations to include the following locations: Iraq, Kuwait,
Saudi Arabia, Bahrain, Gulf of Aden, Gulf of Oman, Oman, Qatar, and the United Arab Emirates; the
waters of the Persian Gulf, Arabian Sea, and the Red Sea; and the airspace above these regions.
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In areas of conflict, pesticide exposures are generally widespread among
troops as their units attempt to resist the local insect and rodent populations. DEET
and permethrin-impregnated uniforms are nearly ubiquitous in deployments to
Southeast Asia, Southwest Asia, and Africa. Other pesticides that have been report-
edly used, particularly in Iraq and Afghanistan, include methyl carbamates (e.g.,
proxpur, carbaryl), organophosphates (e.g., chlorpyrifos, diazinon, malathion),
pyrethroids, lindane, and chlorinated hydrocarbons (DoD, 2001; RAND, 2000).
However, objective information regarding individual levels of pesticide exposure
is generally not available, and reports by individual veterans as to their use of and
possible exposure to pesticides are subject to considerable recall bias.

Many environmental and chemical exposures could be related to particular
activities related to a service member’s or veteran’s military occupational spe-
cialty. In the conflicts in Iraq and Afghanistan, the majority of occupational chemi-
cal exposures appear to have been related to repair and maintenance (chlorinated
hydrocarbons), sandblasting (abrasive particles), vehicle repair (carbon monoxide
and organic solvents), weapon repair (lead particles), and welding and cutting
(chromates, nitrogen dioxide, and heated metal fumes). In addition, troops painted
vehicles and other equipment used in the Persian Gulf region with a chemical-
agent-resistant coating either before they were shipped to the Persian Gulf or while
they were at ports in Saudi Arabia. Working conditions in the field were not ideal,
and recommended occupational-hygiene standards might not have been followed
at all times (NASEM, 2016).

In addition to the requirements for service members to be up to date on
standard vaccines, certain military deployments require additional vaccines or
prophylactic agents, such as for cholera, meningitis, and typhoid. Deployment to
malaria-endemic locations, such as Southwest Asia, Southeast Asia, and Africa,
require the issue of an approved antimalarial drug. In some combat theaters
additional protective measures may be needed. For example, during the 1990-
1991 Persian Gulf War, about 150,000 troops received anthrax vaccine and about
8,000 troops received botulinum toxoid vaccine, although medical records from
this period are notably lacking information regarding who received these vaccines,
how frequently the vaccines were administered, or the timing of vaccinations
relative to other putative exposures (IOM, 2000).

Some environmental exposures resulted from the conflict itself, such as
exposures to the depleted uranium used in munitions, excessive heat or humidity,
additional vaccines administered, and smoke from open burn pits. Some of
the exposures could be constant, such as dust, heat, and pesticides, while other
exposures were intermittent or infrequent.

Combat Exposures

Although modern warfare has resulted in fewer deaths and casualties than
earlier conflicts—those in Vietnam and Korea, World War I and World War 11—
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there are numerous opportunities for exposure to potentially harmful situations
during deployment. Combat is widely acknowledged to be one of the most intense
experiences that a person can have and may include many threatening situations
such as killing or attempting to kill an enemy; being shot at by others; exposure to
dead and wounded comrades, enemy combatants, and civilians; and being injured.
For the 1990-1991 Gulf War and the OEF/OIF/OND conflicts, these situations
included being in the vicinity of Scud missile explosions, contact with improvised
explosive devices, contact with prisoners of war, direct combat duty, coming under
small-arms fire, having artillery close by (Hoge et al., 2004; Kang et al., 2000;
Unwin et al., 1999), and the fear of terrorist or chemical attacks. Many surveys
have been conducted to assess veterans’ combat experiences and exposures (e.g.,
Millennium Cohort Study, National Health Survey of Gulf War Era Veterans and
Their Families, National Health Study for a New Generation of U.S. Veterans),
and in nearly all of them, veterans have reported exposure to a wide variety of
threatening or harmful situations during their deployments. In one study that con-
ducted a survey of the combat experiences and mental health problems of Army or
Marine Corps service members deployed to either OEF or OIF, researchers found
that many of the respondents indicated having had several of these experiences.
For example, among the marines deployed to Iraq (n = 815), 97% reported being
shot at or receiving small arms fire, 95% reported being attacked or ambushed,
94% reported seeing dead bodies or human remains, and 92% reported receiving
incoming artillery, rocket, or mortar fire. Although the percentages were slightly
lower, soldiers deployed to Iraq (n = 894) also indicated having had similar combat
experiences (Hoge et al., 2004).

Psychological Stressors

Deployment to a war zone in general, and combat exposure in particular, may
result in psychiatric and physical sequelae among service members. In addition to
the cramped and uncomfortable living conditions, the many potential environmen-
tal and chemical exposures, and the threat of combat, a variety of other stressors
may also exert psychologic effects. Rapid mobilization may exert additional sub-
stantial pressure on those who are deployed, disrupting lives and separating fami-
lies. Uncertainty about the duration of deployment was a continuing concern for
U.S. troops during the Gulf War, OEF, and OIF, particularly during the early phases
of the buildup. For the large numbers of reservists and National Guard members
who were mobilized, there was added uncertainly about whether their jobs would
be available when they returned to civilian life (VA, 2011). Although better mecha-
nisms for and access to communication with family in the United States exist than
was the case for earlier conflicts such as Vietnam, deployment can still add to the
stress of maintaining family relationships, particularly for reserve and National
Guard personnel who may not have deployed with a familiar or cohesive unit.
Surveys of both active-duty and reserve and National Guard soldiers deployed to
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Iraq in support of OIF found that the most important noncombat stressors were
deployment length and family separation (MHAT, 2006a,b). Stressful working
conditions, disrupted sleep patterns, and prolonged separation from families may
exacerbate the psychological stressors (Adshead, 2014).

Although historically women who served in the military were not allowed
to serve in direct combat specialties, they were deployed in combat support roles
as administrators, air traffic controllers, logisticians, ammunition technicians,
engineering equipment mechanics, ordnance specialists, communicators, radio
operators, drivers, law enforcement specialists, aviators, and guards. Still others
served on hospital, supply, oiler, and ammunition ships or served as public affairs
officers and chaplains (DoD, 2004), and they experienced many of the same
exposures and stressors as men when deployed. In addition, several studies of
deployment experiences found that female military personnel were more likely to
experience sexual harassment and assault than male personnel (Goldzweig et al.,
2006; Kang et al., 2005; Vogt et al., 2005; Wolfe et al., 1998).

Following deployment, many veterans experience high levels of stress during
the transition to civilian life (IOM, 2008, 2013; Mobbs and Bonanno, 2018). In
particular, coming-home experiences may be challenging, with numerous stressors
including relationships with spouses and family, and parenting roles (Mobbs and
Bonanno, 2018; Steenkamp et al., 2017). Some of these coming-home stressors
may be related to the military experience itself. Vietnam veterans, for example,
frequently experienced social rejection and were stereotyped for being perceived
as harming vulnerable Vietnamese populations, which placed them in a difficult
position on top of other mental health issues they were experiencing (Marmar et
al., 2015; Steenkamp et al., 2017). With a better understanding of those experi-
ences by policy makers and professionals, Iraq and Afghanistan service members
were treated more positively; however, a host of highly needed resources, such
as access to mental health care, legal help, and vocational opportunities, has been
limited (IOM, 2013). Whereas the lifetime prevalence of posttraumatic stress dis-
order (PTSD) in U.S. adults was estimated to be 6.8% according to the National
Comorbidity Survey—Replication (Harvard Medical School, 2007), the prevalence
of PTSD among post-9/11 veterans is much higher. Among post-9/11 veterans
using VA health services, nearly one-quarter of them had a diagnosis of PTSD
(IOM, 2014). Similarly, a meta-analysis of PTSD prevalence in post-9/11 veterans
that included 33 studies published between 2007 and 2013 involving 4,945,897
OEF/OIF veterans estimated the overall prevalence of PTSD among these veterans
to be 23% (Fulton et al., 2005). Despite some resources and programs available for
returning veterans, the stresses of deployment and reintegration elevate their risk
for a host of military-related psychiatric problems, including PTSD, depression,
anxiety disorder, substance abuse, and suicidal ideation and attempts (Pietrzak et
al., 2009; Thomas et al., 2017).
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Living Conditions

Combat troops deployed to the conflicts in Southwest Asia were often
crowded into warehouses and tents upon arrival in the Persian Gulf region and
then often moved to isolated desert locations (NASEM, 2016). Most troops lived in
tents and slept on cots lined up side by side, affording virtually no privacy or quiet.
Sanitation was often primitive, with strains on latrines and communal washing
facilities. Hot showers were infrequent, the interval between laundering uniforms
was sometimes long, and desert flies were a constant nuisance, as were scorpions
and snakes. Military personnel worked long hours and had narrowly restricted
outlets for relaxation. Troops were ordered not to fraternize with local people,
and alcoholic drinks were prohibited in deference to religious beliefs in the host
countries. A mild traveler’s type of diarrhea affected more than half of the troops
in some units; one study of ground forces found that 57% of those surveyed had
experienced at least one episode of diarrhea within the first 2 months of deploy-
ment and of those, 20% were unable to perform their military duties while affected
(Hyams et al., 1991). Among British and Australian medical teams that were
part of the coalition forces, 69% of British troops and 36% of Australian troops
experienced diarrhea, with some episodes lasting for several days (Rudland et al.,
1996). Fresh fruits and vegetables from neighboring countries were identified as
the cause and were removed from the diet. Thereafter, the diet consisted mostly of
packaged foods and bottled water.

Depending on the deployment location, weather may create additional
stressors. During the summer months in Iraq, the air temperatures could reach
as high as 115°F and the sand temperatures as high as 150°F. Except for coastal
regions, the relative humidity was less than 40%. Troops had to drink large
quantities of water to prevent dehydration. Although the summers were hot and
dry, temperatures in winter in Iraq and Afghanistan were low, with wind chill
temperatures at night dropping to well below freezing. Wind and blowing sand
made the protection of skin and eyes imperative. Goggles and sunglasses helped
somewhat, but visibility was often poor.

Interindividual Variability

Differences among people in their genetic, biologic, psychologic, and social
vulnerabilities add to the complexity of determining health outcomes related to
specific agents (NASEM, 2016). The likelihood of observing a particular health
outcome may differ for people with increased sensitivity to an agent, such as G6PD
deficiency as described earlier in the chapter. For example, a person who is a poor
metabolizer of a particular substance, depending on his or her genetic makeup, might
be at higher or lower risk for specific health effects if exposed to the substance.

All antimalarial drugs used for prophylaxis in adults are prescribed as fixed
dose regimens in which the amount of drug (e.g., one tablet) and unit of time (e.g.,
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once daily, weekly) is specified. For example, the recommended dosing for A/P is
one tablet (250 mg atovaquone and 100 mg proguanil) per day beginning 1-2 days
before entering and continuing throughout the stay, and for 7 days after leaving an
endemic area. Consistent with FDA indications, the same fixed dose is prescribed
to all adult individuals, regardless of sex, weight, or age. As such, certain anti-
malarials may be more likely to be associated with side effects or adverse events
in people with certain demographic characteristics. For example, among people
who use mefloquine, more women report adverse events than men. Because in
general women weigh less than men and have a smaller vascular volume, a fixed
dose tablet of an antimalarial may result in higher plasma levels of the drug in
people of lower weight (women) than in people of heavier weight (men). Some
studies have shown that adverse events are related to the concentration of drug
in the blood (Schwartz et al., 2001), not to the absolute dose of drug delivered.
Therefore, if the target of drug delivery was for a specific plasma level across all
adult users, then the drug would have to be dosed on a mg/kg basis. Since the
goal of prophylaxis is protection against malaria, the fixed dose was determined
based on the pharmacokinetic studies of a dose that offers the best combination of
protection and tolerability and that was easy to mass produce.
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Identification and Evaluation
of the Evidence Base

In this chapter the committee describes its two-phase approach for identifying
and screening the literature and other existing evidence addressing potential long-
term adverse health effects of the antimalarial drugs of interest. The process that the
committee used to assess individual studies, including considerations concerning
specific methodologic factors (such as study design, exposure assessment,
outcomes assessment, and potential biases), is presented along with the types of
studies identified and considered. How these methodologic considerations were
applied to interpret the evidence is presented in the specific antimalarial drug
chapters. The chapter concludes with a discussion on the process and classification
system used to draw conclusions regarding the strength of evidence concerning the
long-term health effects associated with the drugs of interest.

IDENTIFICATION OF THE EVIDENCE

The committee was tasked with comprehensively reviewing, evaluating, and
summarizing the scientific literature related to long-term health effects that might
be related to the use of currently available drugs for the prophylaxis of malaria in
adults. Because some terms are used interchangeably in the literature, the commit-
tee endeavored to be as precise as possible in its terminology, and thus it adopted
the definitions in Box 3-1 and uses them throughout the report. A conservative
cutoff time of 28 days (which was considered equivalent to expressions of 4 weeks
or 1 month) post-cessation of drug use was used to distinguish between events that
are of short-term duration (and thus considered to be outside of the committee’s
scope) and those that are persistent or of long-term duration. The 28-day cutoff
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was chosen because it allowed for a sufficient washout period for the drugs of
interest (the longest half-lives are approximately 14 days for both mefloquine and
tafenoquine). Long term has been used in the literature with different interpreta-
tions. Given that prophylactic drugs for malaria should be used for the duration
of a stay in a malaria-endemic area (as well as for multiple days or weeks after
leaving the endemic area, depending on the antimalarial used), “long term” may
refer to the timing of the drug use rather than to the timing of events that persist
after drug use has been terminated. Therefore, the committee preferentially uses
persistent to describe those adverse events that began during the period of drug use
and that continued after drug cessation and beyond the period that the drug would
still be present, which is defined as >28 days post-cessation. Adverse events that
occur or change in their severity with prolonged use of an antimalarial drug are
considered to be acute events because they occur while the drug is in use; if they
do not persist once the use of the drug has ceased, they are outside the committee’s
charge of examining the evidence related to persistent health effects. Events that
occur during drug use or that continue for a period extending from a few hours
to less than 28 days after drug cessation have been referred to in the literature as
acute or short-term events, but the committee uses the term concurrent events. The
committee uses concurrent to identify events that begin with the use of a drug, not
outcomes that may be present before use is begun (e.g., an individual starts a drug
and then displays symptoms of hypertension rather than has hypertension and then
starts a drug). Latent events refer to those adverse events that were not apparent
during the period that the drug was in use but that were present at any time after
the cessation of malaria prophylaxis. The focus of the assessment was on research
that examined persistent or latent adverse events, both of which indicate the pres-

BOX 3-1
Common Terms Used Throughout the Report

Adverse event: Any unfavorable and unintended sign (e.g., an abnormal labora-
tory finding, symptom, or disease) associated with the use of a drug, without any
judgment about causality or relationship to the drug.

Concurrent event: Incident adverse event that arises during antimalarial
prophylaxis use or within 28 days of use.

Latent event: Incident adverse event that arises following the cessation of anti-
malarial prophylaxis use and that may become persistent.

Persistent event: Incident adverse event that arises during the antimalarial
prophylaxis use and continues at least 28 days post-cessation.
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ence of adverse health outcomes that extend beyond the period during which the
user was taking the drug.

To begin, the committee oversaw extensive searches of the scientific and
medical literature using a comprehensive strategy. Although antimalarial drugs
used by the U.S. military currently or within the past 25 years were the primary
focus, the committee’s review also included studies of antimalarials used for
prophylaxis in populations other than U.S. service members or veterans.

Literature Search Strategy

Under the direction of the committee, a National Academies of Sciences,
Engineering, and Medicine staff research librarian conducted comprehensive
electronic searches of the medical and scientific literature using three primary
databases: TOXLINE, Index Medicus, and Embase. These three searchable data-
bases index biologic, chemical, medical, and toxicologic publications. If any of
the search terms were included in the title, abstract, or key words of the article (or
the full text if available for search), the article was included in the results of the
search. Search terms included full and abbreviated chemical names, common and
manufacturer trade names, and the chemical abstracts service numbers for each
of the antimalarial drugs of interest. A multi-purpose field code was included in
the search parameters to ensure that all of the synonyms for the drugs of interest
were retrieved in the searches. The search strategy was designed to ensure that all
potentially relevant articles were captured, and it was not restricted by specific
dates, publication types, populations, or species (experimental animal studies were
included). The language was restricted to English.

For those drugs of interest that are indicated for uses other than malaria
prophylaxis, additional terms and MeSH! descriptors were added. For example,
doxycycline is approved for many uses, and more than 5,500 titles and abstracts
were initially captured, so the search was revised to include additional terms
related to “prophylaxis” and “malaria.” As a result, the identified list was reduced
to a more manageable 2,200 publications which were more likely to be relevant,
while avoiding concerns about excluding any potentially relevant articles. Any
adaptations made regarding the search strategy or screening criteria for a drug is
discussed in the drug-specific chapters that follow.

Using the search terms in Box 3-2, the databases were searched twice. The first
search of the literature included the earliest date of the database up to December
2018. A subsequent search was conducted in August 2019 to capture any relevant
articles published or indexed after the initial search through July 31, 2019.

! MeSH descriptors are sets of terms naming descriptors in a hierarchical structure that permits
searching at various levels of specificity. For example, MeSH terms for “malaria” include nine terms
such as “falciparum,” “vivax,” and “Blackwater fever,” without those terms having to be specified
individually.
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BOX 3-2
Generic and Trade Names of Antimalarial Drugs and CAS
Numbers
Drug Name Chemical Abstract Service Numbers
Atovaquone/Proguanil 156879-69-5
Malarone®
Doxycycline 564-25-0, 24390-14-5,
Acticlate®, Vibramycin®, 17086-28-1,10592-13-9,
Doryx®, Vibra-Tabs®, 94088-85-4
Doryx® MPC,
Doxycycline hyclate
Chloroquine 54-05-7, 50-63-5, 3545-67-3
Aralen®,
Chloroquine phosphate
Mefloquine 53230-10-7, 51773-92-3
Lariam®,
Mefloquine hydrochloride
Primaquine 90-34-6, 63-45-6
Primaquine phosphate
Tafenoquine succinate 106635-81-8, 106635-80-7
Arakoda™,
Krintafel™

TOXLINE (1840s—present) is a bibliographic database published by the
National Library of Medicine which contains more than 4 million records, with
new records added weekly. The database contains an assortment of citations from
specialized journals and other sources including PubMed citations. It provides
references covering the biochemical, pharmacologic, physiologic, and toxicologic
effects of drugs and other chemicals. Most of TOXLINE’s bibliographic citations
contain abstracts or indexing terms and chemical abstract service registry numbers.

Index Medicus, a second database produced by the National Library of Medi-
cine, covers citations indexed in PubMed and Medline. Citations in PubMed are
fully indexed from 1966 to the present and selectively from 1809 to 1966, with a
total of more than 25 million records. Index Medicus covers scientific literature in
the areas of medical, biomedical, and life sciences and provides automatic map-
ping of search terms with MeSH terms. The focus of citations found in PubMed
includes “in process” or “before print” citations as well as some citations from
non-medical journals (particularly in public health, social science, psychology,
and sociology) and ebooks (including several reports from the National Academies
of Sciences, Engineering, and Medicine [the National Academies]). Medline
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(1946—present) contains more than 22 million records on medical and biomedical
sciences from approximately 5,600 journals (most of which are published in the
United States).

Embase is an Elsevier database that contains more than 30 million records
from more than 8,500 journals from at least 90 countries and is available by sub-
scription through a number of interfaces, including the OVID interface that was
used for the committee’s searches. Citations cover all those indexed in Medline
as well as more than 2,000 additional drug and pharmacy journals, which include
journals published outside the United States, and 260,000 conference abstracts.
The citations are fully indexed from 1947 to the present and selectively back from
1947 to 1902. This database is considered one of the most important databases for
identifying studies typically associated with evidence-based practice, including
meta-analyses, systematic reviews (such as those reviews by Cochrane), random-
ized controlled trials, cohort studies, case—control studies, case series, and other
epidemiologic publications. Embase is also an extremely important database for
identifying grey literature, such as reports from the Food and Drug Administration
(FDA) and the National Institutes of Health.

Two supplemental databases of malaria-specific literature (the Malaria in
Pregnancy Consortium library> and WWARN.org) were also searched using the
generic and trade names for each antimalarial of interest. WWARN.org maintains
a clinical trials publication library and a pharmacology publication database.
Potentially relevant articles that were not captured by the search were also
identified by searching the reference lists of relevant review and research articles.

Several types of publications were captured: epidemiologic studies, case
reports and case series, clinical trials, laboratory animal studies, in vitro studies,
reviews, meta-analyses, summaries of expert meetings, clinical and travel-based
guidelines, conference abstracts, commentaries, and letters to the editor. Exact
duplicate articles were deleted. An individual EndNote library was set up for each
of the six drugs of interest. If an article examined multiple drugs, the article was
placed into the library of each drug examined. For example, if a study examined
mefloquine and atovaquone/proguanil, it was placed into both the mefloquine and
atovaquone/proguanil libraries for further review. A study that reported on multiple
drugs of interest was assessed for relevance in each of those chapters.

Use of Other Sources

In addition to carrying out the comprehensive literature search for studies that
contained original data collection and analysis, the committee considered other
sources of information in their deliberations, including review articles, national
and foreign government reports, responses to committee-generated information

2 See http:/library.mip-consortium.org/index.php?home (accessed November 4, 2019).
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requests, and information submitted by the public through invited presentations,
comments, and data submissions.

Reviews and Other Non-Original Data Collection

Peer-reviewed studies with original data collection and analyses were pre-
ferred over studies that were re-analyses of a population (without the incorporation
of additional information), pooled analyses or meta-analyses, reviews, and so on.
Studies with original data were preferentially considered by the committee when
assessing the strength of the association between an antimalarial of interest and a
persistent or latent health outcome to draw its conclusions. These other types of
studies and publications may be informative and may be discussed in conjunction
with primary results or in synthesis sections on a given drug or health outcome.

Systematic reviews, such as those published by the Cochrane Collaboration,
on topics of interest were also considered part of the evidentiary base. Although
the committee did not assess review articles exhaustively, it did consider them
for specific topics, such as the known biologic mechanisms of action and the
pharmacokinetic and pharmacodynamic properties of the antimalarials of inter-
est and their concurrent adverse events. Commentaries, opinions, letters to the
editor, and author responses that referred to an included article were captured
and considered along with the original article. National and global recommenda-
tions on malaria prophylaxis (by the Centers for Disease Control and Prevention
[CDC], World Health Organization, European Union, etc.) were reviewed when
they specifically reported on the rationale for changes to the recommendations
for antimalarial prophylaxis. Data presented only in abstract form, such as from
conferences, or in other unpublished formats were not included.

Grey Literature

Formal government reports on the drugs of interest from U.S. agencies
or foreign governments were reviewed. Individual reports on adverse events
from the FDA Adverse Event Reporting System (FAERS) were not requested
or reviewed. However, if a publication used FAERS reports or the equivalent
from other countries as part of its analysis, the committee considered it. The
committee downloaded available drug labels and package inserts from FDA’s
website for each of the drugs of interest. These were used to provide information
concerning specific changes and updates to the use of the drug or the warnings
and contraindications associated with it. Package inserts are listed on the webpage
with an action date, but the date provided in the downloaded package-insert
document may occasionally differ from the action date posted on the webpage
(e.g., a downloaded document listed as the 1989 mefloquine package insert was
a July 2002 revision). Occasionally a downloaded document contained no date
(e.g., the template’s “month/year” placeholder is not filled). Additional requests

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/25688

Assessment of Long-Term Health Effects of Antimalarial Drugs When Used for Prophylaxis

IDENTIFICATION AND EVALUATION OF THE EVIDENCE BASE 63

for information were made to FDA, the Department of Defense (DoD), and the
Department of Veterans Affairs (VA). Those requests and the received responses
are part of the committee’s public access file. The received information was
integrated with the other evidence for drugs of interest.

Invited Presentations

As part of fulfilling its Statement of Task, the committee held two open
sessions to assist in information gathering which served to inform the discussions
throughout this report. The first presentation was made by representatives of VA
to formally charge the committee with their Statement of Task and to answer
clarifying questions related to the charge. The committee heard from presenters
from DoD, the Department of State, and the Peace Corps with knowledge of
malaria prophylaxis policies. In addition to presentations focused on the malaria
prophylaxis policies of different government agencies, representatives from
FDA gave an overview of the FDA’s postmarketing pharmacovigilance system
of adverse events and of how that information is used to monitor for signs of
safety issues. A representative of CDC explained how the agency assembles
and weighs data for making country-specific recommendations for malaria
prophylaxis for U.S. travelers. Since those recommendations are based largely on
the published literature, the second part of the CDC presentation reviewed some
of the common strengths and limitations of pertinent literature. The committee
heard from an advocacy organization that presented a hypothesis for the existence
of a neuropsychiatric disease that the organization believes to be associated with
the use of mefloquine prophylaxis in U.S. military service members. Finally, the
committee heard a detailed presentation on the neurotoxic mechanisms of some
antimalarials, particularly artemisinins. A more detailed summary of each invited
presentation is found in Appendix B.

Public Comments

Each open session included time for attendees to make statements for the
committee’s consideration. Additionally, for the duration of the deliberation
process, members of the public were encouraged to submit data and testimonials
to the committee through the study email. Many of the public comments received
and the in-person statements given described personal experiences of persistent
effects following the use of mefloquine for malaria prophylaxis while the individual
was serving in the military, the Department of State, or the Peace Corps or during
personal travel. Several of those who testified on their experiences with mefloquine
asked the committee to clearly communicate any limitations of the data used to base
its conclusions, and to convey its thinking on research that may still be needed.

During the course of its work, the committee read and heard many moving
personal accounts of individuals suffering from debilitating symptoms after using
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certain antimalarial drugs. The committee appreciated the opportunity to hear
these accounts firsthand and understood the tremendous effort and strength that
was required to speak publicly about these very personal experiences. Although
the committee was not tasked with making judgments regarding specific cases in
which individuals have claimed injury from use of an antimalarial drug, the reports
from these individuals were welcomed, and the committee appreciated their desire
to contribute in a positive way to the information gathering of the committee.

Submissions to the committee also included information on two planned
postmarketing safety studies of tafenoquine (Arakoda™); statements that veterans’
medical records submitted to FDA via MedWatch played a role in FDA’s issuing
of a boxed warning for mefloquine and that neurovestibular and neuro-ocular
symptoms associated with mefloquine are not found in the published mefloquine
literature; calls for examining the interactions of malaria-prophylactic drugs with
other drugs when considering adverse effects; and requests that all sources of
information be considered, including information from clinicians who diagnosed
mefloquine-related disorders and medical records from the War-Related Illness
and Injury clinics.

EVALUATION OF THE EVIDENCE

This section details the methods and two-step process used by the committee
for screening the results of its searches to identify potentially relevant literature
for full-text review. The first step involved screening for relevance by title and
abstract, as available. The second step entailed a full-text review to determine the
final set of studies that the committee considered, assessed, and synthesized. It was
this final set of studies that provided the basis for the committee’s conclusions on
the relationships between the use of an antimalarial drug and specific categories
of adverse health effects. The quantitative and qualitative procedures underlying
the committee’s literature evaluation have been made as explicit as possible, but
ultimately the conclusions about associations expressed in this report are based on
the committee’s collective judgment. The committee has endeavored to express its
judgments as clearly and precisely as the data allow.

Literature Screening

A total of approximately 11,700 titles and abstracts were captured in the lit-
erature search, covering all six drugs of interest. In step 1 of the process, article
titles and abstracts were screened for relevance by the National Academies’ Health
and Medicine Division staff under the committee’s direction to determine which
articles should be considered for full-text retrieval. The screening criteria are out-
lined below. For each drug, two reviewers performed the initial screening. Titles
and abstracts, where available, were reviewed to screen out articles that did not
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meet the committee’s inclusion criteria. When the two primary reviewers were
not in agreement, a third reviewer made the determination whether to include an
article. Articles that did not have abstracts were generally passed to the full-text
review stage unless the information included in the title clearly excluded the
article. Staff reviewed reference lists of reviews and original articles for relevant
articles or other information not picked up in the databases search and added these
for consideration during full-text review. Another approximately 300 articles were
identified in this way.

Because the committee’s Statement of Task specified that persistent adverse
events resulting from the prophylactic use of the antimalarials of interest in adults
were of central concern, all publications that reported on a drug of interest used
prophylactically were initially considered relevant when screening the literature.
However, the committee also set additional criteria for final inclusion. Each article
included in the final set must

» report an adverse event or effect (or if none were observed) or other health
outcome when the drug was used as a prophylaxis, regardless of the timing
of that event;

* have a comparison group;

» follow a population for more than 28 days (or reported as 4 weeks or 1
month); and

* in studies of humans, have study populations constrained to people 16
years or older. Studies of populations with mixed age groups, in which
some of the individuals were less than 16 years old, were also included.

If any of this information was not clear from the title or abstract, the article was
kept for review at the full-text stage.

Other areas were explored, although not exhaustively, using the human and
animal literature. These areas included case reports of adverse events; studies
of adherence to a drug of interest when used for malaria prophylaxis; the co-
administration of an antimalarial for prophylaxis with sporozoite immunization;
the co-administration of an antimalarial for prophylaxis with medications for other
common conditions (e.g., antimalarial with warfarin, antihypertensives, insulin,
etc.) that report on side effects or adverse events (or if none were observed); and
interactions with nonmalarial drugs, supplements, and substances (e.g., food,
alcohol, or nicotine). Studies of pharmacokinetics and pharmacodynamics,
metabolism, and biologic mechanisms of action (e.g., system pathways, cell
signaling, other biologic markers) were also included for drugs of interest or
their metabolites. Articles that examined the drugs of interest for the treatment of
malaria were considered only for tafenoquine because it was so recently approved
by FDA for use, and such articles were considered only if the reported adverse
events were not listed in the FDA package insert. For the other drugs of interest,
the discussion of adverse events when the drugs were used for treatment was
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limited to review articles and discussed as background where relevant. Studies of
pregnant women were limited to those who were taking antimalarial prophylaxis
or intermittent preventive treatment in which adverse events are specified (either
to the mother directly or to the fetus or newborn) or other reproductive outcomes
were reported. The committee recognized that the risks of adverse events of the
drugs under consideration can be influenced by a host of factors even if the specific
mechanisms are not fully understood. Where the committee thought the evidence
regarding risks to adult subpopulations with comorbid conditions (e.g., renal
failure, cardiovascular conditions, immunosuppressed, human immunodeficiency
virus positive status/acquired immunodeficiency syndrome [AIDS]) or having
specific demographic features (such as women, older or younger age groups, race
or ethnic background, etc.) was informative, these studies are briefly mentioned.
However, most of the adverse events observed in these subpopulations are based
on studies that reported concurrent use of the drug of interest and thus did not meet
the inclusion criteria (described in the next section) to be considered a primary
epidemiologic study.

Several types of articles were considered to be outside the committee’s
scope of work and were specifically excluded from consideration. These included
studies of populations administered antimalarial drugs for a use other than malaria
prophylaxis (e.g., for treatment of leishmaniasis, flukes, pneumonia, lupus,
rheumatoid arthritis, cancer, or sexually transmitted infections) because studies
of populations that use the antimalarial drugs of interest for reasons other than
malaria prophylaxis were determined not to be comparable to or representative of
the populations using the drugs for malaria prophylaxis; studies that exclusively
examined antimalarial efficacy, effectiveness or sensitivity, or drug resistance
without mentioning adverse effects (or the lack of them); trends of antimalarial
prescriptions (no adverse events reported); studies that focused solely on the
effects that an antimalarial of interest had on the malaria parasites or on the use of
an antimalarial for the purpose of reducing transmission; and studies that focused
on derivatives of the drugs of interest (such as for drug discovery) or drug-delivery
systems (e.g., carriers, encapsulations). Additionally, studies that examined the
simultaneous administration of an antimalarial drug of interest in combination
with any other antimalarial drug that is not an FDA-approved combination (e.g.,
an artemisinin and mefloquine given at the same time or as a combination pill)
were excluded.

In general, studies of recrudescence or relapse of malaria were excluded
because they were focused on efficacy. An exception to this was for studies of
primaquine and tafenoquine when they are used as presumptive anti-relapse
therapy. For these two drugs, studies of malaria relapse were included and
reviewed for other adverse events. Additionally, for these two drugs, combinations
of prophylactic drugs were included (e.g., chloroquine followed by primaquine).
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Approach to Evaluating and Assessing Individual Studies

In step 2 of the literature screening process, full text was obtained for any
articles that were considered potentially relevant after applying the step 1 screen-
ing criteria for inclusion and exclusion. The committee began its assessment of the
literature without regard to whether an association between prophylactic use of an
antimalarial and any particular health outcome was suggested in the studies, focus-
ing solely on its relevance to addressing that question. Similarly, because of the
variability in the descriptions and diagnoses of the health conditions considered in
this report, the committee made no a priori assumptions about the usefulness of any
article or report, relying solely on the methods presented to assess the contribution
of each study. Each study that met the inclusion criteria was reviewed and objec-
tively evaluated for each health outcome it presented. If a study examined more
than one drug or health outcome, it was considered separately for each drug and for
each of those outcomes. After a review of more than 3,500 full-text articles, studies
that were considered relevant were grouped and evaluated thoroughly. Full-text
articles were grouped into categories of primary or supplemental evidence. Epi-
demiologic studies that presented original information in human populations were
considered primary evidence. Supplemental or supporting literature included FDA
labels and package inserts, reviews and meta-analyses, considerations of selected
populations (such as pregnant women), case reports, additional information from
the committee’s information requests, and animal and mechanistic studies. The
articles were then distributed among the committee members according to their
areas of expertise, with at least two committee members reviewing each paper. All
adverse events were considered regardless of severity.

Supplemental Evidence

Spontaneous reports of adverse events and case studies provide the least
rigorous evidence of an effect. MedWatch, FDA’s program for postmarketing
surveillance, collects clinical information involving drugs from health care profes-
sionals and consumers through a variety of outlets, including mail, internet, and
telephone, but the largest source of postmarketing information on adverse events
is the drug companies themselves (IOM, 2007). Often reports of an adverse event
lack important details such as the duration of the event or its effects, the tests per-
formed, and if there was any follow-up. Moreover, the adverse event reported in
case reports is associated with use of the drug; the drug has not necessarily been
proven to be the cause of the adverse event.

Case reports and case series were considered when there was follow-up
that lasted at least 28 days after drug cessation, but because these reports lack
control groups, they contribute no meaningful information about the degree of
risk in a population or even to other individuals who have the same underlying
characteristics, and thus their contribution to the weight of the evidence was
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considered supportive rather than primary. Case reports of adverse events
determined to be attributed to the use of a drug of interest were captured and are
presented as supplemental information to the epidemiologic studies, specifically
when evidence of a clinician-diagnosed outcome was presented. When case
studies were reviewed, the EQUATOR consensus criteria for case studies aided
in evaluating the strength of the evidence presented (Gagnier et al., n.d.; Rodgers
et al., 2016). These criteria outline the elements that a high-quality case report
should include. Reporting of de-identified patient-specific information, primary
clinical concerns, and relevant history and previous treatments must be included,
for example. Reported diagnostic information encompasses diagnostic methods,
challenges, and reasoning. Detailed information about the intervention, follow-up,
and outcomes, including adherence and tolerability, are required. Finally, an
evaluation of the strengths and limitations, relevant medical literature, and
rationale for conclusions are necessary.

Toxicologic studies in animal models and of in vitro cell cultures are
included where appropriate to inform the understanding of pharmacokinetics
and biologic plausibility through the toxicology of the drugs and their exposure
pathways. Throughout the drug-specific chapters, pharmacokinetics refers to how
the organism (human or experimental animal model) affects the drug, including
via processes of absorption, metabolism, and excretion. Pharmacodynamic
mechanisms are covered under the heading of “Biologic Plausibility” in that
pharmacodynamics refers to how a drug affects an organism with particular
emphasis on dose-response relationships. Because these studies were considered
to provide supportive evidence, their results would not be enough to change the
level of evidence for an association.

Primary Evidence

Studies that compared different groups of human populations based on the
exposure to antimalarial drugs can be broadly classified as either observational
studies or trials. The committee refers to both types of these comparative studies
as “epidemiologic studies” throughout the report. The focus of the committee’s
assessment is on epidemiologic studies because epidemiology deals with the
determinants, frequency, and distribution of disease in human populations rather
than in individuals or in animal models, which have several limitations, as dis-
cussed below. Several types of epidemiologic studies were evaluated, including
randomized controlled trials, cohort studies, case—control studies, and cross-
sectional studies. Formal, well-designed, and well-conducted epidemiologic
studies can serve to produce evidence of associations between an exposure and
health outcomes.

For each full-text epidemiologic article that met the committee’s screening
inclusion, an additional criterion question was applied:
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Does the study provide any empirical information about adverse effects that
begin or persist, or indicate the lack of such events, following at least 28 days
after cessation (final dose) of the drug of interest?

Although for step 1 of the screening process the population had to be fol-
lowed for at least 28 days, during step 2 of the full-text review the inclusion was
strengthened to require a follow-up of at least 28 days post-drug-cessation. As
long as a study met the criteria, it was included, even if it had severe methodologic
limitations. Studies that did not follow their populations for at least 28 days after
the final dose of a drug of interest was administered or that did not distinguish the
timing of the adverse events (e.g., the follow-up time was more than 28 days after
drug cessation but the authors did not distinguish which adverse events occurred
inside and outside of the 28-day window) are briefly mentioned but are not evalu-
ated in depth. It is important to note that a study could be well designed and well
conducted but have serious limitations in its ability to provide information that had
direct bearing on the committee’s work, such as by not distinguishing the timing
of adverse events. The committee did not contact study authors for clarifications
or additional data. For example, several studies included only a brief statement
that “no serious adverse events were reported” without further explanation of what
adverse events were examined, how “serious” was defined, or what the timing of
those events was.

A total of 21 epidemiologic studies that reported on adverse events that were
captured or persisted for more than 28 days are included in this report: Ackert et
al., 2019; Andersen et al., 1998; DeSouza, 1983; Eick-Cost et al., 2017; Green
et al., 2014; Laothavorn et al., 1992; Leary et al., 2009; Lee et al., 2013; Lege-
Oguntoye et al., 1990; Meier et al., 2004; Miller et al., 2013; Nasveld et al., 2010;
Rueangweerayut et al., 2017; Schlagenhauf et al., 1996; Schneider et al., 2013,
2014; Schneiderman et al., 2018; Schwartz and Regev-Yochay, 1999; Tan et al.,
2017; Walsh et al., 2004; and Wells et al., 2006. A table that gives a high-level com-
parison (study design, population, exposure groups, and outcomes examined by
body system) of each of these epidemiologic studies is presented in Appendix C.
Although the committee considered using published tools to conduct risk-of-bias
assessments for the studies, ultimately it was unable to identify an approach that
addressed all of the committee’s needs. Instead, the committee adopted selected
components of these tools, primarily the Newcastle-Ottawa Scale (Wells et al.,
2019), and applied them in its assessment of individual studies. The PICO (Partici-
pants, Interventions, Comparisons, and Outcomes) model is commonly used for
characterizing clinical studies for formal systematic reviews and meta-analyses.
As this assessment was neither a strict systematic review nor a meta-analysis, the
committee used a modified PICO that characterized included studies according to
their study design, population, study groups, and body systems examined (see next
section on Methodologic Considerations). Based on the details of the study, the
description of how adverse events were assessed or measured, and whether it dis-
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tinguished between adverse events that began or persisted 28 days after cessation
of the drug of interest, an epidemiologic study was classified either as a primary
article, in which case it met the inclusion criteria and was thoroughly assessed, or
as a secondary supporting article, in which case it did not meet inclusion criteria
and was reviewed and more briefly described under the heading Other Identified
Studies in Human Populations. Primary articles were assessed for quality based
on the methods provided (e.g., adequate control for confounding variables, use
of adequate diagnostic instruments, use of appropriate statistical tests; see next
section, Methodologic Considerations) and the precision of the reported results.
Effect estimates, data, and units of measure are presented as reported in the cited
studies, except where otherwise noted. The responsible committee members then
presented the information from each relevant study to the full committee for
discussion, including the methods used for selecting the study populations and
conducting the research (i.e., design, population, length of follow-up, sources of
measurement for exposure and adverse events or health outcomes [such as self-
reported information, medical records, claims data, validated tests and tools, etc.],
the statistical analyses used, adjustment factors, etc.), the results, and a thorough
assessment of the strengths, limitations, and potential biases and their implication.

The committee defined a health outcome as any recognized symptom, condi-
tion, or diagnosis. As the committee’s Statement of Task specified that neurologic
and psychiatric outcomes were to be addressed, and because these outcomes were
not assessed consistently across studies, the committee adopted a rubric for cat-
egorizing the different outcomes. First, the committee considers all neurologic and
psychiatric symptoms and disorders to be brain based. The committee recognizes
that some of these experiences may not yet have empirically based neuroanatomi-
cal correlates, and it acknowledges that psychosocial factors play an etiologic role
in psychiatric symptoms and disorders, but there is generally some functional
overlap between “neurologic” and “psychiatric” symptoms and disorders. These
categories were evaluated separately, rather than as a general “neuropsychiatric”
category because of the specific charge in the Statement of Task. In that vein,
some studies reported specific [CD-9-CM? diagnoses (e.g., Anxiety Disorders
300.0X, 300.2X, 300.3X) or broad categories of ICD-9-CM disorders (e.g., Mental
Disorders 290-319), diagnosed by clinicians and coded in medical records. Out-
comes in other studies were self-reported diagnoses or symptoms of constructs
such as “anxiety,” “depression,” or “dizziness” that were not necessarily based
on standardized self-report measures of symptoms. In studies that categorized
and reported symptoms as “neuropsychiatric,” the outcomes were separated into
psychiatric or neurologic categories of disorders to the extent possible. Central and
peripheral nervous system symptoms and disorders such as headaches, confusion,
dizziness, vertigo, convulsions, and cognitive impairment were designated as
neurologic symptoms. Symptoms, disorders, and diagnoses of depression, anxiety,

3 ICD-9-CM: International Classification of Diseases, 9th Revision, Clinical Modification.
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posttraumatic stress disorder (PTSD), psychosis, and insomnia were considered to
be psychiatric outcomes.

Those epidemiologic studies that measured nonspecific outcomes, such as
biologic markers of effect (e.g., changes in pathophysiology, cell signaling, or
hormone levels and blood counts) are considered but are given less weight because
of the uncertainty of their relevance to persistent adverse events as opposed to a
recognized condition or disease. Several of the included studies assessed multiple
outcomes, whereas others focused on a specific system (e.g., cardiovascular
outcomes) or event (e.g., methemoglobin levels).

Methodologic Considerations

The human population studies that have been conducted on the persistent
adverse effects of antimalarial drugs are quite diverse in both their methods and
their quality. To assess their contribution to the overall weight of evidence concern-
ing a given drug and health outcome, it is essential to consider the quality of the
particular methods used to investigate the association because there is substantial
unevenness in the rigor and informativeness of the specific studies. While there
are textbooks that give general guidelines for epidemiologic study methods and
randomized trials (Friedman, 2015; Gordis, 2004; Rothman et al., 2012), including
those that address the interpretation of findings specifically (Savitz and Wellenius,
2016), the committee did not review these concepts in general but rather as they
applied specifically to the question at hand, that is, the persistent or latent adverse
events of antimalarial drugs.

In bringing in methodologic principles to appropriately weigh the evidence,
the committee’s intention was to do so objectively, based solely on the quality of
the methods and not on the nature or implications of the findings. Some studies
that met the inclusion criteria and are summarized in the following chapters
had a rather high level of credibility based on the quality of the work, whereas
others were virtually non-contributory based on their methods, and the commit-
tee provides the rationale by which such judgments were made. The committee
sought to be as transparent as possible in indicating the underlying bases for its
judgments. Before considering what substantive conclusions were justified based
on the research for a given antimalarial drug and health outcome, the committee
considered the overall quality of the body of available research.

In addition to the quality of individual studies, it is important to consider the
number of such studies, which also tends to be quite limited, especially for certain
antimalarial drugs. The need for replication is quite clear, and the evidence base
should ideally consist of many studies with varying strengths and limitations to
identify a pattern that can be discerned in a series of imperfect studies. To supple-
ment the information provided by epidemiologic studies, the committee drew on
knowledge of the biologic underpinnings of the phenomenon of interest, evaluat-
ing the degree to which the association of a specific drug and a specific adverse
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event is plausible based on the known biologic pathways by which such an impact
could occur. This is another aspect of the search for convergent evidence, in this
case not just across studies but across disciplines.

Given the small volume of distinct types of studies of markedly varying qual-
ity, the committee chose to summarize them by discussing each of the pertinent
studies and integrating that assessment without formal weighting by quality or
precision. Given how heterogeneous they are, the studies did not lend themselves
to pooling, and there were too few of them for more formal methods of assessing
the quality of information. Instead, for each study that met the inclusion criteria,
the study methods are described, the implications of those methods on the results
and inferences that can be made are discussed, and an assessment is presented
of the contribution that the study makes individually and in the aggregate to the
evidence base. The committee recognizes the challenges in traditional hypothesis
testing and over-reliance on “statistically significant” p values that rely on arbi-
trary cutoffs. Throughout the report the findings and results of studies are reported
as they appear in the published papers, but in drawing conclusions the commit-
tee weighted consistency of direction of associations over specific statistically
significant findings, and the body of evidence was considered as a whole. In its
examination and assessment of the available evidence, the committee was looking
for signals of associations and it endeavored to be sensitive rather than specific,
so that even isolated findings that may well reflect random error from making
multiple comparisons, or those that have not been corroborated, are reported.
Ultimately, replications of results were considered indications of stronger evidence
for an association that the committee considered in its weighing but in assessing
the rather limited literature, some of the indications may not be confirmed with
further research. The committee notes that although most of the studies reported
the results of two-sided tests, which formally assess only whether there is a dif-
ference between two groups (which could be in either direction), for simplicity
and readability the committee generally discusses the results as “increased” or
“decreased” based on the magnitude and precision of the point estimate; in doing
so it does not mean to imply that a formal one-sided hypothesis test was done
(which was never or rarely the case).

Study Design

Randomized controlled studies are considered the “gold standard” for evalu-
ating the efficacy of drugs and other therapeutic interventions. With few excep-
tions, FDA requires having this type of evidence demonstrating both efficacy and
safety before it approves a new drug for licensure. Typically licensing a new drug
requires randomized controlled clinical trials in which there is a comparison with
placebo. Such trials are often limited to healthy populations, may be too small to
detect uncommon adverse events, and may be too short to detect delayed adverse
events. In addition, clinical trials enroll volunteers who are often healthier than the
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populations that will eventually be exposed to the drugs; however, this requirement
may help to enhance generalizability to the population of interest, since military
populations also are comprised of selectively healthy individuals. Clinical trials
also often exclude individuals with specific comorbidities or other exposures that
could affect the response to the drug. Thus, large observational studies are impor-
tant complements to trials, especially when assessing drug safety.

Most drug approvals require trials with placebo comparators and the masking
of exposures to ensure unbiased reporting and an accurate assessment of symptoms
specific to the drug compared with no drug. However, important adverse events
may be missed in such placebo-controlled trials for a variety of reasons, including
the presence of symptoms that are uncommon, that are more likely in volunteers
excluded from participating (e.g., those with a history of mental illness), or that
were not specifically assessed (such as many neuropsychiatric symptoms). When
there is a specific indication for a drug, as exists for malaria prophylaxis, patients
and prescribers find it useful to make comparisons between alternative drugs to
help make the best choice of agent for individual patients. Observational studies
have the advantage of using “real-world” populations, and often include larger
numbers of exposed persons than clinical trials, but most lack a comparable non-
exposed group. Observational studies of adverse events to a drug often compare
users of one drug to those of another drug used for the same indication to help
control for factors associated with receiving care for the specific indication and
for being prescribed or filling a prescription for that indication. As such, the
comparison is limited to relative rather than absolute risks of adverse events. The
committee did not prioritize one type of exposure comparison over another (i.e.,
placebo versus another drug); instead, in its assessment, the committee used com-
parison groups as one factor to identify studies that were methodologically strong.
The synthesis was based on the strength of the evidence including consistency
between studies.

Although observational studies (cohort and case—control studies, among
others) have the advantage of evaluating people who are using the drug of interest
in real-world settings, a major challenge is identifying an appropriate compari-
son group. Ideally, the comparison group should consist of individuals who are
similar to those taking the drug in both their eligibility to take the drug of inter-
est and in their baseline risk of developing the outcomes of interest. To assess
this, it is important to have information about both groups so that the baseline
characteristics can be compared and important differences can be controlled for
when assessing adverse events following exposure. This is a challenge since some
factors associated with developing adverse events are unknown or known but not
ascertained and, if they are distributed differently in exposed and comparison
groups, can result in biased estimates of association.

Observational studies are also at risk for channeling bias. Channeling bias can
occur when different drugs with similar indications are prescribed to individuals
with different risks for potential adverse outcomes (independent of the drug). For
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example, those with a personal or family history of mental illness may avoid or
not be prescribed mefloquine, and those who want to avoid gastrointestinal distress
may avoid or not be prescribed doxycycline. There are analytic methods to help
address such imbalances, but the reasons why people receive a specific drug are
not always documented and may be difficult to account for.

Case reports and case series provide valuable information about the possibil-
ity of an adverse outcome due to a drug, but they rarely suffice to prove a causal
association. Case reports may also be helpful in defining a new syndrome (e.g.,
eosinophilic myalgia syndrome and AIDS) (Vandenbroucke, 1999). Developing
a specific case definition based on case reports may assist investigators to design
studies that can address the specific drug—disease associations of interest. How-
ever, it is important to note that serious adverse events can also occur by chance
following the introduction of any new drug or vaccine. A temporal relationship
between exposure and outcome is necessary for making a causal inference, but
given the lack of comparison to individuals without exposure to the drug, it is not
sufficient. FDA may require drug labeling changes to include information from
case reports if the outcomes reported are serious or if they are frequently reported
following that drug exposure. However, further evidence, such as from random-
ized trials or rigorous non-experimental studies with carefully selected comparison
groups, is usually needed to determine whether the drug is causally associated with
a higher risk of experiencing the adverse event.

Thus, there are a number of potentially informative research strategies, such
as large randomized trials with sufficiently long-term follow-up or observational
studies that have comparison groups that are not strongly affected by bias or other
insurmountable sources of likely confounding, with case reports supporting the
findings of more rigorous designs.

Sample Size

In addition to the systematic biases and errors that may arise, random error
and uncertainty in estimates are also important considerations. Data are rarely
available on all of the possible people and outcomes for a given population, so
statistical approaches are used to appropriately represent that uncertainty. The
statistical power of a particular study is also an important consideration, especially
when examining (sometimes rare) adverse events. Formally, statistical power
refers to the probability that a particular statistical test (e.g., an effect estimate
comparing outcomes between treatment and control groups in a randomized trial)
will “reject” the null hypothesis (e.g., that there is no treatment effect) if in fact
a specific alternative hypothesis (e.g., that there is an effect) is true. In lay terms,
the statistical power refers to the ability of a study to detect a “true” effect when
such an effect exists. A particularly relevant concern for the studies examined in
this report is that if the statistical power is not sufficiently high, an apparent lack
of association between some exposure (such as the use of a particular antimalarial

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/25688

Assessment of Long-Term Health Effects of Antimalarial Drugs When Used for Prophylaxis

IDENTIFICATION AND EVALUATION OF THE EVIDENCE BASE 75

drug) and an outcome could be the result of a sample size that is not large enough
to allow the detection of an effect. Books such as Cohen (1988) and Kraemer and
Blasey (2015) provide additional details on power analysis calculations.

Statistical power depends on many things, including the study design, the
statistical analysis conducted, and how common the outcome of interest is. This is
of particular relevance (and concern) when trying to study adverse events, which
are often rare. As noted above, randomized controlled trials are considered the
gold standard for internal validity due to their ability to provide unbiased effect
estimates for the sample at hand. Many of the strongest study designs found in the
reviewed literature involved the randomization of antimalarial drugs. However,
those studies are generally designed—and powered—to provide sufficient sample
size to detect a difference in efficacy of the drugs, which means that many do not
have sufficient statistical power to detect rare safety-related outcomes related to
taking the drug.

For example, consider a situation in which a malaria infection rate is 200 out
of every 1,000 people (20%) and an antimalarial drug reduces risk of malaria by
50% (so that the resultant infection rate is 10%). A study that enrolls 200 individu-
als and randomly assigns each to receive the antimalarial drug or placebo would
have about 80% power to detect that effect. However, if the outcome of interest
was a rare adverse event, such as one experienced by only 1 in every 10,000
people taking the antimalarial (versus 1 in 100,000 people not exposed to the
drug), the study would need to enroll approximately 200,000 people in order to
have 80% power to detect that difference in outcome rates. (Note, too, that rare
outcomes—such as one occurring in just 1 of every 100,000 people—may be par-
ticularly uncommon in the samples enrolled in typical randomized trials to estab-
lish efficacy, as those individuals are often healthier than the general population.)
Thus, even randomized trials that are sufficiently powered to detect their primary
outcomes of interest may have limited power to detect differences in rare adverse
events unless that was part of the original design of the study, with large numbers
of individuals randomized. This also implies that for studying rare adverse events,
large non-experimental studies may be more useful in terms of statistical power,
although confounding and other biases then become a concern.

Given the impact of power considerations, it was critical for the committee
to distinguish between studies that were small and did not detect differences in
adverse events between treatment arms and studies that appeared to have had
sufficient power to detect differences in outcomes if such differences did exist. In
other words, a lack of observed association does not necessarily imply a lack of
true association, especially if the studies were small and not designed to examine
the outcomes under consideration.

In summary, in evaluating the weight and quality of evidence, especially
when null findings are reported, it is important to consider whether a study was
sufficiently powered to detect the associations of interest. While the statistical
power is a function of multiple features of the study, notably study size and the
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frequency of the outcome of interest, studies that have only sufficient power to
detect very large effects (e.g., relative risks greater than 3) are of limited value,
given that relative risks of smaller magnitude may have important implications.

Exposure Assessment

Whenever individuals’ exposures to medications are measured in a study,
there is the possibility of misclassification. To illustrate, people who experience an
adverse health event may provide a more complete report of their current and past
exposures to medicines. Similarly, people who receive a particular antimalarial
believed to be associated with specific adverse events may be more likely to seek
medical care for a given condition. There may also be important differences in
the completeness and accuracy of the exposure data between various sources of
information. Using only pharmacy claims or only dispensing records for determin-
ing exposure to a drug used to prevent a disease may lead to an overestimation of
peoples’ exposure to a given drug, particularly if there is reason to believe that the
drug is associated with acute adverse events. Moreover, prescription and dispens-
ing data are not surrogates of actual use or adherence to the approved regimen.
These are examples of differential misclassification of exposure that can lead to
an overestimation or an underestimation of effects. Misclassification can also
be nondifferential, as would be the case when the degree of misclassification is
similar for all exposure groups and outcomes. An example would be a situation
in which all study participants have similar difficulties completing questionnaires
or remembering past exposures. Nondifferential misclassification of exposure
tends to bias the study results toward the null (i.e., attenuating the strength of an
association between a drug and outcome). Obtaining data from more than one
source or verifying data by examining pre-existing records (e.g., medical records
or pharmacy records) may help to reduce the misclassification of exposures.

If studies of antimalarial drugs are to make meaningful contributions, there
should be either documentation of drug prescriptions with a high likelihood—if
not certainty—of adherence or else self-report based on carefully designed
questionnaires. Even these methods are fallible, but in most cases they provide
sufficient quality to be considered contributory evidence.

Outcome Assessment

Outcome misclassification occurs when individuals are placed into an
incorrect category with respect to the outcome of interest. If the misclassification
occurs differently for people with and without exposure to a drug, it is said to be
differential misclassification, which may lead to an association between exposure
to a drug of interest and an outcome being either exaggerated or underestimated.
In nondifferential outcome misclassification, the misclassification is not related to
exposure status (i.e., the use of a specific drug), and the effect estimates tend to
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underestimate the true effect. The outcomes reported in the epidemiologic literature
for the antimalarial drugs of interest generally fall into six categories: neurologic,
psychiatric, gastrointestinal, ocular, cardiovascular, and other (depending on
the drug, this category may include such things as dermatologic or biochemical
outcomes). The assessment and diagnosis of conditions in each of these categories
is dependent on different criteria, measures, and tests, some more objective than
others. For example, whereas electrocardiograms are tests based on objective
biologic indicators that can be used to diagnose certain cardiovascular conditions,
structured clinical interviews are needed to diagnose psychiatric conditions.

In part because some of these health outcomes do not have biologically
based diagnostic tests, such as mental health diagnoses and symptoms and some
neurologic symptoms such as cognitive impairment (e.g., problems with memory,
attention, or concentration) and headaches, the committee discussed the strength
and validity of these outcomes as reported in the included studies. PTSD, an
outcome specified in the committee’s Statement of Task, is a challenging condi-
tion to assess and report in epidemiologic studies. Clinically recorded diagnoses
should be based on criteria from the Diagnostic and Statistical Manual of Mental
Disorders (DSM) or the ICD, which require that a diagnosis should be made
when trauma exposure is reported and that symptoms are in relation to a specific
trauma. Self-reported diagnoses or symptom measurements do not usually have
this requirement, making self-reported symptoms a less reliable measurement of
PTSD. Generally, studies based on self-report measures fail to specifically connect
PTSD symptoms to a specific traumatic event, as required by the DSM diagnostic
formulation: Criterion A requires exposure to an event that was life-threatening
or violent. Each of the subsequent symptom clusters (i.e., intrusion, avoidance,
cognitive or emotional disturbance, or hyperarousal) must be experienced in rela-
tion to the traumatic event, and an exclusionary criterion is that the symptoms
may not be due to medication. Because many studies do not link symptoms to
an identified traumatic event, it is often difficult, if not impossible, to ascertain
whether symptoms that are reported in the evaluated literature are the result of a
medication-related experience, some other trauma, both, or neither, which lends
uncertainty to the meaning of these outcomes when associations are found in
populations of interest. Furthermore, because these symptoms and diagnoses are
not linked directly to the experience of a specific traumatic event, it is unclear
whether these symptoms or diagnoses are experienced in a timeframe that would
make them likely to be related to the use of a particular medication.

An association between drug administration and other psychiatric outcomes,
such as depression, suicidality, or psychotic experiences (e.g., hallucinations, delu-
sions), is even harder to establish, for several different reasons. First, in the popu-
lation of most relevance, service members, the age of exposure to antimalarials
overlaps with the age of onset of many of the psychiatric symptoms of interest.
Depression and symptoms of psychosis develop within the age window of the
young adult population who are recruited to the military. The onset of psychiatric
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symptoms may be coincident to exposure to medication, but a causal relationship
would be difficult to establish. Second, military-related confounders introduce
powerful effects on the adverse health outcomes of interest (see Confounding sec-
tion below). Additionally, the lack of understanding of the biologic mechanisms
of risk and resilience in these psychiatric experiences presents multiple challenges
to establishing causal relationships between most risk factors and psychiatric out-
comes. Furthermore, because many of these psychiatric symptoms have variable
courses, from presenting and remitting quickly to multiple episodes of relapse and
remission to consistent persistence, it is unclear how any intervening risk factor
would affect the natural course of these symptoms.

The committee defined “persistent” outcomes as those present at least 28 days
following cessation of a drug, which is appropriate for the case of PTSD, as PTSD
is not diagnosed until at least 1 month following a Criterion A traumatic event.
However, if the symptoms of PTSD are assessed years after cessation of a drug,
yet they are reported in the absence of a direct connection to the experience of
taking the drug or any other traumatic event, it is difficult to determine the etiology
of those symptoms. For other conditions reported in the literature, onset may be
acute, but the condition may persist for more than 28 days post-drug-cessation
and may not resolve without treatment. This would pertain, for example, to certain
ophthalmic conditions, such as cataract.

The committee recognizes that it is difficult to achieve an optimal assessment
of neuropsychiatric endpoints in this literature. Psychiatric and neurologic symp-
toms should be assessed and documented by a trained assessor, using structured
and psychometrically sound assessment tools. For example, an optimal method
is to include lifetime psychiatric diagnoses using structured clinical interviews
based on DSM-5 criteria (e.g., Structured Clinical Interview for DSM-5, or SCID),
administered by a trained assessor, with special attention to and documentation
of symptom onset and remission and their relationship to medication exposure. A
SCID would make it possible to connect the PTSD symptoms to a particular poten-
tially traumatic event. Because previous diagnoses of PTSD significantly raise the
risk for subsequent diagnoses, determining the lifetime diagnoses that occurred
prior to medication exposure, rather than just the current diagnoses, would allow
for a more reliable control for this variable.

Confounding

An important aspect of individual studies that must be considered when
evaluating the quality of their methods is the attention paid to the potential for
the results to reflect confounding bias rather than a true association. Part of an
assessment of the potential for confounding is to examine any steps taken by the
investigators to mitigate the impact of potential confounders. Confounding could
occur, for example, if the use of antimalarial drugs for prophylaxis is associated
with personal or situational attributes that may also predict the adverse outcome
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under study. These personal or situational attributes are said to “confound” the
association between the antimalarial drug use and the adverse outcome of interest.
For example, a history of psychiatric problems is a contraindication to the use of
some of the antimalarials of interest. This personal characteristic (the presence or
absence of psychiatric problems) is also likely to be a predictor of future adverse
psychiatric outcomes. If the investigators do not take this into account, then the
results of the study may suggest that individuals taking a particular antimalarial
are less likely to develop adverse psychiatric outcomes than a comparison
group whose members have not taken the drug because those with a history of
psychiatric illness will have been excluded from the antimalarial group but not
from the comparison group. Furthermore, as contraindications are introduced
over time, studies will differ in their susceptibility to this bias in relation to the
altered prescribing practices. This example highlights the importance of careful
consideration of the comparison group, as discussed above. If, in this example,
individuals with a history of psychiatric problems were excluded from the
comparison group, then the potential for confounding by a history of psychiatric
problems would be removed.

Another illustration relates specifically to use of antimalarials in the military.
Service-related characteristics may act as confounders when assessing the
association between antimalarial use and psychiatric outcomes. Specifically,
a confounding factor could be whether individuals were deployed or assigned
to duties outside of the United States. The stressors associated with living and
working outside of the country may themselves increase risk for adverse health
outcomes, especially psychiatric outcomes. Exposure to combat areas is also likely
to increase the risk of negative health outcomes. Service members most likely to be
prescribed antimalarials are those who are assigned to duty outside of the United
States, and possibly even in combat areas, and these confounders can exert strong
effects on the risk for negative health outcomes before considering antimalarial
exposure. The potential for confounding in this hypothetical example could be
addressed by adjusting for deployment location and combat exposure in the
statistical analysis. As noted with regard to study design, one of the ways in which
studies can be informative is to limit confounding where possible by choosing
a suitable comparison group to compare those taking the drug with those in the
comparison group having roughly similar levels of strong influences on outcome
such as contraindications (e.g., psychiatric history), combat exposure, or selection
for favorable health status. It is also possible to control for confounding to some
extent by measuring the characteristics that may differ between the exposed and
comparison group and making statistical adjustments.

Effect Modification

Effect modification, stemming from a potential presence of variables
(known or unknown to the researcher) affecting the association between an
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exposure (e.g., drug) and an outcome (e.g., PTSD), is highly prevalent in epi-
demiologic studies. Effect modification occurs when an exposure has different
effects among different subgroups or levels of the effect modifier. Consequently,
the magnitude of the association may vary across studies, based on the level or
presence of such variables. A common solution to addressing effect modification
is to examine the association separately for each level of a third variable (e.g., the
level of education of the subjects). While helpful, this solution is dependent on
whether the data concerning such variables are collected (e.g., genetic markers
are rarely examined in epidemiologic studies), and the statistical power (i.e.,
how many subjects at each level) for such an examination are at all sufficient.
Such factors as a previous history of malaria treatment, mental health problems,
exposure to concurrent drugs, adherence to drug dosing and schedule, and previ-
ous concurrent stressors may contribute to effect modification.

At present, there is not sufficiently compelling information to make the
consideration of effect modifiers essential to having a meaningful study (i.e., it has
not been established with any certainty that subgroups in the population are more
or less vulnerable to any persistent adverse effects associated with antimalarial
use). Where information on effect modification is provided, the results may
suggest considering that possibility and therefore be of some value.

Biologic Plausibility

In assessing biologic plausibility—defined by the committee as the exis-
tence of mechanisms observed in studies of experimental animals, cell cultures,
or pathophysiology assessments that could account for the various adverse
events observed in humans using the various antimalarial drugs of interest for
prophylaxis—the committee required that published articles include objective
tests of the impact of these drugs on endpoints relevant to potential pathologic
processes. Outcomes were not limited to any specific organ or system, and
reviewed studies included the exposure of experimental animals, cell lines, and,
in some cases, human tissue or blood samples to antimalarial drugs. In assessing
biologic plausibility for a particular outcome, the number of papers describing
the same mechanistic endpoints associated with drug exposure was considered
as an indicator of the validity of findings. Although various biochemical and
pathologic endpoints and outcomes were considered (and they are discussed
in the individual antimalarial drug chapters as appropriate), the committee also
notes any limitations of these types of studies with regard to applicability to
prophylaxis, how analogous the models and time courses of observation used
are to humans, and how closely the drug dosing and concentrations correspond
to those experienced in humans using these drugs for malaria prophylaxis.
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Types of Populations Considered

The studies evaluated for this report were conducted in different populations.
Although U.S. service members and veterans are the target population of interest,
studies of other populations were also considered as contributing to the evidence
base for associations between antimalarial use and persistent adverse events.

Military and Veteran Populations

Because people who are currently serving or who have served in the U.S.
military are the target population of the charge to this committee, studies of these
populations were accorded considerable weight in the committees’ deliberations
and are presented first in the summaries of the identified literature for each drug.
The committee reviewed all identified studies of U.S. and international service
members and veterans that used any of the antimalarials of interest. In general,
few studies included objective measures of drug chemical concentrations in the
blood or tissue; those that are available were performed in small studies, usually to
examine the pharmacokinetic and pharmacodynamic properties of a drug. Instead,
the use of a particular antimalarial and its dosage for prophylaxis is based on self-
report or, when observed by researchers or clinicians, as part of the study design.
Often, full adherence to the drug regimen is assumed in estimating and quantify-
ing the risk of specific adverse events and health outcomes related to the use of a
particular drug, even though many studies have shown that individuals often fail to
fully adhere to the regimen, especially when the drug is to be taken for long periods
of time, introducing the potential for misclassification bias (Brisson and Brisson,
2012; Cunningham et al., 2014; Landman et al., 2014; Saunders et al., 2015). Con-
sistent with other studies of health outcomes in military populations, when there
are no actual measures of exposure to a specific chemical or group of toxicants,
comparisons between deployed and nondeployed veterans are considered to be the
next most relevant comparison. Since sending troops to known malaria-endemic
areas without prevention measures when they are available would be unethical,
several studies of military populations compare the effects of two or more differ-
ent antimalarials. Because of the many other factors and stresses associated with
deployed environments, including combat, specific effects attributable to the use
of an antimalarial drug may be difficult to tease out.

Human Studies Among Non-Military or Veteran Populations

Although U.S. service members and veterans constitute the source popula-
tion of interest, the committee has taken into account the potential for obtain-
ing a more precise quantification and evaluation of the risks of adverse events
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and health outcomes associated with the antimalarial drugs of interest in better
characterized cohorts. Such cohorts include occupationally exposed workers
(such as Peace Corps volunteers, Department of State officials, etc.), travelers
and expats, research volunteers, people with adverse events reported to national
or manufacturer registries, and people living in malaria-endemic areas. These
populations use antimalarial drugs but do not have some of the same potentially
confounding stressors such as combat. Studies of short-term travelers who were
followed for at least 28 days post-drug-cessation and of long-term travelers and
expats who visited or moved to malaria-endemic areas and used antimalarial
drugs for prophylaxis provide additional evidence of health outcomes following
exposure to the antimalarial drugs of interest that can supplement the studies of
service members and veterans. In addition, safety and tolerance studies performed
in healthy residents of non-endemic areas who were followed for at least 28 days
post-drug-cessation were reviewed. Finally, studies of adverse events associated
with the prophylactic use of a drug in a population with a specific underlying con-
dition (such as pregnancy, comorbid conditions) or demographic trait are described
as appropriate.

Animal and Mechanistic Studies

The committee used animal and mechanistic studies to determine whether
there is evidence of a pathophysiologic process or biologic mechanism that could
provide reasonable evidence to support a relationship between exposure to an
antimalarial drug and a persistent health effect, as seen in studies of humans using
the antimalarial drugs for prophylaxis. A positive statistical association between
an exposure and an outcome does not necessarily mean that the exposure is the
cause of that outcome. Data from toxicology studies may support or conflict with
a hypothesis that a specific drug or chemical can contribute to the occurrence of a
particular condition or disease. Insights about biologic processes inform whether
an observed pattern of statistical association might be interpreted as the product of
more than error, bias, confounding, or chance. Discussions on biologic plausibility
are presented after the evidence in humans is presented and before the synthesis
of all the evidence. The degree of biologic plausibility itself influences whether
the committee perceives positive findings in human studies to be indicative of a
pattern or the product of bias or chance statistical associations. Ultimately, the
results of the toxicology studies should be consistent with what is known about the
human disease process if they are to support a conclusion that the development or
persistence of a condition or disease was influenced by an exposure.

Studies of laboratory animals and other systems (such as studies using
cell lines or in vitro human or other mammalian cell cultures) are essential to
understanding possible health effects when experimental research in humans is not
ethically or practically possible (NRC, 1991). These types of studies form the basis
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for much of what is known about the mechanisms behind the recognized biologic
actions and effects of the drugs of interest. Studies in animal models can be used
to characterize absorption, distribution, metabolism, elimination, and excretion of
chemicals, and they may examine short-term or long-term exposures. Such studies
permit a potentially toxic agent to be introduced under controlled conditions (with
respect to dose, duration, and route of exposure) to probe the agent’s physiologic
and psychologic effects on various body systems and potentially to identify the
mechanisms by which the effects are produced.

To be considered an acceptable surrogate for the study of a human physiology,
an animal model must reproduce, with some degree of fidelity, the physiologic
manifestations observed in humans. While most drug actions are similar across
mammals, a given effect of an exposure in one animal species does not necessarily
establish its occurrence in humans, nor does the apparent absence of a particular
effect in a model animal mean that the effect could not occur in humans. But
while animal models are not always ideal replicates of human conditions, there are
enough similarities between human and animal responses to many toxicants that
animal models can be used to examine mechanism-of-action hypotheses. There
are numerous examples of the effective use of animal models to predict drug tox-
icity and efficacy and ample evidence that critical physiologic and psychological
processes are conserved across mammalian evolution (Olson et al., 2000; Uhl
and Warner, 2015). Animal studies are a valuable complement to human studies
of genetic susceptibility or other biomarkers, and they can facilitate the study
of chemical mixtures and their potential interactions. The most commonly used
experimental animal models for testing the potential toxicity of antimalarial drugs
are mice, rats, dogs, and rhesus monkeys.

Although animal and cell-culture studies provide important information for
understanding the biochemical and molecular mechanisms associated with the
toxicity induced by drugs and chemicals, many factors may lead to differences
between the results of controlled animal studies and the effects observed in
humans. These factors, which must be considered when extrapolating their results
to human disease and disease progression, include the magnitude and duration
of exposure, namely to prophylaxis in humans; the timing of exposure during
development or differentiation; the route of exposure (e.g., injections in model
organisms versus oral administration in humans); model-specific factors (such
as sex, genetic background, and stress); and differences in pharmacokinetics
and pharmacodynamics across species as well as different formulations of the
drug being administered (e.g., pure compounds versus additives in tablets and
pills). Another challenge of using animal data to study the persistent effects of
antimalarial drugs in humans is that certain symptoms, such as headache, nausea,
and muscle and joint pain—which have been reported by some people who have
used particular antimalarial drugs—are difficult to study with standard tests in
animals (OTA, 1990).
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In Vitro Studies

Defined broadly, in vitro studies are tests or assessments of toxicologic
phenomena in tissue slices, isolated organs, isolated primary cell cultures, cell
lines, and subcellular fractions such as those of mitochondria, microsomes, and
even membranes (Srivastava et al., 2018). In vitro methods are routinely used
because correlating the findings with in vivo studies can help in understanding a
specific in vivo response in a given species. Studies that use in vitro methods may
be informative, but such data must be viewed with caution regarding their relation-
ship to the human experience because in vitro test systems are an extremely simpli-
fied form of very complex in vivo systems. In addition, in vitro analyses generally
lack mechanisms to metabolize drug present in the whole organism. Therefore, the
ability to extrapolate in vitro data to in vivo results is limited.

APPROACH TO ASSESSING THE BODY OF EVIDENCE

To assess the assembled evidence, committee members first reviewed and
discussed draft text on group calls and at in-person meetings until they reached
a consensus on the description and assessment of the studies. Then, using all
of the available information, the full committee came to a consensus regarding
the conclusion and, based on the strength of the evidence, assigned a category
of association (discussed below) between prophylactic use of an antimalarial of
interest and persistent or latent health effects. The committee adopted a policy of
giving the most evidentiary weight to inform its conclusions to peer-reviewed,
published literature. Although the process of peer review by fellow professionals
ensures high standards of quality, it does not guarantee the validity of a study or the
generalizability of its results. Accordingly, committee members read each study
critically and considered its relevance and quality.

When drafting language for a conclusion, the committee considered the
timing and duration of the exposures, the nature of the specific adverse events
or health outcomes, the populations exposed, and the quality, precision, and
consistency of the evidence examined. The conclusion does not take into account
any information regarding the benefit of the antimalarial to either population or
individual health. Although both primary and supporting studies contributed to
the committee’s conclusion regarding the evidence of the prophylactic use of
an antimalarial to be associated with a particular health condition or outcome,
primary studies were given more weight. The committee did not use a formulaic
approach to determining the number of primary or supporting studies that would
be necessary to assign a specific category of association. Rather, the committee’s
review required a thoughtful and nuanced consideration of all the studies as well
as expert judgment, as provided by the complement of expertise represented on
the committee, and this could not be accomplished by adherence to a narrowly
prescribed formula of what data would be required for each category of association
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or for a particular health outcome. The committee reviewed the data and made
conclusions independently of other reports or author conclusions.

Categories of Association

A system of four categories of association to rate health outcomes according
to the strength of the scientific evidence, which was adapted from those catego-
ries used by the International Agency for Research on Cancer, has gained wide
acceptance by Congress, VA, researchers, and veterans groups and has been used
in report series, including Veterans and Agent Orange (a 12-volume series) and
Gulf War and Health (an 11-volume series), as well as several stand-alone reports
on such topics as evaluations of vaccine safety and the adverse health outcomes
of vaccines (IOM, 1991, 1994). The criteria for each of the four categories of
association express a degree of confidence based on the extent to which bias and
other sources of error could be reduced, and thus the quality of the evidence. The
coherence of the full body of epidemiologic information, including supplemental
evidence and biologic plausibility, was considered when the committee reached
a judgment about association for a given outcome. As was the case with several
committees that chose to use these categories of association, the Bradford Hill
criteria for causality (Hill, 1965) was not applied as a checklist for strength-of-
association assessments because those nine factors are not a definitive set of ele-
ments for assessing causality and they vary in the importance or weight that might
be assigned to each. The committee discussed the evidence and reached consensus
on the categorization of the evidence for persistent or latent health effects for each
drug of interest, and these conclusions appear in the Synthesis and Conclusions
section for each drug-specific chapter. If the evidence permitted, more specific
conclusions were made regarding the use of an antimalarial and a particular
outcome or group of outcomes. Implicit in these categories is that “the absence
of evidence is not evidence of absence.” That is, based on the currently available
literature that met the commiittee’s criteria for inclusion, a lack of informative data
does not mean that there is no increased risk of a specific adverse event, only that
the available evidence does not support claims of an increased risk. As the adverse
events generally fall into six categories—neurologic, psychiatric, gastrointestinal,
eye, cardiovascular, and other disorders—a conclusion is made for each category
as appropriate. The four categories of association and the criteria for each follow.
Each conclusion consists of two parts: the first sentence provides the category of
association, and the second sentence offers a conclusion regarding whether further
research in a particular area is merited based on any signals from all the currently
available evidence reviewed for that outcome (assessed epidemiologic studies
that reported outcomes at least 28 days post-drug-cessation, studies of concurrent
adverse events, case reports, data from selected subpopulations, FDA labels, and
biologic plausibility). For those health outcomes for which the committee con-
cluded there is not a clear justification for additional research, the intention was to
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distinguish those issues for which there is presently an empirical basis for looking
more closely and those for which such a basis is not present. As more research
accumulates, the outcomes that warrant further research may change.

Sufficient Evidence of an Association

For effects to be classified as having “sufficient evidence of an association,”
a positive association between the prophylactic use of an antimalarial drug and
the outcome must be observed in studies in which chance, bias, and confounding
can be ruled out with reasonable confidence. For example, the committee might
regard evidence from several small studies without known bias and confounding
and that show an association that is consistent in magnitude and direction to be
sufficient evidence of an association. Experimental data supporting the biologic
plausibility of an association strengthen the likelihood of an association but are not
a prerequisite and are not enough to establish an association without corresponding
epidemiologic findings.

Limited or Suggestive Evidence of an Association

For health outcomes in the category of “limited or suggestive evidence of an
association,” the evidence must suggest an association between the prophylactic
use of an antimalarial drug of interest and the outcome in studies of humans, but
the evidence can be limited by an inability to confidently rule out chance, bias,
or confounding. Typically, at least one high-quality study indicates a positive
association, but the results of other studies could be inconsistent. Because there
are a number of agents of concern whose toxicity profiles are not expected to be
uniform—specifically, the antimalarial drugs of interest—apparent inconsisten-
cies can be expected among study populations that have experienced different
exposures. Even for a single exposure, a spectrum of results would be expected,
depending on the power of the studies, the inherent biologic relationships, and
other study design factors.

Inadequate or Insufficient Evidence to Determine an Association

By default, any health outcome is placed in the category of “inadequate or
insufficient evidence to determine an association” before enough reliable scientific
data have accumulated to promote it to the category of sufficient evidence or
limited or suggestive evidence of an association or to move it to the category of
limited or suggestive evidence of no association. In this category, the available
human studies may have inconsistent findings or be of insufficient quality, validity,
consistency, or statistical power to support a conclusion regarding the presence of
an association. Such studies might have failed to control for confounding factors
or might have had inadequate assessment of exposure. Because the committee
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could not possibly address every rare condition or disease, it does not draw explicit
conclusions about outcomes that are not discussed, and thus, this category is the
default or starting point for any health outcome. If a condition or outcome is not
addressed specifically, then it will be in this category.

Limited or Suggestive Evidence of No Association

The category of “limited or suggestive evidence of no association” was
originally defined for health outcomes for which several adequate studies covering
the “full range of human exposure” were consistent in showing no association
or reduced risk (not distinguished for the purposes of this evaluation, which was
focused on the potential for adverse effects) with an exposure of interest at any
concentration, with the studies having relatively narrow confidence intervals. A
conclusion of “no association” is inevitably limited to the conditions, exposures,
and observation periods covered by the available studies, and the possibility of
a small increase in risk related to the magnitude of exposure studied can never
be excluded. However, a change in classification from inadequate or insufficient
evidence of an association to limited or suggestive evidence of no association
would require new studies that correct for the methodologic problems of previous
studies and that have samples large enough to limit the possible study results
attributable to chance.
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Mefloquine

In the late 1960s mefloquine hydrochloride—more commonly known simply
as mefloquine—was developed by Walter Reed Army Institute as part of the U.S.
Army Antimalarial Drug Development Project. Phase I human tolerance and safety
testing for the treatment of malaria began in 1972, and the first trials for its use as a
prophylactic occurred in 1976 (Shanks, 1994). In 1976 a collaboration was formed
with the U.S. Army, the World Health Organization (WHO), and Hoffmann-La
Roche (the manufacturer) to further develop mefloquine. Mefloquine (trade
name Lariam®) was first introduced to the market in February 1984 (Adamcova
et al., 2015) and became generally available for European travelers in 1985
(Heimgartner, 1986). A new drug application for it was submitted to the Food and
Drug Administration (FDA) in 1986 and it was approved in 1989. The mefloquine
dosing regimen for malaria prophylaxis begins with taking one tablet (250 mg
salt in the United States or 228 mg base) once a week, starting two weeks prior
to arriving in an endemic area, taking mefloquine weekly (allowing no more than
8 days to elapse) while in the endemic area, and continuing it for 4 weeks after
leaving the endemic area (CDC, n.d.). The once-per-week regimen is perceived to
be convenient and is preferred for many individuals, such as long-term travelers
and military personnel, as it reduces the amount of medication people have to
carry and may require less vigilance to correctly adhere to prescription guidelines
than daily malaria prophylactic drugs (e.g., doxycycline, primaquine, atovaquone/
proguanil [A/P]) (Adshead, 2014).

Soon after mefloquine entered the market, reports of associated adverse events,
specifically neuropsychiatric in nature, began to be reported to FDA and coincided
with increased attention from the media about possible side effects (Croft, 2007).
This led to several reassessments that included more recent epidemiologic and
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toxicologic evidence and resulted in updates to the FDA label over time. Ques-
tions and concerns about mefloquine’s short- and long-term safety combined with
availability of newer prophylactic drugs that were reported to have fewer side
effects likely contributed to a decline in the number of mefloquine prescriptions
(Leggat, 2005; Leggat and Speare, 2003). Mefloquine continues to be available
and recommended by national and global agencies for the prophylaxis of malaria
in chloroquine-resistant areas because it is effective against all Plasmodium species
(Schlagenhauf et al., 2019). Despite the cautions of adverse effects, the once-per-
week mefloquine regimen has been preferred by some groups (Senn et al., 2007).

This chapter begins with a discussion of the changes that have been made to the
mefloquine package insert since its approval in the United States in 1989, with par-
ticular emphasis on information in the Contraindications, Warnings, and Precautions
sections. This is followed by summaries of findings and conclusions regarding the
use of mefloquine in military forces reported by U.S. agencies and foreign govern-
ments. The known pharmacokinetics of mefloquine are then described, followed by a
summary of the known short-term adverse events associated with use of mefloquine
when used as directed for prophylaxis. Most of the chapter is dedicated to sum-
marizing and assessing the 11 identified epidemiologic studies that contributed
some information on persistent or latent health outcomes following the cessation
of mefloquine. These are arranged by the type of population that was examined:
first, studies of military and veterans (U.S. followed by international forces), then
occupational groups (U.S. Peace Corps), travelers, and, finally, research volunteers.
Where available, studies of U.S. participants are presented first. A table that gives a
high-level comparison of each of the 11 epidemiologic studies that examined the use
of mefloquine and that met the committee’s inclusion criteria is presented in Appen-
dix C. Supplemental supporting evidence is then presented, including other identi-
fied studies of health outcomes in populations that used mefloquine for prophylaxis
but that did not meet the committee’s inclusion criteria; case reports of persistent
adverse events associated with mefloquine use; and information on adverse events
associated with mefloquine use in selected subpopulations, such as women, women
who are pregnant, people with low body mass index (BMI), those who have chronic
health conditions, and those who concurrently use alcohol, marijuana, or illicit
substances. After presenting the primary and supplemental evidence in humans, sup-
porting literature from experimental animal and in vitro studies is then summarized.
The chapter ends with a synthesis of the evidence presented and the inferences and
conclusions the committee made from the available evidence.

FOOD AND DRUG ADMINISTRATION
PACKAGE INSERT FOR MEFLOQUINE

This section describes selected information that can be found on the FDA label
or in the package insert for mefloquine. It begins with a summary of contraindica-
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tions for its use based on the most recent FDA label and package insert. This is
followed by a brief synopsis of drug interactions that are known or presumed to
occur with concurrent mefloquine use. The final subsection provides a chronologic
overview of changes to the label or package insert from its U.S. approval in 1989
to the most recent label, updated in 2016. The presented changes are specific to
mefloquine when used for prophylaxis (not treatment) and in adults (not infants
or children). The dates of the labels are based on the dates that appeared in the
labels themselves (documents downloaded from Drugs@FDA Search or National
Institutes of Health DailyMed websites) or, when no date appeared in the label,
the action date listed on the website.

Contraindications

Mefloquine use is contraindicated in persons with a known hypersensitivity
to mefloquine or related compounds (e.g., quinine and quinidine) and to drug-
formulation excipients (FDA, 2016). It is also contraindicated for people with
current depression, a recent history of depression, generalized anxiety disorder,
psychosis, schizophrenia or other major psychiatric disorders, or with a history of
convulsions (FDA, 2016).

Although policies are in place to prevent those with a contraindication from
being prescribed mefloquine, in practice it still happens. For example, accord-
ing to an analysis using the UK-based Clinical Practice Research Datalink, from
January 2001 through June 2012, 165,218 people had a recorded prescription
for an antimalarial for prophylaxis, of whom 25,294 (15.3%) were prescribed
mefloquine. People with contraindications to mefloquine were twice as likely to
be prescribed a different antimalarial drug, but occasionally people with contra-
indications were prescribed mefloquine (Bloechliger et al., 2014). However, no
additional follow-up or analyses of any reported adverse events were conducted to
determine whether those with contraindications were at higher risk or experienced
more severe adverse events.

Drug Interactions

The Warnings section of the package insert alerts against using halofantrine
or ketoconazole concomitantly or within 15 weeks of the last dose of mefloquine
due to risk of sudden cardiac death that can result from prolongation of the QTc
interval (FDA, 2016). Co-administration of other drugs that affect cardiac conduc-
tion (e.g., anti-arrthythmic or beta-adrenergic blocking agents, calcium channel
blockers, antihistamines or H,-blocking agents, tricyclic antidepressants, and
phenothiazines) might also contribute to a prolongation of the QTc interval (FDA,
2016). Administration of mefloquine with related antimalarials (e.g., quinine,
quinidine, chloroquine) may produce electrocardiographic abnormalities and
increase the risk of convulsions (FDA, 2016).
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Taking mefloquine with an anticonvulsant (e.g., valproic acid, carbamazepine,
phenobarbital, or phenytoin) may reduce seizure control, and the blood level of
anti-seizure medication should be monitored. Moreover, concomitant administra-
tion of mefloquine with quinine or chloroquine in addition to an anticonvulsant
can further increase the risk of seizures. Taking mefloquine concurrently with oral
live typhoid vaccines may make the immunization ineffective. It is recommended
that vaccination with live attenuated bacteria be completed at least 3 days before
beginning mefloquine. Taking rifampin with mefloquine can decrease mefloquine
concentration and elimination time. Mefloquine is metabolized by CYP3A4,
and CYP3A4 inhibitors may modify the pharmacokinetics and metabolism of
mefloquine and thus increase mefloquine plasma concentrations and the risk of
adverse reactions. Similarly, CYP3A4 inducers may decrease mefloquine plasma
concentrations and reduce mefloquine efficacy. Mefloquine is a substrate and an
inhibitor of P-glycoprotein; thus drug—drug interactions could occur with drugs
that are substrates or are known to modify the expression of this transporter,
although the clinical relevance of these interactions is not known to date.

Changes to the Mefloquine Package Insert Over Time

There have been multiple important changes to the mefloquine package
insert since the drug was first approved for prophylaxis and treatment of malaria
in 1989. According to the FDA Center for Drug Evaluation and Research, for a
drug to be approved by FDA, at a minimum it must be shown through submitted
clinical trials, animal toxicology studies, and other evidence that the drug works
as intended and that the health benefits outweigh the known risks (FDA, 2019a).
Label changes may indicate that FDA has recognized potential problems with a
drug but there may be other reasons for label changes, including approval for a
new indication and expansion of the population for which the initial approval was
obtained. Most safety-related label changes are the result of spontaneous adverse
event reports that have been received during the postmarketing surveillance
period, rather than well-designed epidemiologic studies, although if such
epidemiologic studies are available they are considered along with new results
from pharmacokinetic studies (Sekine et al., 2016). Moreover, the adverse event
reports describe events that follow the reported use of the drug, and causality has
not necessarily been proven.

Many of the labeling-update letters and package inserts for mefloquine listed
on the Drugs@FDA Search website for the period 1989—2002 were unavailable
for download. (The downloadable package insert listed with a May 1989 action
date is actually a July 2002 revision.) In response to a request for the unavailable
information, FDA provided a PDF of the original 1989 package insert as well as
abbreviated extractions from editions of the Physicians’ Desk Reference but noted
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that the committee might want to confirm the summary information.! In response
to the committee’s request for the specific information upon which FDA based
mefloquine-labeling changes, FDA stated that it had performed “safety analyses”
in 2007, 2013, 2015, and 2016 that supported labeling changes and that the
committee could request redacted versions of these reviews via the Freedom of
Information Act.” In response to the committee’s request for the information that
underlay the addition of the boxed warning to the mefloquine label, FDA referred
the committee to the 2013 drug safety communication, a public announcement
regarding the boxed warning (FDA, 2013a). The committee had quoted this docu-
ment in its request to FDA, explaining that it sought more detail than the document
provided. The 2013 drug safety communication states: “In conducting its assess-
ment of vestibular adverse reactions associated with mefloquine use, FDA
reviewed adverse event reports from the FDA Adverse Event Reporting System
and the published literature, identifying patients that reported one or more vestibu-
lar symptoms such as dizziness, loss of balance, tinnitus, and vertigo.” It notes fur-
ther that “Patients who experienced vestibular symptoms usually had concomitant
psychiatric symptoms such as anxiety, confusion, paranoia, and depression. Some
of the psychiatric symptoms persisted for months to years after mefloquine was
discontinued.” As desired details were not provided about the evidence base for the
labeling changes (e.g., quantification of adverse reactions reported, epidemiologic
data), it was difficult for the committee to assess the implications of the changes.

A comparison of the 1989 package insert and the 2002 package inserts (July
and December) showed numerous additions, many pertaining to neurologic and
psychiatric adverse events, which were often grouped as “neuropsychiatric”
(see Table 4-1 for a summary of the major changes to the package insert over
time regarding neuropsychiatric adverse events). The 1989 version stated that
“neuropsychiatric reactions have been reported during the use of Lariam” and
warned that “if signs of unexplained anxiety, depression, restlessness or confu-
sion are noticed, these may be considered prodromal to a more serious event”
and the drug must be discontinued (FDA, 1989). The 2002 package insert added
information on neuropsychiatric symptoms to the Contraindications and Warnings
sections (FDA, 2002). Mefloquine used as prophylaxis was now contraindicated
in persons with current psychiatric problems or a history of psychiatric disorders
or convulsions. Symptoms that in 1989 had been listed in the Adverse Reactions’
postmarketing surveillance section as “additional adverse reactions”—vertigo,
visual disturbances, and central nervous system disturbances (e.g., psychotic mani-
festations, hallucinations, confusion, anxiety, and depression)—now appeared in

! Personal communication to the committee, Kelly Cao, Pharm.D., Safety Evaluator Team Leader,
Division of Pharmacovigilance 11, Office of Pharmacovigilance and Epidemiology, Office of Surveil-
lance and Epidemiology, Center for Drug Evaluation and Research, March 20, 2019.

2 Personal communication to the committee, Division of Drug Information, Center for Drug Evalu-
ation and Research, FDA, April 30, 2019.
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TABLE 4-1 Evolution of Neuropsychiatric Safety-Related Information in the
FDA Mefloquine Package Insert and Medication Guide

Issue Date  Action

1989 FDA approval of Lariam; first package insert

2002 Additions to the Contraindications, Warnings, Precautions, and Adverse Reactions
sections of package insert

2003 FDA requires Medication Guide be given to persons to whom drug is dispensed

2008 Additions to the Precautions section of package insert
Additions to Medication Guide

2009 FDA requires manufacturer to submit a risk evaluation and mitigation strategy”
2011 Risk evaluation and mitigation strategy is no longer required
2013 Boxed warning (“black box”), the most serious kind of warning about potential

problems, added to package insert
Additions to Warnings and Animal Toxicology sections of package insert
Additions to Medication Guide

2016 No substantive changes to package insert

@ A risk evaluation and mitigation strategy (REMS) is a drug safety program that FDA requires
for certain medications with serious safety concerns. They are designed to help reduce the occur-
rence and/or severity of certain serious risks and to ensure the benefits of the medication outweigh
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Summary of Relevant Content in Package Insert, Medication Guide, or FDA Letters to Manufacturer

* Neuropsychiatric reactions have been reported

» Discontinue use if unexplained anxiety, depression, restlessness or confusion occur as it may
be considered prodromal to a more serious event

» Exercise caution when driving, piloting airplanes, or operating machinery

* Contraindications added for those with current or past history of psychiatric disorders or
convulsions and for those with hypersensitivity to mefloquine

» Symptoms previously listed in Adverse Reactions (postmarketing surveillance) are moved to
Warnings section, with additional symptoms, including thoughts of suicide

» Text added that psychiatric symptoms may continue long after mefloquine use ceases

* Precautions expanded regarding performing activities requiring alertness and fine motor
coordination

* Numerous symptoms are added to Adverse Reactions (postmarketing surveillance) section

» Lists contraindications and possible neuropsychiatric side effects, including thoughts of suicide

» Notes side effects may continue after drug is stopped

» Cautions to exercise care driving and performing activities requiring alertness and fine motor
coordination

» Advised to consult health care provider if sudden onset of anxiety, depression, restlessness,
or confusion occurs

» Vertigo added as side effect (package insert and medication guide)

* Dizziness or vertigo and loss of balance have been reported to continue for months after
discontinuation of the drug (package insert and medication guide)

» Feeling restless added as side effect (medication guide)

+ Assessment of REMS that should include an evaluation of:

— Patients’ understanding of the serious risks of mefloquine

— A report on periodic assessments of the distribution and dispensing of the medication
guide in accordance with 21 CFR 208.24

— Areport on failures to adhere to distribution and dispensing requirements, and corrective
actions taken to address noncompliance

* “The Medication Guide will continue to be part of the approved labeling.”

* Boxed warning: “Mefloquine may cause neuropsychiatric adverse reactions that can persist after
mefloquine has been discontinued. Mefloquine should not be prescribed for prophylaxis in patients
with major psychiatric disorders. During prophylactic use, if psychiatric or neurologic symptoms
occur, the drug should be discontinued and an alternative medication should be substituted.”

» Neurologic symptoms such as dizziness or vertigo, tinnitus, and loss of balance may occur
early in the course of mefloquine use and have been reported to continue for months or years
after mefloquine has been stopped

» Dizziness or vertigo, tinnitus, and loss of balance have been reported to be permanent in
some cases

* If the drug is to be administered for a prolonged period, periodic evaluations for
neuropsychiatric effects should be performed

* Animal studies demonstrated that mefloquine daily for 22 days at equivalent human
therapeutic concentration showed central nervous system penetration of mefloquine, with a
30- to 50-fold greater brain/plasma drug ratio up to 10 days after final dose

its risks. While all medications have labeling that provides information about medication risks, few
medications require a REMS (FDA, 2019b).
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the Warnings section. The Warnings section also stated that psychiatric symptoms
“ranging from anxiety, paranoia, and depression to hallucinations and psychotic
behavior” had been “reported to continue long after mefloquine has been stopped”
(FDA, 1989, 2002). In addition, it noted, “Rare cases of suicidal ideation and sui-
cide have been reported” (FDA, 2002). Cautions were expanded for mefloquine
use while performing certain activities, specifically actions requiring alertness
and fine motor coordination, “as dizziness, a loss of balance, or other disorders
of the central or peripheral nervous system have been reported during and fol-
lowing the use of Lariam” (FDA, 2002). The Adverse Reactions’ postmarketing
surveillance section listed as among the most frequently reported adverse events
dizziness or vertigo, loss of balance, and neuropsychiatric events such as headache,
somnolence, and sleep disorders (insomnia, abnormal dreams) (FDA, 2002). This
section also added a lengthy list of “more severe neuropsychiatric disorders” that
had “occasionally” been reported (FDA, 2002).

The Precautions section now warned, “Hypersensitivity reactions ranging
from mild cutaneous events to anaphylaxis cannot be predicted” (FDA, 2002).
Users were also advised that contraception should be practiced for up to 3
months after drug cessation and that mefloquine use should be weighed carefully
in patients aged >65 years since electrocardiographic abnormalities had been
observed and cardiac disease is more prevalent in older patients (FDA, 2002).

Updates to information about other body systems included alerts that the con-
comitant administration of mefloquine and quinine or chloroquine may increase the
risk of convulsions. Taking halofantrine after mefloquine might cause potentially
fatal prolongation of the QTc interval on electrocardiograms (ECGs); theoretically,
the co-administration of other drugs affecting cardiac conduction might also have
that effect (FDA, 2002). Previously, users had been informed that if the drug was
administered for a prolonged period, periodic evaluations, including liver function
tests, should be performed; this language was strengthened to note that in those
with impaired liver function, elimination of mefloquine may be prolonged, lead-
ing to higher plasma levels (FDA, 2002). The postmarketing surveillance section
listed among “infrequent adverse events” cardiovascular, skin, and musculoskeletal
disorders as well as “visual disturbances, vestibular disorders including tinnitus and
hearing impairment, dyspnea, asthenia, malaise, fatigue, fever, sweating, chills,
dyspepsia and loss of appetite.” The two serious adverse reactions reported were
cardiopulmonary arrest in one patient shortly after ingesting a single prophylactic
dose of mefloquine while using propranolol and, second, encephalopathy of
unknown etiology during prophylactic mefloquine administration.

In 2003 FDA required that pharmacists provide a medication guide—a paper
handout that conveys risk information that is specific to a particular drug or drug
class—to persons to whom mefloquine was dispensed (FDA, 2003a,b). The medi-
cation guide included labeled cautions and contraindications and advised users to
consult a health care provider in the case of a sudden onset of anxiety, depression,
restlessness, or confusion (FDA, 2003b). In 2008 the package insert’s Precautions
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section added vertigo as a side effect and stated that “in a small number of patients,
dizziness and loss of balance have been reported to continue for months after
mefloquine has been stopped” (FDA, 2008). The medication guide warned users
that they might suddenly experience severe anxiety, paranoia, hallucinations,
depression, unusual behavior, and disorientation; “feeling restless” was added to
possible side effects. The Adverse Reactions postmarketing surveillance section
added respiratory disorders to “infrequent adverse events.” In the 2009 package
insert, the Warnings section alerted users against co-administration of halofantrine
or ketoconazole with mefloquine; several additions were also made to the Drug
Interactions section (FDA, 2009).

In 2013 FDA strengthened and updated warnings of previously included
neurologic and psychiatric side effects, and it added a boxed warning, sometimes
informally referred to as a “black box” (FDA, 2013b). This is FDA’s most serious
type of warning, and it appears on a prescription drug’s label to call attention to seri-
ous or life-threatening risks (FDA, 2012). The boxed warning stated, “Mefloquine
may cause neuropsychiatric adverse reactions that can persist after mefloquine
has been discontinued,” and it added that mefloquine should not be prescribed in
patients with major psychiatric disorders and that if psychiatric or neurologic symp-
toms occur during prophylactic use, drug use should be halted (FDA, 2013b). The
Warnings section now informed users that psychiatric symptoms “may occur early in
the course of mefloquine use and that in some cases, symptoms have been reported
to continue for months or years after mefloquine has been stopped” (FDA, 2013b). It
also warned that neurologic effects, including dizziness, vertigo, loss of balance, and
ringing in the ears, could occur soon after starting the drug and that they could per-
sist or become permanent. It recommended that evaluations for “neuropsychiatric”
effects be performed in persons using the drug long term. Prior language that stated
that no relationship had been established between mefloquine and suicide or suicidal
thoughts was deleted. Users with impaired liver function were now warned that this
placed them at a higher risk of adverse reactions. The Toxicology section included a
study in which rats given mefloquine daily for 22 days at levels equivalent to human
therapeutic levels showed that mefloquine penetrated the central nervous system,
with a 30- to 50-fold greater brain/plasma drug ratio up to 10 days after drug cessa-
tion. In the Adverse Reactions postmarketing surveillance section, hepatobiliary dis-
orders, and blood and lymphatic system disorders were added to the “less frequently
reported adverse reactions.”

The most recent update to the package insert was made in 2016, and added
ocular effects to the Warnings section (FDA, 2016). Regarding adverse events,
the package insert states that the most frequently observed adverse event in clini-
cal trials of malaria prophylaxis was vomiting (3%). Dizziness, syncope, extra-
systoles, and other complaints were reported in less than 1% of users. Postmarket-
ing surveillance has found that the most frequently reported adverse events are
nausea, vomiting, loose stools or diarrhea, abdominal pain, dizziness or vertigo,
loss of balance, and “neuropsychiatric” events such as headache, somnolence,
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and sleep disorders (insomnia, abnormal dreams). These adverse events are often
reported without reference to a comparison group, and their duration is rarely
detailed.

The Warnings section of the package insert includes several adverse events.
It warns that psychiatric symptoms such as acute anxiety, depression, restlessness,
or confusion should be viewed as potential precursors to more serious psychiatric
or neurologic adverse reactions and that when they occur, mefloquine should
be discontinued. More severe neurologic and psychiatric disorders have been
reported, including sensory and motor neuropathies (including paresthesia, tremor,
and ataxia), convulsions, agitation or restlessness, anxiety, depression, mood
swings, panic attacks, memory impairment, confusion, hallucinations, aggres-
sion, psychotic or paranoid reactions, and encephalopathy. Suicidal thoughts and
suicide have been also been reported. Neurologic symptoms including dizziness
or vertigo, tinnitus, hearing loss, and loss of balance have been reported to occur
after beginning the drug regimen and in some cases have continued for months,
years, or even permanently after discontinuing mefloquine. Users are instructed
to discontinue the drug if neurologic symptoms occur, and to use caution when
performing activities requiring alertness and fine motor coordination (e.g., driving,
piloting aircraft, operating machinery, and deep-sea diving) (FDA, 2016). Other
short-term adverse events reported with the use of mefloquine have included
transitory and clinically silent ECG alterations such as sinus bradycardia, sinus
arrhythmia, first degree atrial-ventricular (AV) block, prolongation of the QTc
interval, and abnormal T waves. Eye disorders, including optic neuropathy and
retinal disorders, have also been reported during mefloquine use.

POLICIES AND INQUIRIES RELATED TO THE USE
OF MEFLOQUINE BY MILITARY FORCES

This section reviews some of the policies regarding the use of mefloquine in
U.S. and foreign militaries. When identified, the committee also considered issued
reports by other countries (Australia, Canada, and the United Kingdom) on the use
of mefloquine in their militaries, although this list is not meant to be exhaustive.

United States

Mefloquine was possibly used by the U.S. military as early as 19903 and by
other military forces as early as 1986 (Croft and Geary, 2001). It was used as
a first-line prophylactic agent only for deployments to high-malaria-risk areas
in sub-Saharan Africa, such as for the Liberian Task Force in 2003, and it was

3 Personal communication to the committee, COL Andrew Wiesen, M.D., M.P.H., Director, Preven-
tive Medicine, Health Readiness Policy, and Oversight, Office of the Assistant Secretary of Defense
(Health Affairs), DoD, April 16, 2019.
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used as a second-line agent in Operation Enduring Freedom (OEF; 2001-2014),
Operation Iraqi Freedom (OIF; 2003-2010), and Operation New Dawn (OND;
2010-2011).

In 2003 a Department of Defense (DoD) memorandum on antimalarials was
issued by the Armed Forces Epidemiological Board (DoD, 2003). The authors note
first that DoD is subject to Section 1107 of Title 10, United States Code, regard-
ing the off-label use of force health protection medications. It then states that this
would limit the prescription of Centers for Disease Control and Prevention (CDC)-
recommended off-label prophylactic regimens (e.g., a loading dose of mefloquine
for persons being deployed on short notice) to the context of a doctor—patient
relationship or an investigational new-drug protocol, both of which could be prob-
lematic in a military setting. In its findings and recommendations, the board stated
that it found the CDC consensus guidelines for malaria prevention “appropriate”
for use by DoD and listed three options (A/P, mefloquine, and doxycycline) for
areas with chloroquine-resistant P. falciparum. It noted that the contraindications
for mefloquine were active depression and a history of psychosis or seizures and
that it should be used cautiously in those with psychiatric disturbances. The board
stated that mefloquine should continue to be available in the military drug arma-
mentarium for malaria prophylaxis.

The committee reviewed a June 2004 “health information letter” that the
U.S. Veterans Health Administration issued to clinicians caring for veterans who
may have taken mefloquine as prophylaxis during OEF or OIF (VA, 2004). The
Department of Veterans Affairs (VA) noted that mefloquine causes adverse events,
possibly affecting adherence, and that anecdotal and media reports had suggested
that the drug may cause serious neuropsychiatric effects. The letter also cited a
DoD mefloquine “warning label” for clinicians that stated mefloquine should not
be prescribed to persons “with a history of psychiatric or alcohol problems.” The
VA letter described a literature review that had been performed and noted that the
literature (based on case reports, clinical trials, and epidemiologic studies with no
separation of the timing of adverse events) suggested that “certain health effects of
mefloquine may persist after the drug is stopped.” It also stated that “clinical trials
and epidemiological studies suggest that reported side effects are not common
and are self-limiting” and that they included depression, panic attacks, anxiety,
insomnia, vertigo, nausea and headache, and strange or vivid dreams. VA told the
committee that such health information letters were used to provide information to
VA staff and are not policy and that no record of additional information letters on
the subject of mefloquine had been found.* The VA letter listed all of the published
sources that were used in drawing its conclusions. The committee considered all
of those case reports and studies captured by VA for its own assessment but found

4 Personal communication to the committee, Peter D. Rumm, M.D., M.P.H., F.A.C.P.M., Director,
Pre-9/11 Era Environmental Health Program, VA, June 6, 2019.
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that most did not meet its criteria of reporting empirical data on adverse events that
persist or occur at least 28 days post-cessation of mefloquine.

In response to the committee’s request for further information on the DoD
“warning label,” VA could not provide it, and DoD responded that it does not
issue warning labels.> DoD provided copies of information sheets for service
members and their families (dated 2004) and for leaders (dated 2005) that had
been available on the health.mil website (DoD, 2004, 2005a). These guides, in
addition to warning against mefloquine use in those with a current or past history of
psychiatric disorders, repeatedly warned against drinking alcohol while taking the
drug because “alcohol may interfere with the medicine’s effectiveness and cause
more serious side effects.” FDA mefloquine package inserts, including the most
recent 2016 version, do not provide warnings or guidance on concurrent alcohol
use (FDA, 2016).

In 2005 a DoD issuance outlined the U.S. Central Command deployment
health protection policy (DoD, 2005b). It noted that component Combined Joint
Task Force surgeons were authorized to modify malaria prophylaxis guidance
for subordinate units based on latest intelligence, ground truth, and medical-risk
assessment. The issuance stated that a mefloquine or doxycycline regimen must be
used by personnel deploying to Central Asia, the Arabian Peninsula, and Africa;
it stated further that mefloquine was not authorized for people on flight status.

A 2006 DoD policy memorandum directed that mefloquine be used by
Coalition Forces Land Component Command personnel traveling to the Combined
Joint Task Force—Horn of Africa area of operations; it instructed aviators and
individuals unable to take mefloquine to take doxycycline (DoD, 2006).

The National Defense Authorization Act for Fiscal Year 2006 required the
Secretary of Defense to conduct a study of adverse health events (including
mental health) that may be associated with the use of antimalarial drugs, including
mefloquine.® In response, the assistant secretary of defense for health affairs
commissioned four scientific studies to assess the comparative rates of adverse
events resulting from the use of antimalarial medications, including mefloquine,
chloroquine, doxycycline, and A/P, in deployed service members (DoD, 2009a).
One study associated with this charge was published (Wells et al., 2006), and it is
summarized in the Post-Cessation Adverse Events section of this chapter. Another
study was reported to have been completed but not published. This committee has
no information on other studies that may have been commissioned in association
with this charge.

5 Personal communication to the committee, COL Andrew Wiesen, M.D., M.P.H., Director, Preven-
tive Medicine, Health Readiness Policy, and Oversight, Office of the Assistant Secretary of Defense
(Health Affairs), DoD, June 10, 2019.

¢ National Defense Authorization Act, Public Law 109-360, report on adverse health events associ-
ated with use of anti-malarial drugs, § 737, December 18, 2005.
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In 2009 a DoD memorandum advised that in chloroquine-resistant areas where
doxycycline and mefloquine are equally efficacious and when personnel have a
history of neurobehavioral disorders, doxycycline should be the first-line agent,
A/P should be the second-line agent, and, in those who cannot take doxycycline or
A/P, mefloquine should be used very cautiously and with clinical follow-up (DoD,
2009b). The memo also stated, presumably regarding personnel with no history
of neurobehavioral disorders, that mefloquine should only be used by those with
contraindications to doxycycline and without contraindications to mefloquine.
In a retrospective analysis of 11,725 active-duty U.S. military personnel who
were assigned in support of combat and reconstruction operations in Afghanistan
around 2007, DoD administrative databases were used to determine the number of
personnel with medical or pharmacologic contraindications to mefloquine prior to
their deployment (Nevin, 2010; Nevin et al., 2008). In this cohort, 4,505 (38.4%)
service members received a prescription for mefloquine, including 155 (13.7%)
ofthe 1,127 service members with an identified medical or pharmacologic contra-
indication to mefloquine. A 2013 DoD memo stated that doxycycline and A/P were
to be considered first-line agents in chloroquine-resistant areas, reserving meflo-
quine for use by those intolerant to or with contraindications to both doxycycline
and A/P (DoD, 2013a). The same year, a DoD issuance stated that U.S. Special
Operations Command medical personnel were to immediately cease prescribing
and using mefloquine for prophylaxis and that personnel currently taking meflo-
quine were to transition to one of three alternative medications (DoD, 2013b).
Total DoD mefloquine prescriptions fell from 23,889 in 2008 (18,942 active duty)
t0 263 (52 active duty) in 2017, representing a 99% reduction (99.8% among active
duty) (Wiesen, 2019).

Australia

Although mefloquine continues to be recommended by WHO and CDC for
malaria prophylaxis in civilians, several militaries have issued policies regarding
its use in their members. Since 2015 the governments of Australia, Canada, and
the United Kingdom have performed inquiries or investigations into the pos-
sible association of mefloquine with adverse effects, particularly neurologic and
psychiatric effects, when used for malaria prophylaxis by their military forces
(Australia, 2018; Canada, 2017; UK, 2016). Both the Canadian and Australian
governments performed a literature review as a part of their inquiry process (Aus-
tralia, 2018; Canada, 2017). Concerns raised by veterans and commentary in the
media contributed to the initiation of these inquiries. Military veterans of Canada,
Ireland, and the United Kingdom have filed lawsuits against their governments,
holding them responsible for adverse events they state were caused by mefloquine
use during their military service, and a U.S. veteran has filed a lawsuit against
Hoffman-La Roche, the manufacturer of Lariam® (BBC, 2016; Connolly, 2019;
O’Faolain, 2019).
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As part of its inquiry, the Australian Senate commissioned a literature review
of mefloquine and a research study that involved a re-analysis of health study
data on antimalarial use from the 2007-2008 Centre for Military and Veterans’
Health deployment health studies (Australia, 2018). It heard or reviewed submit-
ted testimony from government agencies (Department of Defence, Department of
Health, Department of Veterans’ Affairs, Australian Defence Force Malaria and
Infectious Disease Institute, Indo-Pacific Centre for Health Security, Department
of Foreign Affairs and Trade Repatriation Medical Authority), a malaria-control
organization (Asia Pacific Leaders Malaria Alliance), professional medical asso-
ciations (Australasian Society for Infectious Diseases, Australasian College of
Tropical Medicine, Royal Australian College of General Practitioners), advocate
organizations (Australian Quinoline Veterans and Families Association, Quinism
Foundation, Defence Force Welfare Association, Royal Australian Regiment
Corporation, RSL National), and product-development partnerships and phar-
maceutical manufacturers (Medicines for Malaria Venture, National Health and
Medical Research Council, GlaxoSmithKline, Biocelect, 60 Degrees Pharmaceu-
ticals, Roche), as well as from roughly 25 individuals, includingphysicians, aca-
demics, and veterans. In submitted testimony, symptoms attributed to mefloquine
use were referred to as “mefloquine poisoning” or an “acquired brain injury”
by the Australian Quinoline Veterans and Families Association and as “chronic
quinoline encephalopathy” or “neuropsychiatric quinism” by the U.S.-based
Quinism Foundation (Australia, 2018). Some veterans attributed their symptoms
to mefloquine use 15 or more years earlier. In the report summary, while the
Australian Senate committee acknowledged that its members were not medical
experts, it stated, “The weight of prevailing medical evidence provided to the
committee in response to these claims is that long term problems as a result of tak-
ing mefloquine are rare,” and it added that the committee had been informed that
there was no definitive evidence to support the claim that mefloquine use results
in acquired brain injury. It stated that while it believed that symptoms were being
experienced by individuals, assigning a single cause to these illnesses did not take
into account the multiple potential contributors to their health while they took
the drug and in the years after. The committee recommended that the Australian
Department of Veterans’ Affairs expedite its investigation into antimalarial
claims logged since September 2016 and that it offer assistance to claimants and
facilitate their access to legal representation. That committee also made recom-
mendations to ensure better access to care for sick veterans, including that the
Australian Department of Veterans’ Affairs prioritize developing a neurocognitive
health program. It did not recommend that changes be made to military policy on
antimalarial use, which currently allows mefloquine to be prescribed as a “third
line agent” only when doxycycline or A/P are contraindicated. Few Australian
Defence Force members have been prescribed mefloquine since 2010; in 2017
only two prescriptions were made (Australian Department of Defence, n.d.).

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/25688

Assessment of Long-Term Health Effects of Antimalarial Drugs When Used for Prophylaxis

MEFLOQUINE 105

Canada

The Canadian Armed Forces recommends the use of A/P, doxycycline, and
mefloquine for malaria prophylaxis in addition to other measures to prevent
mosquito bites. The Canadian Armed Forces follows the guidance set forth
by the Public Health Agency of Canada. Individual armed forces members, in
consultation with their health care providers, make a personal and informed
decision on which antimalarial drug they want to be prescribed (Canada, 2017).
Similar to the U.S. and Australian military experiences, the number of mefloquine
prescriptions has decreased since 2010; 20 prescriptions were made in 2016
(Canadian Forces Health Services Group, 2017). The Canadian Surgeon General
report, which was developed by a task force of Canadian Armed Forces personnel
and civilians from the Department of National Defence, examined the Canadian
Armed Forces experience with mefloquine and conducted a systematic review
and assessment of military-specific safety information compared with other
available antimalarial drugs (Canada, 2017). Although the report concluded that
mefloquine was not associated with an overall excess risk of adverse effects in
force personnel and its use did not prevent personnel from being able to perform
their occupational duties, the quality of the evidence of the available published
literature on the long-term health effects of mefloquine compared with other
available antimalarial drugs was weak and itself did not support a change to
policy. However, based on a consideration of other factors, such as most members
showing a preference for the other available agents (A/P and doxycycline), the
fact that screening for potential contraindications was lacking (a medical chart
audit showed that 12% of mefloquine prescriptions had been made to service
members who had contraindications), the lack of evidence on long-term safety,
a desire for consistency with allied militaries (such as the United States), and
the desire to be responsive to defence force member and societal concerns, the
report recommended that the military change its policy to limit mefloquine
use to (1) persons for whom use of A/P, doxycycline, and chloroquine are
inappropriate (e.g., due to contraindications or intolerance); and (2) persons who
have previously used and tolerated mefloquine, indicate a preference for it, and
do not have contraindications. The report further recommended that the Canadian
Armed Forces develop policies or procedures to enhance screening (and screening
documentation) of service members for contraindications to mefloquine and other
antimalarials and that a formal audit process be implemented to enable monitoring
of antimalarial screening and prescription practices (Canada, 2017).

United Kingdom

The UK Ministry of Defence amended its policy regarding the use of meflo-
quine and other antimalarials on September 12, 2016, and it was further revised
in June 2017 in response to recommendations from the UK House of Commons
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Defence Committee’s report on mefloquine (UK, 2016). The inquiry by the House
of Commons Defence Committee was more limited in scope than those undertaken
by the Australian and Canadian governments. The committee did not perform a
literature search, but testimony was heard and reviewed from government agencies
(Surgeon General; Ministry for Defence Personnel, Welfare and Veterans; Defence
Medical Services), the pharmaceutical manufacturer Roche Products Ltd., and
roughly 15 individuals, including a research scientist, physicians, and veterans.
That committee concluded that mefloquine should be considered as a drug of last
resort in defense forces. The new policy restricts the use of mefloquine even more
narrowly to military personnel who are unable to tolerate available alternatives,
have been screened for safe use via a face-to-face assessment, and have been
informed of and provided the option to take alternative agents. The other prophy-
lactic drugs available to armed forces members are doxycycline, chloroquine, and
A/P. Consistent with Australian and Canadian defense forces, few prescriptions for
mefloquine are made; from April 2018 to March 2019, there were 31 mefloquine
prescriptions (UK, 2019).

PHARMACOKINETICS

Mefloquine is a chiral antimalarial agent, available as the racemic combina-
tion of (+) and () enantiomers (Schlagenhauf, 1999). Five metabolites of meflo-
quine have been isolated (WHO, 1983). The pharmacokinetics of the mefloquine
enantiomers have been found to be highly stereospecific (Gimenez et al., 1994).
The plasma concentrations of the (—) enantiomer were shown to be significantly
higher than those observed for the (+) enantiomer, and all major pharmacokinetic
parameters, with the exception of T _ . were observed to be significantly different
(Gimenez et al., 1994).

Mefloquine is primarily metabolized by CYP3A4 (Fontaine et al., 2000), and
the major circulating metabolite is a 4-carboxyclic acid derivative (Gimenez et al.,
1994), which is inactive against P. falciparum (Ashley et al., 2006). Mefloquine
appears to be excreted primarily in the bile and feces; urine excretion of the
unchanged drug and of its acid metabolite amounted to 9% and 4.2% of the weekly
dose, respectively (Schwartz et al., 1987; WHO, 1983).

Plasma protein binding of mefloquine is high, reportedly 98% (Karbwang
and White, 1990; Palmer et al., 1993). Considerable interindividual variation in
pharmacokinetic parameters has been reported (Gimenez et al., 1994; Karbwang
and White, 1990; Karbwang et al., 1987; Palmer et al., 1993). The presence of food
significantly increases the bioavailability of mefloquine (Schlagenhauf, 1999). In
healthy volunteers, plasma concentrations peak 624 hours (mean 17.6 hours) after
a single dose of mefloquine (Palmer et al., 1993). Clinical pharmacokinetic studies
in male volunteers from Africa, Brazil, Europe, and the United States have shown
that mefloquine has a long but variable plasma half-life of 6-23 days, with a mean

max’
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value of around 14 days, but effective drug levels may persist for 30 days or more
(WHO, 1983). Using a dosage of 250 mg weekly requires 7-10 weeks before a
steady-state plasma concentration is achieved. Maximum blood concentrations
appear to be two to three times higher in Asians than in non-Asians. In healthy
adults, the terminal elimination half-life ranges from 14 to 28 (mean 18.1) days,
indicating that mefloquine is distributed extensively in the tissues and is cleared
slowly from the body (Palmer et al., 1993). Mefloquine blood concentrations in
pregnant women are lower than those in nonpregnant adults (Thillainayagam and
Ramaiah, 2016), but clearance may be increased during late pregnancy (Karbwang
and White, 1990).

ADVERSE EVENTS

This section begins with a summary of known concurrent adverse events,
such as those that occur immediately or within a few hours or days of taking a
dose of mefloquine, from Cochrane systematic reviews. Epidemiologic studies of
persistent adverse events in which information was available at least 28 days post-
mefloquine-cessation are then summarized by population category (military or
veterans, occupational groups, travelers, and research volunteers), with an empha-
sis placed on reported results of persistent or latent effects that were associated
with the use of mefloquine (even if results on other antimalarial-drug comparison
groups were presented).

Concurrent Adverse Events

Concurrent adverse events are well characterized for mefloquine. In general,
mefloquine has a poorer reputation among the public and in military populations
than the other available drugs for malaria prophylaxis. This is due mainly to the
neurologic and psychiatric events associated with mefloquine, which are dose
related, but that may occur at prophylactic doses (Stiirchler et al., 1990; Weinke
etal., 1991) and at a greater frequency than with other antimalarial prophylactics
(Schlagenhauf et al., 2003, 2010). However, mefloquine-associated serious
adverse events—defined as those that constitute a threat to life, require hospital-
ization, or result in severe disability—are rare, with estimated occurrences ranging
from 1 in 10,000 to 1 in 20,000 depending on the population examined (Bjérkman
et al., 1991; Schlagenhauf et al., 2003, 2010; Stiirchler et al., 1990; Weinke et
al., 1991; Wells et al., 2006). Instead of detailing every study that has reported
concurrent adverse events that have been reported with use of mefloquine, the fol-
lowing paragraphs summarize the most common adverse events as well as those
that are less commonly reported but still recognized as possibly related to the use
of mefloquine for malaria prophylaxis using two identified Cochrane systematic
reviews of the literature (Croft and Garner, 2000; Tickell-Painter et al., 2017a).
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Results from analyses that compared mefloquine with placebo or no drug (as
opposed to comparisons with another antimalarial drug) were of greatest interest
to the committee because an observed lack of difference in effect between two
drugs could occur because both drugs cause the (same) adverse events. Use of a
placebo-controlled design helps provide information about the “base rate” of the
adverse events, to understand if the rates observed among individuals taking the
drug are higher than would be expected with no drug exposure.

The aim of the first published Cochrane review (Croft and Garner, 2000) was
to determine the effects of mefloquine in nonimmune adult travelers compared
with other antimalarial regimens in relation to episodes of malaria, withdrawal
from prophylaxis, and adverse events. Ten randomized trials of adult travelers
and non-traveling volunteers were considered as well as 516 case reports for
adverse events analyses. More recently, Tickell-Painter et al. (2017a) conducted
a systematic review to summarize the efficacy and safety of mefloquine used as
prophylaxis for malaria in adults, children, and pregnant women travelers. This
review included 20 randomized controlled trials (totaling 11,470 participants), 35
cohort studies (totaling 198,493 participants), and 4 large retrospective analyses
of health records (800,652 participants). Although the aims of these two large
reviews were slightly different, Tickell-Painter et al. included nearly all of the
same randomized controlled trials as Croft and Garner.

Croft and Garner (2000) assessed the use of mefloquine in nonimmune adult
travelers compared with other regimens; the analysis included a total of 2,750
participants. To compare tolerability, the authors reviewed data on neurologic
and psychiatric symptoms (depression, abnormal dreams, fatigue, headache,
insomnia), gastrointestinal symptoms (abdominal discomfort, anorexia, diarrhea,
nausea, vomiting), and fever and pruritus; data were to have been collected “at
first assessment.” The authors identified five trials that compared outcomes with
mefloquine versus placebo, and they reported that the tolerability outcome mea-
sures showed no statistically significant pattern relative to mefloquine or placebo,
but that the numbers of study participants were generally small. Six trials were
identified that compared mefloquine with other malaria-prophylactic drugs, but
the comparator drugs were not named, except incidentally when specific com-
parisons were made. The authors calculated Peto odds ratios (used when pooling
odds ratios) and found the overall incidence of adverse events with mefloquine
to be no different from that of other antimalarials (OR = 1.00, 95%CI 0.80-1.27;
4 studies, 1,344 participants). There was no consistent pattern across the five
neurologic and psychiatric symptoms analyzed (depression, dreams, fatigue,
headache, insomnia), but mefloquine was shown to be more likely than other
agents to cause insomnia (OR = 1.64, 95%CI 1.18-2.28; 4 studies, 1,344 partici-
pants) and fatigue (OR = 1.57, 95%CI 1.01-2.45; 4 studies, 1,344 participants).
No consistent pattern was seen for the gastrointestinal symptoms analyzed, but
abdominal discomfort was reported less frequently among users of mefloquine
than among users of other antimalarials (OR = 0.57, 95%CI 0.42—0.77; 5 studies,
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1,464 participants), as was the case with anorexia (OR = 0.64, 95%CI 0.43-0.95;
4 studies, 1,444 participants) and nausea (OR = 0.74, 95%CI 0.57-0.96; 6 studies,
1,717 participants). The authors noted the heterogeneity of the studies and stated
that the overall effect regarding gastrointestinal symptoms appeared to be due to
one study in which participants reported symptoms in the chloroquine-proguanil
group more frequently than in the mefloquine group. Reports of fever and pruritus
were similar in the mefloquine and comparator arms. The authors also noted
that they had identified 328 case reports that involved mefloquine prophylaxis
and adverse events (discussed later in this chapter under Case Reports and Case
Series).

Tickell-Painter et al. (2017a) prespecified adverse events of interest to include
these disorders: psychiatric (abnormal dreams, insomnia, anxiety, depression,
psychosis); nervous system (dizziness, headache); ear and labyrinth (vertigo);
eye (visual impairment); gastrointestinal tract (nausea, vomiting, abdominal pain,
diarrhea, dyspepsia); and skin and subcutaneous tissues (pruritus, photosensitivity,
vaginal candida). The assessment comparing the use of mefloquine for malaria
prophylaxis with placebo or no treatment included 13 randomized controlled trials
and 5 cohort studies. Dosages varied, as did methods of collecting adverse event
data; eight of the trials were considered to be at high risk of bias from selective
outcome reporting. The authors applied categories of certainty to the results based
on the five GRADE considerations (risk of bias, consistency of effect, imprecision,
indirectness, and publication bias) (Higgins et al., 2019).

Overall, among the six randomized controlled trials only one serious adverse
event (death from septic shock after an emergency cesarean section for obstructed
labor) was reported among study participants who used mefloquine (n = 592)
compared with two that occurred among people using placebo (n = 629); none of
these events were attributed to the drug regimen (Tickell-Painter et al., 2017a).
In the cohort studies, seven serious adverse events (five were depression and
two were dizziness, and all were attributed to the drug regimen) were reported
among 913 mefloquine users, and none were reported in 254 travelers who did
not use antimalarials. When analyses were performed to compare mefloquine with
doxycycline (4 trials and 20 cohort studies), A/P (3 trials and 16 cohort studies),
and chloroquine (6 trials and 15 cohort studies), no difference in the incidence of
serious adverse events was found between mefloquine and doxycycline, A/P, or
chloroquine. Participants receiving mefloquine were no more likely to discon-
tinue their medication due to adverse events than were doxycycline users (RR =
1.08, 95%CI 0.41-2.87; 4 trials, 763 participants; low-certainty evidence), but
mefloquine users were more likely to discontinue their medication due to adverse
events than A/P users (RR = 2.86, 95%CI 1.53-5.31; 3 trials, 1,438 participants;
high-certainty evidence) (Tickell-Painter et al., 2017a).

Regarding neurologic outcomes, people taking mefloquine were less likely
than those taking placebo in trials to experience headache (RR = 0.84, 95%CI
0.71-0.99; 5 trials, 791 participants), but this was not observed in the one cohort
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study that reported on headache. Whereas mefloquine users in trials were no
more likely than recipients who took a placebo or no drug to experience dizziness
(RR = 1.03, 95%CI 0.90-1.17; 3 trials, 452 participants), in the cohort studies,
participants who used mefloquine were statistically significantly more likely to
experience dizziness (RR = 1.80, 95%CI 1.29-2.49; 3 studies, 1,901 participants)
than those who used placebo or no drug. No differences were observed between
mefloquine and placebo groups for vertigo in either trials or cohort studies. Cohort
study comparisons between mefloquine and doxycycline users found no differ-
ences for headache or dizziness.

None of the randomized controlled trials reported on the psychiatric symptoms
of abnormal dreams, insomnia, anxiety, depressed mood, or abnormal thoughts and
perceptions (psychosis). Participants in cohort studies who received mefloquine
were more likely than participants who did not take prophylaxis to experience
abnormal dreams (RR = 2.35, 95%CI 1.15-4.80; 2 studies, 931 participants) and
insomnia (RR = 1.46, 95%CI 1.06-2.02; 2 studies, 931 participants). Effects on
anxiety (RR = 1.21, 95%CI 0.67-2.21; 2 studies, 931 participants), depressed
mood (RR =2.43, 95%CI 0.65-9.07; 3 studies, 1,901 participants), and abnormal
thoughts or perceptions (RR =5.77, 95%CI 0.79-42.06; 1 study, 970 participants)
were not consistent across studies and did not reach standard levels of statistical
significance. Findings from trials and cohort studies that used A/P as a comparator
were similar, with mefloquine users statistically significantly more likely to report
abnormal dreams, insomnia, anxiety, and depressed mood, although it should be
noted that all of the effect estimates were quite imprecise. Using the six cohort
studies that used doxycycline as a comparator, mefloquine users were more likely
to report abnormal dreams (RR = 10.49, 95%CI 3.79-29.10; 4 studies, 2,588
participants), insomnia (RR = 4.14, 95%CI 1.19-14.44; 4 studies, 3,212 partici-
pants), anxiety (RR = 18.04, 95%CI 9.32-34.93; 3 studies, 2,559 participants), and
depressed mood (RR = 11.43, 95%CI 5.21-25.07; 2 studies, 2,445 participants),
but the pooled effect estimates were very imprecise. Additionally, 15 episodes of
abnormal thoughts and perceptions were reported among mefloquine users and
none among doxycycline users in the cohort studies reporting adverse events. In
the single trial included and the large retrospective health care record analyses,
there were either no differences between groups, or doxycycline users were more
likely to experience psychiatric symptoms. Overall, the authors concluded that
people taking mefloquine are more likely to have abnormal dreams, insomnia,
anxiety, and depressed mood during travel than people who take A/P (moderate-
certainty evidence) or doxycycline (very low-certainty evidence).

Mefloquine recipients were more likely to experience nausea than placebo
recipients for both trials (RR = 1.35, 95%CI 1.05-1.73; 2 trials, 244 participants)
and cohort studies (RR = 1.85, 95%CI 1.42-2.43; 3 studies, 1,901 participants),
but there was no difference between groups for vomiting, abdominal pain, or
diarrhea. For both trials and cohort studies, when mefloquine users were com-
pared with A/P users, mefloquine users were statistically significantly more
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likely to experience nausea, but there was no statistically significant difference
for vomiting, abdominal pain, or diarrhea. Based on data from cohort studies,
mefloquine users were less likely than doxycycline users to report dyspepsia
(RR = 0.26, 95%CI 0.09-0.74; 5 studies, 5,104 participants), vomiting (RR =
0.18,95%CI 0.12-0.27; 4 studies, 5,071 participants), nausea (RR =0.37, 95%CI
0.30-0.45; 5 studies, 2,683 participants), and diarrhea (RR = 0.28, 95%CI 0.11—
0.73; 5 studies, 5,104 participants). No difference between mefloquine users and
doxycycline users was found for abdominal pain (RR = 0.30, 95%CI 0.09-1.07;
4 studies, 2,569 participants). The authors stated that the estimates for dyspepsia
and vomiting were given low or very low certainty of evidence. Other symptoms
were also included when available. Based on one cohort study of 197 partici-
pants, mefloquine users were more likely than those who were given placebo to
experience pruritus (RR = 6.71, 95%CI 1.58-28.55), although the estimate was
imprecise. Pruritus was not statistically different between mefloquine users and
placebo or non-drug users in trials (RR = 0.86, 95%CI 0.60-1.24; 3 trials, 609
participants). Based on the data from cohort studies, mefloquine users were less
likely than doxycycline users to report photosensitivity (RR = 0.08, 95%CI
0.05-0.11) and vaginal thrush (RR = 0.10, 95%CI 0.06-0.16), but for both of
these results the evidence was considered to be very low certainty. No differences
were observed between mefloquine and placebo groups for visual impairment
in either trials or cohort studies. Authors noted that comparisons of mefloquine
with chloroquine added no new information and that subgroup analysis by study
design, duration of travel, and military versus non-military participants provided
no conclusive findings.

Post-Cessation Adverse Events

A total of 1,577 abstracts or titles were identified by the committee for inclu-
sion for mefloquine. After screening, 489 abstracts and titles remained, and the
full text for each was retrieved and reviewed to determine whether it met the
committee’s inclusion criteria, as defined in Chapter 3. The committee reviewed
each article and identified 11 epidemiologic studies that included some mention
of adverse events that occurred >28 days post-cessation of mefloquine (DeSouza,
1983; Eick-Cost et al., 2017; Laothavorn et al., 1992; Meier et al., 2004; Schlagen-
haufetal., 1996; Schneider et al., 2013, 2014; Schneiderman et al., 2018; Schwartz
and Regev-Yochay, 1999; Tan et al., 2017; Wells et al., 2006). A table that gives a
high-level comparison (study design, population, exposure groups, and outcomes
examined by body system) of each of the 11 epidemiologic studies that examined
the use of mefloquine and that met the committee’s inclusion criteria is presented
in Appendix C. Other identified articles are cited in the background, case reports
and selected subpopulations, and biologic plausibility sections as relevant.
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Military and Veterans

Using DoD administrative databases, Eick-Cost et al. (2017) performed a
retrospective cohort study among 367,840 active-duty service members who filled
at least one prescription for an antimalarial drug for prophylaxis between 2008 and
2013: 36,538 were prescribed mefloquine, 318,421 doxycycline, and 12,881 A/P.
The primary study objective was to assess and compare the risk of incident and
recurrent International Classification of Diseases, Ninth Revision, Clinical Modi-
fication (ICD-9-CM)—coded neurologic and psychiatric outcomes (adjustment dis-
order, anxiety disorder, depressive disorder, posttraumatic stress disorder [PTSD],
psychoses, suicide ideation, paranoia, confusion, tinnitus, vertigo, convulsions,
hallucinations, insomnia, and suicide) that were reported at medical care visits dur-
ing concurrent use plus 365 days after the end of the prescription for mefloquine,
doxycycline, and A/P. Although the authors did not report results for the period of
>28 days post-cessation of antimalarial drug use, they stated that they performed
several sensitivity analyses, including one in which the risk period was restricted
to 30 days post-prescription. The results of that analysis were summarized in the
text as follows: “However, none of these analyses significantly changed the results
of the study and are therefore not reported” (p. 161). This statement implies (but
does not show directly) that similar findings to those reported would be seen if
the data were restricted to the period of relevance to the committee’s definition of
persistence (i.e., >28 days after cessation of exposure). The committee was unsure
how to interpret that sentence reporting that the results did not change significantly
(statistical significance, precision of effect estimates, number of diagnoses, etc.),
but given that the authors performed sensitivity analyses, the number of methodo-
logic strengths, including strong measurement of relevant outcomes conducted in
the target population, the committee chose to include it, despite the ambiguity in
the language. If an individual had multiple prescriptions over the follow-up period,
risk periods were merged. Doxycycline and A/P prescriptions were excluded if
the service member previously or concurrently received mefloquine. Mefloquine
risk periods were censored if an individual received a prescription for a differ-
ent antimalarial. Analyses were stratified by deployment and psychiatric history.
Models were adjusted for age, sex, service, grade, and year of prescription start;
analyses of deployed service members also controlled for location and combat
exposure. Mefloquine recipients had primarily served in the Air Force (58%), held
a rank of senior enlisted (47%), and most had had prescriptions filled prior to 2010
(75%). Among the deployed service members, 29% of the individuals who had
received mefloquine reported having had combat exposure (compared with 43%
for doxycycline and 21% for A/P).

With few exceptions, adjusted incident rates were higher among the deployed
than among the nondeployed for mefloquine as well as for the other antimalarial
drugs considered. Effect estimates of neurologic and psychiatric outcomes for
doxycycline and A/P are reported in those respective chapters. For mefloquine users
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the highest incident rates among both the deployed and nondeployed were for adjust-
ment disorder (28.66 versus 18.75 per 1,000 person-years, respectively), followed
by insomnia (15.78 versus 10.09 per 1,000 person-years, respectively) and anxiety
disorder (14.51 versus 9.28 per 1,000 person-years, respectively). Incident depres-
sive disorder (12.46 versus 8.59 per 1,000 person-years, respectively) and vertigo
(12.19 versus 11.90 per 1,000 person-years, respectively) were also higher among
the deployed group. The incidence of tinnitus, however, was higher among the
nondeployed than among the deployed (14.02 versus 13.44 per 1,000 person-years,
respectively) as was the case for convulsions, psychoses, suicide, and confusion.
Among those prescribed mefloquine, the incidence rate of PTSD was 11.08 per
1,000 person-years in the deployed group and 5.05 per 1,000 person-years in the
nondeployed group. Adjusted incidence rate ratios (IRRs) comparing mefloquine to
doxycycline by deployment status found that among the deployed, the only statisti-
cally significant difference between the two drugs was for anxiety disorder (IRR =
1.12, 95%CI 1.01-1.24). When mefloquine and doxycycline users were compared
among the nondeployed, the outcomes of adjustment disorder (IRR = 0.69, 95%CI
0.60—0.80), insomnia (IRR = 0.67, 95%CI 0.56—0.81), anxiety disorder (IRR =0.70,
95%CI 0.57-0.86), depressive disorder (IRR = 0.68, 95%CI 0.55-0.84), vertigo
(IRR = 0.52, 95%CI 0.31-0.88), and PTSD (IRR = 0.69, 95%CI 0.52-0.91) all
showed a statistically significantly Jower risk for mefloquine users but no differences
were found for the other outcomes. Adjusted IRRs comparing mefloquine with A/P
by deployment status found that the risk of tinnitus among both the deployed (IRR
= 1.81, 95%CI 1.18-2.79) and the nondeployed (IRR = 1.51, 95%CI 1.13-2.03)
was statistically significantly elevated among those taking mefloquine. No other
outcomes were statistically significantly different between deployed mefloquine and
A/P users. Among the nondeployed, the only other statistically significant difference
between mefloquine and A/P users was for PTSD (IRR =1.83, 95%CI 1.07-3.14). A
subsequent analysis restricted the population to the first mefloquine or doxycycline
prescription per individual and included individuals with a prior history of a neu-
rologic or psychiatric diagnosis. Incidence rates and IRRs for each neurologic and
psychiatric outcome were compared, stratified by those with and without a prior
neurologic or psychiatric diagnosis. In total, 5.9% of those prescribed mefloquine
and 9.2% of individuals prescribed doxycycline had had at least one neurologic or
psychiatric diagnosis in the 365 days before the prescription, suggesting that those
with a psychiatric disorder were less likely to be prescribed mefloquine, consistent
with the contraindications of the drug. A diagnosis of PTSD was recorded for 131
(0.4%) individuals in the mefloquine group and for 2,671 (0.8%) individuals in the
doxycycline group in the 365 days prior to the first antimalarial prescription. For
both the mefloquine and doxycycline groups, individuals with a neurologic or psy-
chiatric diagnosis in the year preceding the prescription had statistically significantly
elevated risks for a subsequent diagnosis of the same condition for all conditions
reported (adjustment disorder, anxiety, insomnia, depressive disorder, PTSD, tin-
nitus, vertigo, and convulsions) than individuals without a diagnosis in the prior
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year. However, when the IRRs contrasting mefloquine and doxycycline users were
compared within strata of those with and without prior neurologic or psychiatric
diagnoses, there were no statistically significant differences between mefloquine
and doxycycline for any of the conditions, including PTSD (bootstrap RRR = 1.14,
95%CI 0.78-1.65).

The committee found this study to be well designed. Important factors that
increased the study quality were the large sample size; the use of an administrative
data source, which provides some degree of objectivity; and the careful consid-
eration of potential confounding variables, including demographics, psychiatric
history, and military characteristics of deployment and combat exposure. Because
neurologic and psychiatric diagnoses occurring during current and recent use were
analyzed together without distinguishing between events that occurred within
28 days of antimalarial use and those that occurred >28 days post-cessation, the
study provides no quantitative information regarding the persistence of most
events other than the notation in text that results did not change when restricted
to the post-cessation period. The use of administrative data provided a standard,
consistent method to capture filled prescriptions and medical diagnoses through
the use of ICD-9-CM codes. However, filled prescriptions do not equate to adher-
ence to the drug regimen. Moreover, if the antimalarials were provided to entire
units as part of force health protection measures, the use of these drugs would not
be coded in individual records. Whereas the use of medical diagnoses is likely
to be more reliable for the outcomes than self-report, the data are dependent on
the accuracy of the coding, and there was no validation of the diagnoses recorded
in the administrative databases, and symptoms or events that did not result in a
medical visit or diagnosis would have been missed. For PTSD diagnoses, there was
no information about when the index trauma occurred. Given the largely decreased
risks and null results reported for the study, this implies null results would be found
for the period of interest, but the data were not presented to examine this directly.

Schneiderman et al. (2018) conducted a retrospective observational analysis
of self-reported health outcomes associated with use of antimalarial drugs in a
cohort of U.S. veterans who had responded to the 2009-2011 National Health
Study for a New Generation of U.S. Veterans (referred to as the NewGen Study).
The NewGen Study is a population-based survey that sampled 30,000 veterans
who had been deployed to Iraq or Afghanistan between 2001 and 2008 and 30,000
nondeployed veterans who had served during the same time period; it included a
20% oversampling of women. The survey was conducted using mail, telephone,
and web-based collection and yielded a response rate of only 34.3%. For this
particular analysis, 19,487 participants were included who had self-reported their
history of antimalarial medication use, and the use was grouped for the analysis
by drug (mefloquine, chloroquine, doxycycline, primaquine, mefloquine in com-
bination with other drugs, other antimalarials, and not specified) or no antimalarial
use. Health outcomes were self-reported using standardized instruments: the
Medical Outcomes Study 12-item Short Form (SF-12) for general health status,
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PTSD Checklist—Civilian version (PCL-C), and the Patient Health Question-
naire. These instruments yielded scores that were dichotomized for analysis on
composite physical health, composite mental health (above or below the U.S.
mean), PTSD (above or below screening cutoff), thoughts of death or self-harm,
other anxiety disorders, and major depression. Potential confounders included in
the multivariable analysis were the branch of service, sex, age, education, race/
ethnicity, household income, employment status, marital status, and self-reported
exposure to combat. Responses were weighted to account for survey non-response.
Most veterans reported no antimalarial drug exposures (61.4%, n = 11,100), and
these served as the referent group. Focusing first on those veterans who had been
deployed (n = 12,456), of those who reported use of an antimalarial drug (n =
6,650), 307 (4.4% weighted) reported only using mefloquine, and 425 (6.0%
weighted) reported using mefloquine and another antimalarial. Among the non-
deployed (n = 7,031), 39 (2.2% weighted) used mefloquine alone, and 52 (2.8%
weighted) used mefloquine and another antimalarial. The deployed mefloquine-
plus-another-antimalarial users reported the highest prevalence of positive screens
for PTSD (20.0%), other anxiety disorders (15.3%), and major depression (12.5%)
compared with mefloquine alone and with the other antimalarial drug groups in the
deployed and nondeployed strata. Descriptive statistics indicated that the deployed
mefloquine users reported greater frequencies of mental health diagnoses than non-
deployed mefloquine users—PTSD (14.2% versus 7.5%), other anxiety disorders
(10.8% versus 5.7%), major depression (9.3% versus 3.3%), and thoughts of death
or self-harm (14.0% versus 7.1%)—but no statistical inferences were presented.
In the adjusted logistic regression models with all covariates considered (includ-
ing demographics, deployment, and combat exposure), the use of mefloquine
alone was not associated with an increased risk for any of the health outcomes
when compared with nonuse of antimalarial drugs: composite mental health score
(OR = 0.87, 95%CI 0.66-1.14), composite physical health score (OR = 0.96,
95%CI 0.73-1.26), PTSD (not adjusted for combat exposure) (OR = 0.86, 95%CI
0.58-1.27), thoughts of death or self-harm (OR = 1.21, 95%CI 0.80-1.82), other
anxiety (OR =0.77, 95%CI 0.49—1.22), and major depression (OR = 0.74, 95%CI
0.46—1.20). Results were similar and not statistically significant for mefloquine
use in combination with other antimalarials for analyses restricted to the deployed
subset of veterans. An additional analysis was performed on the six health indica-
tors or outcomes stratified by antimalarial exposure and a four-level measure of
combat exposure intensity. The weighted prevalence estimates seem to indicate
an increasing prevalence of disorders with increasing combat exposure intensity,
but it is challenging to interpret the results or to compare across antimalarial expo-
sures given the small numbers in some cells and the lack of confidence intervals
or hypothesis tests.

This analysis of the NewGen survey is highly relevant to the question of
whether there are effects of mefloquine use that persist after the cessation of drug
use. The study is large enough to generate moderately precise measures of associa-

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/25688

Assessment of Long-Term Health Effects of Antimalarial Drugs When Used for Prophylaxis

116 LONG-TERM HEALTH EFFECTS OF ANTIMALARIAL DRUGS

tion, the specific drugs were assessed, the outcomes were based on standardized
instruments (although not face-to-face diagnostic interviews), important covariates
of deployment and combat exposure were considered in addition to demographics
and other military characteristics, and the data were appropriately analyzed. The
number of mefloquine-only users in this sample was relatively small (346 of anti-
malarials users). It is noteworthy that adjustment for combat exposure consistently
reduced the measures of association, potentially indicating the strong confounding
that can exist due to combat exposure. Although the time period of drug use and
the timing of health outcomes was not directly addressed, given that the popula-
tions were all veterans who had served between 2001 and 2008 and that the survey
was not administered until 2009-2011, it is reasonable to assume that antimalarial
drug use had ceased some time before. Nonetheless, the study could not address
explicitly the health experiences during use and in specific time intervals follow-
ing the cessation of use. There are a number of methodologic concerns that limit
the strength of this study’s findings. The low response rate of 34% raises concerns
of non-response bias, but responses were weighted to account for non-response.
Selective participation by both antimalarial drug use history and health status
would be required to introduce bias. The accuracy of self-reported antimalarial
drug use in this population is unknown. Although self-reported information has
some advantages over studies based on prescriptions in that the individual recalls
using the drug, validation of the reported drug and information on adherence is not
captured. Self-reported health experience is subject to the usual disadvantages of
recall bias and bias of reporting subjective experience without independent expert
assessment; however, by using standardized assessment tools, these biases may
have been circumvented to some extent.

The Wells et al. study was commissioned in 2004 by the assistant secretary
of defense in response to concerns within DoD about adverse health outcomes
associated with the use of mefloquine (DoD, 2009a). Wells et al. (2006) used DoD
administrative databases and a retrospective observational design to examine U.S.
active-duty service members who had been prescribed mefloquine (minimum
seven tablets) and deployed at some time in calendar year 2002 (n = 8,858). Their
health experience was compared with that of U.S. service personnel assigned to
Europe or Japan (n = 156,203), who did not use antimalarials. This comparison
group was intended to control for being healthy enough to be stationed overseas,
but this group was not considered to be “deployed” in the same manner as to an
operational theater or combat zone. A second control group consisted of active-
duty service members who were deployed for 1 month or longer during 2002 but
had not been prescribed mefloquine or other commonly used antimalarial drugs
(n = 232,381). Although the use of two comparison groups can be helpful when
results are consistent, it is important that both are similar to the exposed group.
The demographic and military characteristics of the Europe- and Japan-stationed
individuals differed substantially from those of the deployed individuals. Health
outcomes were based on hospitalization records within the military health care
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system and the corresponding ICD-9-CM codes for diagnoses by body system,
including a number of physical and mental health conditions. The use of hospital-
izations indicates adverse events of a greater severity for reported disorders than
may be experienced by other populations of mefloquine users. The association
between mefloquine exposure and hospitalization was analyzed through Cox
proportional hazards modeling, with the follow-up time beginning on return from
deployment (with or without mefloquine exposure). Adjustment was made for sex,
age, race/ethnicity, service branch, marital status, rank, occupation, and history
of hospitalization in 2001. Compared with those nondeployed service members
who were assigned to Europe or Japan, those prescribed mefloquine during their
deployment had a statistically significantly lower risk of hospitalization for any
cause (HR =0.47, 95%CI 0.39-0.56) as well as for reasons specific to the diges-
tive system (HR = 0.52, 95%CI 0.34-0.79), for reasons specific to the respiratory
system (HR = 0.44, 95%CI 0.23-0.86), for musculoskeletal disorders (HR = 0.68,
95%CI 0.47-0.98), for ill-defined conditions (HR = 0.24, 95%CI 0.16-0.37), and
for injury and poisoning (HR = 0.63, 95%CI 0.47—0.84). No statistically significant
differences were found between mefloquine users and those assigned to Europe
or Japan for hospitalizations related to mental disorders (HR = 0.76, 95%CI
0.55-1.07) or for disorders of the nervous system (HR = 0.58, 95%CI 0.26—1.32),
the circulatory system (HR = 0.61, 95%CI 0.31-1.18), blood and blood-forming
organs (HR = 0.51, 95%CI 0.19-1.36), or skin and subcutaneous tissues (HR
= 0.88, 95%CI 0.43-1.80). The hazard ratios comparing mefloquine users with
deployed nonusers of antimalarials yielded null results across the range of all
outcomes reported, including hospitalization for any cause (HR = 0.94, 95%CI
0.79-1.12), mental disorders (HR = 1.23, 95%CI 0.87-1.72), or disorders of the
nervous system (HR = 0.76, 95%CI 0.34-1.73), digestive system (HR = 0.90,
95%CI 0.60-1.37), circulatory system (HR = 0.69, 95%CI 0.35-1.34), blood and
blood-forming organs (HR = 0.65, 95%CI 0.24-1.74), or skin and subcutaneous
tissues (HR = 1.31, 95%CI 0.64-2.69). Hospitalizations related to categories of
infections; neoplasms; disorders of endocrine, nutritional, or metabolism; and dis-
orders of the genitourinary system were also examined between mefloquine users
and the two reference groups but none reached statistical significance. A total of
37 hospitalizations for mental disorders as a category were reported for mefloquine
users, and when hospitalizations due to specific psychiatric outcomes were consid-
ered, there were no cases of somatoform disorders, 6 cases each of mood disorders
and anxiety disorders, 1 case of PTSD, 19 cases of substance use disorders, 7 cases
of personality disorders, 13 cases of adjustment reactions, 4 cases of mixed syn-
dromes, and 20 cases of “other disorders” among mefloquine users. A comparison
of these rates with those of the two reference groups of service members resulted
in imprecise and null estimates. Only six hospitalizations due to nervous system
disorders were reported for mefloquine users, and comparisons with both reference
groups showed that mefloquine users had no statistically significant difference in
risk for nervous system disorders as a group. When hospitalizations due to specific
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neurologic outcomes were considered, among those receiving mefloquine there
were no cases of nystagmus or dizziness and giddiness, one case of vertiginous
syndromes, and three cases of migraine, which resulted in wide, imprecise, and
null effect estimates when these rates were compared with those of the two refer-
ence groups of service members. Deployed mefloquine users had numerically
higher rates than deployed nonusers, but no comparisons reached statistical signifi-
cance, and all effect estimates of individual diagnoses had less precision than when
reported by organ system. For example, only one diagnosis of PTSD was reported
in the mefloquine user group, compared with 29 diagnoses in the deployed non-
user group (HR =1.66, 95%CI 0.21-12.85) and 38 diagnoses in the Europe/Japan
group (HR =0.79, 95%CI 0.11-5.91). The only statistically significant difference
found between mefloquine users and those assigned to Europe or Japan was for
mood disorders (HR = 0.37, 95%CI 0.15-0.90).

Overall, this is a well-designed study that was likely adequately powered to
detect moderate differences. Because the follow-up of the mefloquine users began
at the time of their return from deployment, it is reasonable to assume that these
results largely reflected their experiences following cessation of exposure of vary-
ing duration. Nonetheless, the results for varying time intervals following cessa-
tion of use (or time since return from deployment) were not presented. Although
the use of two comparison groups can be helpful when the results are consistent,
it is important that both be similar to the exposed group. The demographic and
military characteristics of the Europe- and Japan-stationed individuals differed
substantially from the deployed individuals, suggesting that this was not an appro-
priate comparison group. With regard to exposure, a prescription is not the same as
having actually taken the drug or having taken it as indicated, creating the potential
for misclassification. A reasonable set of covariates was used to adjust effect esti-
mates, in particular the sociodemographic covariates. However, combat exposure
was not specifically addressed, and although deployment may have been assumed
to be a surrogate for combat, the lack of control for combat exposure itself is a
limitation. The health outcomes were systematically and objectively ascertained
but would reflect only the most severe experiences requiring hospitalization, and
for this reason, the number of cases was generally small (i.e., 135 mefloquine users
were hospitalized for any cause). Because the diagnoses were based on clinical
encounters, the PTSD diagnoses are presumably linked to an index trauma crite-
rion A event. Most people who experience mental health disorders would not be
hospitalized, and the small number of specific neurologic and psychiatric cases
reported further limits the generalizability of these results.

U.S. Peace Corps

Tan et al. (2017) conducted a retrospective observational Internet-based sur-
vey of 8,931 (11% response rate) returned Peace Corps volunteers (who had served
during 1995-2014) to compare the prevalence of selected health conditions after
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Peace Corps service between those who reported taking malaria prophylaxis (n =
5,055, 56.6%) and those who did not. The reported initial antimalarial prophylactic
prescriptions were mefloquine (n = 2,981; 59.0%), A/P (n = 183; 3.6%), chloro-
quine (n = 674; 13.3%), doxycycline (n = 831; 16.4%), and 386 (7.6%) “other”
prophylactic medications. In addition to questions on malaria prophylaxis (type,
regimen, duration, and adherence), the survey included questions about the coun-
try of service, type of assignment, and whether malaria prophylaxis was required at
the assigned site. Respondents were also asked to report medical diagnoses made
by a health care provider before, during, and after service in the Peace Corps and
to answer questions about medications used before, during, or after Peace Corps
service; family history of disease and psychiatric illness; psychiatric history prior
to exposure; and alcohol consumption. In total, more than 40 disease outcomes
were examined for associations with each antimalarial, including derived out-
comes of major depressive disorder, bipolar disorder, anxiety disorder, insomnia,
psychoses, and cancers. Outcomes were grouped by system (neuropsychologic,
cardiac, ophthalmologic, dermatologic, reproductive, and gastrointestinal) or class
(infectious, hematologic/oncologic) and within each group several diagnoses were
listed. “Any psychiatric outcome” included all reported psychiatric diagnoses
both derived and those reported as individual diagnoses, including schizophrenia,
obsessive-compulsive disorder, and “other.” Neuropsychologic disorders were
presented as a category that separately included dementia, migraines, seizures,
tinnitus, vestibular disorder, “other” neurologic disorder, and “any” neurologic
disorder. Among those who had reported any use of mefloquine, the prevalence
of any psychiatric disease following Peace Corps service was 15.9%, which was
lower than the prevalence for people who had not used mefloquine (18.8%).
Among people with a prior psychiatric illness, fewer reported the use of meflo-
quine than among those without a prior psychiatric illness (16.2% versus 44.0%,
respectively), which would be expected since prior psychiatric illness is a contra-
indication of mefloquine. Estimates adjusted for a prior history of psychiatric
disease and a family history of psychiatric disease indicated that mefloquine users
had a higher likelihood of having any psychiatric diagnosis post-service rela-
tive to individuals who did not take mefloquine (prevalence ratio = 1.15, 95%CI
1.07-1.23). When those with a prior psychiatric history were excluded from the
analysis, there was no difference in the prevalence of any psychiatric outcomes
between those who had used mefloquine and those who had not (prevalence ratio
=1.07, 95%CI 0.95-1.21), but the results were not presented separately for those
with a prior psychiatric history. No difference in the prevalence of any psychiatric
outcomes was found when comparing prolonged duration of mefloquine use with
any other antimalarial. The authors reported that there were no differences in the
prevalence of several diagnoses that have previously been reported as adverse
events and feared adverse events associated with mefloquine use, including ves-
tibular dysfunction, neurologic disorders, insomnia, arrhythmias, other cardiac
diseases, and ophthalmologic disorders (a category that included macular degen-
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eration, retinopathy, and “any” ophthalmologic disorder), although specific effect
estimates were not shown. No other differences for other outcomes were reported.

The study had many limitations—primarily stemming from its design as an
Internet-based survey of people with email addresses on file. The response rate
was low (11%), the authors relied on self-report for both exposure and outcome
information and the timing of each, and for some participants the time between
exposure and the survey was many years. Most comparisons were between spe-
cific drug exposure (i.e., mefloquine, chloroquine, doxycycline, A/P, other) and no
exposure to the drug of interest, so that the comparison group for each antimalarial
was a mixture of those who did not report taking any antimalarials and those who
reported taking antimalarial drugs other than the one being examined. Overall,
there were few details of the limited analyses presented, making it difficult to
understand the groups that were being compared, how they differed with respect to
important covariates, and what variables were included in the models. The reliance
on self-report, often years (range 220 years) after exposure, introduces several
potential biases (selection bias, recall bias, and confounding bias), with inadequate
information to determine the likely impact or direction of the potential biases act-
ing in this study. While the use of self-reported diagnoses that were specified to be
those made by a medical professional to ascertain health outcomes was arguably
a better method than using a checklist of symptoms, the outcomes were not vali-
dated against any objective information. The results presented in this study do not
support the presence of persistent or latent health effects, or incident neurologic
or psychiatric effects specifically, post-cessation of mefloquine, but the design
limitations of this study are such that any evidence provided by this study is weak.

Travelers

Three retrospective observational studies of travelers (Meier et al., 2004;
Schneider et al., 2013, 2014) were conducted using data from the UK-based
General Practice Research Database (GPRD)—which has since changed names
to the Clinical Practice Research Datalink—to assess the incidence and compare
the odds of developing first-time neurologic, psychiatric, or eye disorders in
individuals using mefloquine compared with other antimalarial drugs for malaria
prophylaxis. The Clinical Practice Research Datalink, which has been active for
more than 30 years, collects de-identified patient data from a network of general
practitioner practices across the United Kingdom for use in public health research
and clinical studies, which have included investigations of drug safety, the use of
medications, health care delivery, and disease risk factors (CPRD, 2019). While
the specific outcomes examined (neurologic, psychiatric, and eye disorders) dif-
fered by study, the general methodology was the same. Using the GPRD, investi-
gators identified individuals who had at least one prescription for mefloquine, A/P,
doxycycline, or chloroquine and/or proguanil in the time period of interest and
who had a pre-travel consultation within 1 week of the date of the prescription that
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included specific codes indicating that the prescription was for malaria prophy-
laxis. The start of follow-up was the date of receipt of the first prescription for an
individual. Current use was defined as the period between the date a prescription
was started and 1 week after the end of the prescription period. Current exposure
time was calculated differently for each antimalarial drug because the regimen for
each of the antimalarial drugs differs. Investigators based their assessment on the
number of tablets recorded by the general practitioner and calculated the assumed
exposure time for each of the antimalarial drugs being investigated. For meflo-
quine, the current exposure time (in days) was the number of tablets multiplied
by 7 plus 28 days. Investigators added 90 days to each exposure to capture events
that occurred during travel that came to the attention of the general practitioner
after the traveler returned to the United Kingdom; this timeframe was termed
“recent use” in Meier et al. (2004). Recent use included periods both relevant to
the committee’s charge (days 28—89) as well as time periods that the committee
considered exclusionary (days 7-27). Past use started at day 90 (Meier et al., 2004)
or day 91 (Schneider et al., 2013, 2014) and ended at a maximum of 540 days
after the end of current exposure, reflecting a time period pertinent to the commit-
tee’s assessment. Non-exposed people served as controls and had no antimalarial
prescription during the study period or during 540 days after their pre-travel con-
sultation, which also served as the date of the start of their follow-up. Participants
were required to have at least 12 months of information on prescribed drugs and
medical diagnoses before the first prescription date for an antimalarial or, for the
non-exposed controls, before their travel consultation. An additional inclusion
criterion required participants to have recorded medical activity (diagnoses or drug
prescriptions) after receiving a prescription to ensure that only individuals who
returned to the United Kingdom were included. A nested case—control analysis was
also performed for a subset of the population in which up to six controls (who did
not develop an outcome of interest during follow-up) were randomly selected per
case; controls were matched to cases on age, sex, general practice, and calendar
time (by assigning each control to the same index date as their matched case).
Overall, the design of these large, retrospective studies allowed for adequate
power to detect differences in outcomes and for a uniform collection of exposures
and outcomes that were not subject to recall bias. The nested case—control compo-
nent allowed for the control of important covariates. Relying on recorded drug pre-
scriptions to determine exposure ensured that the assessment was applied equally
to all exposure groups; however, as with any study that relies on administrative
databases, prescriptions are not a surrogate for adherence. Outcome assessment
was uniform for all exposure groups and based on medical care visits coded in
a database designed for both practice and research and with validated outcomes.
Events that did not result in a medical care visit or that occurred outside of the
national health care system would have been missed, and there may also have
been some differences between the travelers who traveled to malaria-endemic
areas versus areas that are not endemic for malaria, which could have led to some
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apparent differences in outcomes between the groups. However, it is unlikely that
this would have resulted in differential selection bias. Additional strengths and
limitations that are study specific are noted within each study summary.

Meier et al. (2004) used the GPRD to assess the incidence of depression
(n =505), psychosis (n = 16), panic attacks (n = 57), and death by suicide (n = 2)
in recent users (90 days following current use) of mefloquine compared with both
current users (during active use) of proguanil and/or chloroquine or doxycycline
and past users (90-540 days) of any of these antimalarials. The study popula-
tion encompassed 35,370 individuals aged 17-79 years who used antimalarials
between January 1990 and December 1999: 16,491 mefloquine users, 16,129
chloroquine and/or proguanil users, and 4,574 doxycycline users (some indi-
viduals used multiple drugs). Investigators calculated the incidence of the four
prespecified psychiatric outcomes during current, recent, and past use (people with
prior diagnoses of the four psychiatric outcomes or alcoholism were excluded),
and they also performed a nested case—control analysis in which both cases and
controls had no history of the outcomes of interest prior to use of an antimalarial.
The incidence rates of first-time diagnoses were calculated using person-years and
were adjusted for age, gender, and calendar year. The incidence rate of first-time
depression diagnosis did not differ between recent mefloquine users and all past
users of antimalarials (RR = 1.0, 95%CI 0.7—1.4). In the nested case—control analy-
sis, there was no difference in the odds of depression between recent mefloquine
users and all other users combined after adjustment for age, gender, year, general
practice, smoking status, and BMI (OR = 0.7, 95%CI 0.5-1.1). Only one case of
incident psychosis was reported with recent mefloquine use, resulting in impre-
cise effect estimates in both the incident rate analysis and the nested case—control
analysis. Regarding panic attacks, the incidence rate of a first-time diagnosis was
not statistically significantly different between recent users of mefloquine and past
users of antimalarials (RR = 2.4, 95%CI 1.0-5.7). This result remained nonstatis-
tically significant in the nested case—control analysis after adjustment for smok-
ing status and BMI (OR = 2.3, 95%CI 0.8—6.1). For current users of mefloquine
compared with all past users of antimalarials and adjusted for smoking status and
BMI, the odds of panic attack were statistically significantly elevated (OR = 2.7,
95%CI 1.1-6.5). The authors estimated that one psychosis episode and three panic
attack events could be expected per 6,700 mefloquine courses. This was a large
retrospective study that found no increase in depression associated with current
or recent use of mefloquine compared with use of proguanil/chloroquine or all
past users of antimalarials. The sample size was more limited for studying panic
attacks and psychosis, leading to very imprecise estimates for those outcomes.
Since current and recent use were analyzed separately, persistent outcomes were
difficult to determine.

Schneider et al. (2013) used the GPRD to estimate the incidence of anxiety,
stress-related disorders, or psychosis (n = 952); depression (n = 739); epilepsy
(n = 86); or peripheral neuropathy (n = 56) in individuals (aged > 1 year) with a
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pre-travel consultation and at least one prescription for mefloquine (n = 10,169),
A/P (n=28,502), or chloroquine and/or proguanil (n = 2,904) for malaria chemo-
prophylaxis, or no antimalarial prescription (but who had a travel consultation)
(n=41,573) between January 1, 2001, and October 1, 2009 (conducted approxi-
mately 10 years after Meier et al., 2004). Individuals were excluded if there was
arecord of a diagnosis of malaria prior to the start of antimalarial drug use; a his-
tory of cancer, alcoholism, or rheumatoid arthritis; or a diagnosis of an outcome
of interest prior to a prescription for an antimalarial or, for the unexposed group,
any of those diagnoses prior to the date of the pre-travel clinic visit. The date of
the diagnosis of the first neurologic or psychiatric disorder was the index date
for each case. Investigators estimated the incidence of the specified neurologic
and psychiatric outcomes that occurred up to 540 days following current use of
mefloquine compared with other antimalarials and with no use of antimalarials.
Although 15.3% of the population was <18 years and the reported number of
cases of each outcome was reported by age group, the authors presented only the
associations between drugs and health outcomes for the total population (children
and adults). Despite that limitation, the committee presents the results as reported
because a relatively small proportion of the population was under age 18 years,
and the results should approximate the associations that would have been found
for adults only. The overall incidence rates for anxiety, stress-related disorders, or
psychosis (presented as a group) and depression were lower for mefloquine users
than for users of A/P, chloroquine and/or proguanil, or no antimalarial drug. A
nested case—control analysis was also conducted in which investigators catego-
rized subjects into current (use of drug plus 90 days post-cessation) or past-use
(91-540 days post-cessation) exposure groups and controlled for age, sex, calendar
time, general practice, smoking, and BMI. Individuals who did not develop the
outcomes of interest during the follow-up period formed the control group, and
six controls per case matched on sex, year of birth, general practice, and calendar
time were selected. Over the study period, a total of 14 mefloquine users were
diagnosed with incident epilepsy, 6 of whom were current users and 8 of whom
were past users. Among the eight mefloquine users with incident neuropathies, five
were current users and three were past users. A total of 99 mefloquine users (42
current users and 57 past users) were diagnosed with incident anxiety or stress-
related disorders or psychosis, and 68 mefloquine users (16 current users and 52
past users) were diagnosed with incident depression. Comparing current users of
mefloquine (which included a mixture of nonrelevant [during use to 27 days post-
use] and relevant [days 28—-90 post-use] time periods) with travelers who did not
use any antimalarial prophylaxis, after adjustment for smoking and BMI, the odds
of developing anxiety, stress-related disorders, or psychosis (OR = 0.76, 95%CI
0.53-1.08); epilepsy (OR = 0.85, 95%CI 0.32-2.20); or peripheral neuropathy
(OR = 2.27, 95%CI 0.73-7.06) were no greater for current mefloquine users.
Current mefloquine users had statistically significantly lower odds of developing
depression than non-antimalarial users (OR = 0.32, 95%CI 0.19-0.54). The odds
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of developing anxiety, stress-related disorders, or psychosis (OR = 0.68, 95%CI
0.51-0.92) and depression (OR = 0.68, 95%CI 0.50-0.94) were statistically sig-
nificantly lower in past users of mefloquine than in those who did not use an anti-
malarial, but the odds of epilepsy (OR =0.61, 95%CI 0.27-1.40) and neuropathy
(OR =0.67, 95%CI 0.18-2.43) were no different. When anxiety, psychosis, pho-
bia, and panic attack were analyzed as separate outcomes, the odds of anxiety were
statistically significantly lower for mefloquine users (OR = 0.6, 95%CI 0.43-0.83)
than for those who did not use antimalarials. Phobia and panic attack both showed
decreased odds for mefloquine users compared with nonusers, but the findings
were not statistically significant. Psychosis was elevated for mefloquine users
compared with nonusers, but the effect was not statistically significant. However,
these analyses were based on any use of mefloquine, and the use was not stratified
on current or past exposure time.

This large, adequately powered study provides evidence of decreased odds of
some neurologic and psychiatric adverse events in travelers prescribed mefloquine
for malaria prophylaxis. However, the lower odds of anxiety and depression out-
comes for mefloquine users versus the unexposed group suggests the possibility
of uncontrolled confounding by contraindication. The comparison group con-
sisted of travelers as well, but they may have traveled to non-malaria areas or had
unmeasured risk factors that contraindicated antimalarial prophylaxis. The lower
odds of adverse neurologic and psychiatric outcomes among mefloquine users
in this study suggests that those prescribed mefloquine may have been screened
more carefully for possible contraindications to mefloquine use. The 1-year medi-
cal history used to assess psychiatric conditions is unlikely to reflect a complete
psychiatric history. Overall, this was a well-designed study that found no increase
in anxiety, stress-related disorders, or psychosis (combined outcome), depression,
epilepsy, or peripheral neuropathy associated with mefloquine use for malaria
prophylaxis in travelers aged >1 year when assessing current use and 18 months
following current use. The odds of developing anxiety, stress-related disorders,
or psychosis (combined outcome) and the odds of developing depression were
statistically significantly lower in past users of mefloquine than in those who did
not use an antimalarial and the odds were not statistically significantly different
among current users, suggesting that these psychiatric outcomes resolve and do
not persist.

Using the same design and administrative database described by Schneider et
al. (2013), Schneider et al. (2014) examined the incidence of clinical diagnoses of
eye disorders (n = 652) in travelers aged >1 year with at least one prescription for
mefloquine (n = 10,169), A/P (n = 28,502), or chloroquine and/or proguanil (n =
2,904) for malaria prophylaxis or no antimalarial prescription (but who had a pre-
travel consultation) (n = 41,573) between January 1, 2001, and October 1, 2009.
Individuals were excluded if they had a diagnosis of malaria prior to the start of
antimalarial drug use; had cancer, alcoholism, or rheumatoid arthritis; or had been
diagnosed with an eye disorder of interest (any eye disorder affecting the cornea,
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lens, retina, uvea, iris, or other parts of the eye, or glaucoma). Because only 20 of
the total 652 eye disorders occurred among people <17 years, although the number
of users of each drug was not stratified by age, the committee presents the results
as reported, and it does not believe that the interpretation of findings and infer-
ences that can be made are overly influenced by the inclusion of people <17 years.
Among mefloquine users, a total of 85 incident eye disorders were identified (23
within 90 days of finishing the prescription and 62 between 91 and 540 days of the
end of the prescription). The eye disorders were grouped as disorders of the cornea,
cataract, glaucoma, disorders of the retina, impairment in visual acuity, vitreous
detachment, disorders of the uvea, or neuro-ophthalmologic disorders, with the
latter including optic neuritis, diplopia, trigeminal neuralgia, and other conditions.
Incidence rates were estimated for each eye disorder category by antimalarial
group, but statistical comparisons between antimalarial user groups were not
made. A nested case—control analysis was performed in which BMI and a history
of depression, diabetes, hypertension, sleep disorders, and use of corticosteroids
and contraceptives were controlled for. Compared with travelers who did not use
any antimalarial drugs, the odds of developing any of the eye disorders of inter-
est were elevated for mefloquine users combined (OR = 1.33, 95%CI 1.01-1.75).
However, when mefloquine use was stratified by current (defined as use of drug
plus 90 days post-cessation) and past use (91-540 days post-cessation) and com-
pared with the nonusers, current users had nonstatistically significantly different
odds (OR =0.92, 95%CI 0.57—-1.48) whereas past users had statistically signifi-
cantly higher odds (OR = 1.56, 95%CI 1.14-2.14) of any of the eye disorders of
interest, suggesting that the overall finding was driven by the association with past
exposure. When each of the individual eye disorder categories was examined, only
cataract was statistically significantly related to mefloquine use (both current and
past use combined) (OR = 1.93, 95%CI 1.11-3.36).

The strengths and limitations of this study mirror those discussed in Schneider
et al. (2013) and Meier et al. (2004). Although “current use” likely captured some
events within the 28-day post-cessation window, it was unlikely to result in selec-
tion bias. The large study population allowed for adequate power to assess incident
eye disorders as a whole as well as eight specific categories of disorders in travel-
ers using mefloquine for malaria prophylaxis. The finding of an increased risk of
cataracts with mefloquine use was unexpected and would require confirmatory evi-
dence. Other risk factors for cataracts, such as occupation and sun exposure, were
not included in the analysis and may have differed between the groups. Overall,
the study suggests an increased risk of developing eye disorders in past users of
mefloquine—and, for cataracts specifically, for any users of mefloquine—relative
to nonusers of antimalarials.

Schlagenhauf et al. (1996) conducted a prospective observational study of
travelers to tropical Africa, all of whom had taken mefloquine for short-term
malaria prophylaxis after visiting the Zurich University Vaccination Center
between November 1992 and January 1994. The objective was to examine nonse-
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rious adverse events experienced during and following the use of mefloquine and
to examine the association between adverse events and concentrations of racemic
mefloquine, its enantiomers, and metabolite. Although study investigators did
not make a traditional comparison between mefloquine exposed and unexposed
groups, they did compare individuals who experienced adverse events with those
who did not experience adverse events in the data analysis; thus, the committee
included this study in their evaluation of the available scientific evidence. Of 420
recruited participants, complete data collection was available for 394 individuals.
Participants were provided with mefloquine prophylaxis for the 2 weeks before
travel, then during travel, and for 4 weeks after returning from their trips. Partici-
pants were interviewed and had blood drawn after beginning mefloquine prophy-
laxis but before travel and again after their return. As opposed to a list of symp-
toms, adverse events were reported in response to the interview question “How
do you feel since you took the last tablet?”” Only adverse events with some impact
on activities were included in the study. Adverse events were classified as “neuro-
psychiatric” if they reflected sleep disturbances, dizziness/vertigo, headache, mood
changes, unusual or vivid dreams, decreased concentration, or phobias. A total of
44 individuals experienced adverse events that affected activity, and 31 individuals
(70.4% of those who experienced adverse events) experienced neuropsychiatric
symptoms. Standardized instruments including computerized assessments of
cognitive functioning (Neurobehavioral Evaluation System) and standardized
self-report questionnaires assessing the severity of symptoms across body systems
(Environmental Symptoms Questionnaire) and current mood state (Profile of
Mood States) were administered to evaluate the neurologic and psychiatric adverse
events. A subset of participants was assessed approximately 3 months after the last
dose; it included only those participants who had experienced adverse events with
some impact on activities along with a sex-, age-, and dosing-schedule-matched
comparison group who had not experienced adverse events (controls). The results
of the 3-month follow-up assessment are most relevant to the persistent effects
of mefloquine since the other check points occurred while participants were still
using the drug. Results from the Environmental Symptoms Questionnaire and the
Profile of Mood States found greater though nonclinically significant symptoms
of dizziness, light headedness, distress, restlessness, and sleep disturbance as well
as more intense moods of tension, depression, fatigue, and confusion at baseline,
but at follow-up there were no significant differences between controls and those
who experienced adverse events. The majority of the adverse events were mild and
transitory and did not result in statistically significant differences in performance
on standardized neurobehavioral tests. When the plasma concentrations and ratios
of the SR:RS enantiomers were analyzed, there was no statistically significant
difference between participants with and without adverse events. Similarly, mean
concentrations of mefloquine and its metabolite did not differ between mefloquine
users who reported and who did not report adverse events. Overall, this study
provides some information pertinent to the persistent neurologic and psychiatric
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effects of mefloquine, suggesting that although there are some mild neurologic
or psychiatric adverse events upon initiation of mefloquine, these symptoms tend
to resolve by 3 months. The use of objective measures (blood draws) and stan-
dardized, validated tests are strengths of the exposure and outcome assessment.
Adherence was also specifically considered and found to be above 80% for all
age groups. The study has several limitations, including that all study subjects
received mefloquine so that the relationship of symptoms to the drug is unknown
due to the lack of an unexposed comparison group, the fact that the comparison
group at the start of the study was not followed for 3 months as was the subgroup
who had experienced adverse events, and that the number people who reported
adverse events (which were based on self-report) was small. Only adverse events
with some impact on activities were included in the study. In addition, the groups
of participants undergoing the standardized tests was both small in number and
select (range 37% to 80% of those eligible). For the comparisons that were made,
the matching was incomplete, making the control for covariates very limited. The
authors postulated that the adverse events reported may have been the product of
the stress of travel or even naturally occurring experiences.

Schwartz and Regev-Yochay (1999) performed a prospective observational
study, and followed 158 Israeli male and female travelers aged 22-65 years
who took part in rafting trips on the Omo River, Ethiopia, and who had visited a
travel clinic to obtain malaria prophylaxis. Travelers were prescribed mefloquine
(250 mg once weekly), primaquine, doxycycline, or hydroxychloroquine by travel
group. The primary aim of the study was to assess incident malaria and to compare
the effectiveness of these four antimalarial drugs against both P. falciparum and
P, vivax. Travelers were followed from the time of their return to Israel for an aver-
age of 16.6 months (range 837 months) for incident malaria. Adherence to the
prophylactic regimens and details about side effects were also collected by survey.
The authors reported that “no severe side effects” were reported in any of the trav-
elers and that no side effects or withdrawals were noted in the mefloquine users.
The strengths of this study include its design and the long duration of follow-up (an
average of 16.6 months after return from a malaria-endemic country). It is limited
by its small sample size, nonrandomized design, and lack of details on adverse
events beyond reporting that no severe events or withdrawals were reported among
mefloquine users. As a result, this study provides limited information that can be
used for inference.

Research Volunteers

DeSouza (1983) conducted a small clinical trial in a malaria-endemic area of
Brazil. Healthy male volunteers were enrolled and administered a one-time dose
of either 1,000 mg of mefloquine (n = 10) or 1,000 mg sulfadoxine and 50 mg
pyrimethamine in a combined tablet (n = 10). Participants remained under sur-
veillance in a hospital ward for the entire 66-day study period. A range of routine
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clinical assessments was conducted, including ECGs, measures of blood pressure
and pulse rate, hematologic parameters and blood chemistry (red blood cell count,
hemoglobin erythrocyte volume fraction, total and differential white blood cell
counts, reticulocyte count, platelet count, cholesterol, triglycerides, glucose, urea,
creatinine, etc.), and urine assays at varying intervals up to day 63 post-administra-
tion. Adverse events of headache, diarrhea, and dizziness were reported following
mefloquine administration, but all resolved by day 4. The authors reported that no
significant changes were observed over the study period for blood pressure, pulse
rate, ECGs, or any of the hematologic or biochemical parameters for either drug
group. Prior to drug administration, 8 individuals in the mefloquine group had
enlarged liver (versus 5 individuals in the sulfadoxine/pyrimethamine group), and
3 individuals in both the mefloquine and sulfadoxine/pyrimethamine groups had
enlarged spleen, but the enlargements reduced over the course of follow-up. Spe-
cific measures were grouped and reported as “day 14 onwards.” Notably, the dose
of mefloquine administered was four times higher than that used for prophylaxis,
and few adverse events were reported and none persisted beyond 4 days following
administration. This study is limited by the very small study population and the
inability to isolate health outcomes for the period 28 days following administra-
tion of mefloquine.

Laothavorn et al. (1992) conducted a prospective observational study of ECG
changes in a Thai population of 102 patients with malaria and 18 healthy male
volunteers receiving mefloquine. As treatment is outside the scope of this report,
only the information regarding the healthy volunteers was considered. The healthy
volunteers were administered 750 mg of mefloquine (three times higher than the
dose used for prophylaxis). ECGs were performed prior to mefloquine adminis-
tration, daily for 1 week following mefloquine administration, and then weekly
up to day 42. No significant changes were found for biochemical, hematologic,
or cardiac parameters, specifically heart rate, standard cardiac intervals, sinus
arrhythmias, sinus bradycardia, ventricular ectopic beats, atrial ectopic beats, or
atrial-ventricular block at any time in the period following mefloquine administra-
tion. Given the small study size, the fact that the dose administered was three times
higher than what is used for prophylaxis, the comparison of outcomes was with
patients receiving treatment for malaria, and the inability to clearly isolate the time
period of interest following cessation of drug exposure, this study provides limited
evidence regarding persistent health effects from use of mefloquine.

OTHER IDENTIFIED STUDIES OF MEFLOQUINE
PROPHYLAXIS IN HUMAN POPULATIONS

The committee reviewed several studies of mefloquine use in service mem-
bers from the United States (Arthur et al., 1990; Boudreau et al., 1993; Nevin and
Leoutsakos, 2017; Sanchez et al., 1993; Saunders et al., 2015; Wallace, 1996),
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Australia (Kitchener et al., 2005; Rieckmann et al., 1993), France (Ollivier et
al., 2004), Indonesia (Ohrt et al., 1997), Italy (Peragallo et al., 1999, 2001),
the Netherlands (de Vries et al., 2000; Hopperus Buma et al., 1996), Sweden
(Andersson et al., 2008), Thailand (Eamsila et al., 1993), Turkey (Sonmez et al.,
2005), and the United Kingdom (Adshead, 2014; Croft et al., 1997; Terrell et al.,
2015; Tuck and Williams, 2016). However, because the studies did not follow the
military cohorts after mefloquine prophylaxis was complete or did not report on
adverse events that occurred post-mefloquine-cessation (several studies followed
the populations for cases of malaria only), these studies were not further considered.

Several of the studies that did not meet inclusion were designed to examine
the safety or tolerability of mefloquine when used for long-term (>4 months) pro-
phylaxis in different populations, but they did not report on adverse events or other
outcomes post-cessation. These studies examined populations of U.S. soldiers
(Saunders et al., 2015), Dutch marines (Hopperus Buma et al., 1996; Jaspers et al.,
1996; Todd et al., 1997), members of the Japanese Self-Defense Forces (Fujii et al.,
2007), Thai soldiers (Eamsila et al., 1993), Turkish soldiers (Sonmez et al., 2005),
U.S. Peace Corps volunteers (Korhonen et al., 2007; Landman et al., 2014; Lobel
et al., 1991, 1993), harbor workers in Columbia (Rombo et al., 1993), Chinese
railway workers in Nigeria (Olanrewaju and Lin, 2000), semi-immune populations
(Sossouhounto et al., 1995), Thai gem miners (Boudreau et al., 1991), and British
expats (Cunningham et al., 2014). Additionally, an integrated safety analysis of
tafenoquine was conducted using five studies in which mefloquine was the com-
parison in three of the studies, but the timing of adverse events (during use or post-
cessation) was not reported (Novitt-Moreno et al., 2017). Nasveld et al. (2010)
conducted a randomized double-blind controlled study to compare the safety and
tolerability of tafenoquine with that of mefloquine (used for 26 weeks followed by
primaquine for 2 weeks) for malaria prophylaxis in Australian soldiers; however,
because the mefloquine comparison group also used primaquine, it was not con-
sidered to contribute evidence of persistent effects of mefloquine alone.

Studies of other populations were also excluded from the final set of studies
evaluated in depth because the follow-up was not at least 28 days post-mefloquine-
cessation or the follow-up was at least 28 days and adverse events were reported
but the authors did not distinguish between the timing of those events (less than
or at least 28 days post-cessation). Such studies included travelers from Australia
(Phillips and Kass, 1996), Belgium (Peetermans and Van Wijngaerden, 2001),
Denmark (Petersen et al., 2000), Finland (Vilkman et al., 2016), France (Carme
et al., 1997), Germany (Huzly et al., 1996), Great Britain (Barrett et al., 1996;
Bloechliger et al., 2014), Israel (Potasman et al., 2000, 2002; Schwartz et al.,
2001), Italy (Laverone et al., 2006), Japan (Kato et al., 2013; Matsumura et al.,
2005), the Netherlands (Hoebe et al., 1997; Sharafeldin et al., 2010; van Riemsdijk
et al., 1997a, 2002a,b, 2004, 2005), and the United States (Hill, 2000; Kozarsky
and Eaton, 1993; Lobel et al., 2001). Studies using combined populations of trav-
elers who had visited clinics from several European countries, Canada, Israel, or
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South Africa (Durrheim et al., 1999; Lobel et al., 2001; Overbosch et al., 2001;
Reisinger et al., 1989; Schlagenhauf et al., 2003, 2009; Steffen et al., 1990, 1993;
Waner et al., 1999) were also reviewed but did not meet inclusion. An analy-
sis based on the Hoffman-La Roche global drug safety database was excluded
from final consideration because the timing of events could not be distinguished
(Adamcova et al., 2015), as were six studies that used research volunteers to
examine the effects of mefloquine (Clyde et al., 1976; Davis et al., 1996; Hale et
al., 2003; Hanboonkunupakarn et al., 2019; Rendi-Wagner et al., 2002; Vuurman
et al., 1996). A small crossover study of Swissair trainee pilots was designed to
determine the effects of steady-state mefloquine dosing on performance. Although
participants who were first given mefloquine were followed for 4-6 months dur-
ing the washout phase before being given a placebo, the authors did not report on
adverse events that began or persisted during that time, and thus it was not further
considered (Schlagenhauf et al., 1997).

Upon full text review and quality assessment, additional studies were
excluded from further consideration. Bijker et al. (2014) conducted a double-
blind randomized controlled trial of experimental infection 16 weeks following
the administration of prophylactic doses of mefloquine (n = 10) or chloroquine
(n =5) in healthy volunteers in the Netherlands. Adverse events and correspond-
ing severity were recorded over the duration of the study; all adverse events were
reported to have resolved by the end of the study, but because the exact timing of
the resolution was not provided, this study was not included in the primary epide-
miologic studies. Bunnag et al. (1992) conducted a randomized double-blind study
comparing the efficacy and tolerability of Fansimef®, mefloquine, Fansidar®, and
chloroquine to placebo for malaria prophylaxis in 602 healthy adult males in Thai-
land who were followed for 4 weeks after the final dose. The timing of the adverse
events was not specified, although blood measures were reported to remain stable
throughout the study period, but because details were not presented the study did
not meet inclusion criteria. Similar to Bunnag et al. (1992), Salako et al. (1992)
conducted a randomized double-blind trial to assess the efficacy of Fansimef®,
mefloquine, Fansidar®, and chloroquine compared with a placebo in semi-immune
individuals. The follow-up extended for 4 weeks following the cessation of pro-
phylaxis, but neither the details of what data were collected during those 4 weeks
nor the timing of the adverse events were provided, and thus this study did not
meet the criteria for inclusion as a primary epidemiologic study. In an early field
trial conducted in 1977 to test the efficacy of three different doses and regimens of
mefloquine against two regimens of sulfadoxine-pyrimethamine and a placebo, a
semi-immune Thai population was administered the drug regimens for 26 weeks,
with follow-up assessments conducted monthly for 3 months after the final dose.
The authors stated that there was “no clinical evidence of drug toxicity” in any of
the 990 participants and that no significant changes were found in the measured
biochemical parameters, but no additional details of adverse events were reported
in general or by regimen (Pearlman et al., 1980).
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Case Reports and Case Series

Published case reports can offer detailed information about symptoms and
their course, such as the timing of onset in relation to exposure to the drug, treat-
ment, remission, and persistence of symptoms, but they rarely generate informa-
tion for causative inference. To be considered, published case reports and case
series had to report on a follow-up of at least 28 days post-mefloquine-cessation.
Of the 56 case reports identified, many reported only acute symptoms that resolved
within 28 days post-cessation. The committee closely reviewed the remaining 20
case reports (totaling 25 patients) that had been identified (Baker, 1996; Borruat
et al., 2001; Chester and Sandroni, 2011; Dietz and Frolich, 2002; Eaton, 1996;
Evenetal., 2001; Jain et al., 2016; Javorsky et al., 2001; Jha et al., 2006; Katsenos
et al., 2007; Lobel et al., 1998; McEvoy et al., 2015; Meszaros and Kasper, 1996;
Nevin, 2012; Potasman and Seligmann, 1998; Tran et al., 2006; Udry et al., 2001;
Walker and Colleaux, 2007; Watt-Smith et al., 2001; Whitworth and Aichhorn,
2005) as well as eight case series papers (Adamcova et al., 2015; Bem et al., 1992;
Beny et al., 2001; Croft and Garner, 2000; Croft and Herxheimer, 2002; Ringqvist
et al., 2015; Smith et al., 1999; van Riemsdijk et al., 1997b). Among the case
reports, all patients had acute effects, and 16 patients had persistent neurologic or
psychiatric effects for more than 28 days following their last dose of mefloquine.
These symptoms included dizziness, anxiety, depression, insomnia/exhaustion,
paranoia, hallucinations, visual illusions, mania, depersonalization, and suicidal
ideation. Nevin (2012) published a detailed case of a patient who took mefloquine
and acutely experienced anxiety, then developed fatigue, confusion, psychosis,
dissociation, personality change, tinnitus, vertigo, dizziness, disequilibrium,
and cognitive deficits, and he exhibited parasuicidal behavior. Objective testing
discovered central vestibulopathy. The resultant diagnoses included vertigo of
central origin, toxic encephalopathy, various psychiatric disorders, ataxic gait,
and memory loss. Persistent findings (follow-up ended after 10 months of first
symptom onset) following the resolution of symptoms of psychosis, were fatigue,
vertigo, disequilibrium, visual illusions, photosensitivity, memory impairment,
and personality changes.

One case of persistent retinopathy (Walker and Colleaux, 2007) and other
ocular disturbances (Jain et al., 2016), one case of tinnitus resulting in hearing
loss (Lobel et al., 1998), and one case of worsening psoriasis (Potasman and
Seligmann, 1998) following mefloquine administration were reported. Addi-
tional cases reported neuropathy (Chester and Sandroni, 2011; Jha et al., 2006;
Watt-Smith et al., 2001); paralysis, trouble breathing, heart palpitations (Eaton,
1996); eosinophilic pneumonia (Katsenos et al., 2007); weakness (Jha et al., 2006;
Whitworth and Aichhorn, 2005); skin rash (Eaton, 1996; Jha et al., 2006); and pain
in the face and extremities (Chester and Sandroni, 2011).

Five case series reported similar symptoms to those in the individual case
reports. Beny et al. (2001) reported on 15 travelers who prematurely terminated
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their travel because of neurologic or psychiatric symptoms, and 7 of those had
taken mefloquine. Of the mefloquine users, three had persistent anxiety and
depression, although the timing of these symptoms relative to mefloquine use was
unclear. In a review of adverse events reports submitted to the drug manufacturer,
Bem et al. (1992) found 430 cases of adverse events when mefloquine was used
prophylactically. More than half (56%) of these events were considered neuro-
logic or psychiatric, as defined by WHO, and 59 of these individuals required hos-
pitalization or resulted in severe disability. There were 26 reported cases of con-
vulsions, and half of these cases had a neurologic or psychiatric history. All but
one of the cases of convulsions resolved within 1 month of the last dose of meflo-
quine. Additionally, Bem reported 12 cases of depression or “manic-depression,”
and 9 of those cases had suicidal ideation or attempts, or both. Psychosis was
reported in 20 cases, and 11 of those individuals recovered within 40 days (mean
21 days), while 2 recovered within 4-7 months. There was one case of toxic
encephalopathy reported, but that person recovered within 3 months. Using post-
marketing surveillance data of mefloquine in the Netherlands, van Riemsdijk et
al. (1997b) reported on 132 cases with a range of symptoms including depression,
anxiety, agitation, nightmares, insomnia, concentration impairment, psychosis,
hallucinations, depersonalization, and paranoia. Of the 132 cases, 36 had persis-
tent symptoms, 74 had complete recoveries following cessation of mefloquine,
and the disposition of the remaining 22 people was unknown. Using reports of
adverse events to the manufacturer’s drug safety database between February 1984
and January 2011, Adamcova et al. (2015) performed an analysis of eye disorders
associated with the prophylactic use of mefloquine. A total of 591 individuals
were identified who experienced 695 eye disorder events, 223 of which were con-
sidered serious, that were subsequently categorized into visual acuity (to include
blindness, reduced visual acuity, visual impairment, and blurred vison), events
affecting the anatomical parts of the eye (retina, vitreous, lens, cornea, optic
nerve and glaucoma, and other disorders), and neuro-ophthalmic disorders. The
temporal relationship of mefloquine use to adverse events was considered. When
available, risk factors such as relevant medical history, comedication, and associ-
ated conditions were also considered. The time of onset, which was available for
only 70 of the events, ranged from 1 hour to 1,095 days (median 16.5 days). The
duration of adverse events was known for only 5% of reports and, among those,
ranged from 30 minutes to 270 days (median 10.5 days). Symptoms of optic
neuropathy were reported for 48 individuals (53 events); 8 individuals (reporting
10 events) recovered, with sequelae that continued to affect visual acuity; and 3
individuals reported no complete recovery. Six events involving the cornea and
five events involving the lens were reported, but eight of these had explanations
other than mefloquine exposure and three of the reports did not contain sufficient
information for a medical assessment. Of the 23 events involving retinal disor-
ders, 9 were maculopathy, and most of these events were considered to be due to
factors other than mefloquine.
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Ringqvist et al. (2015) reported on 73 adults with mefloquine-associated
adverse events (67 of them had used mefloquine for malaria prophylaxis) based
on 95 reports to the Danish National Drug Authority Committee of Adverse Drug
Reactions. Each person was contacted, and standardized instruments or interviews
were used to elicit and categorize symptoms; these measures were completed
270-2,010 days following the adverse event. For 77% of cases, the individuals
reported their symptoms as beginning in the first 3 weeks of mefloquine use, while
15% reported an onset of symptoms after 1-2 months of use, and 8% reported a
symptom onset more than 8 weeks after the initiation of mefloquine. Of the 73
people, 45 reported physical symptoms, 27 reported signs of anxiety, 26 reported
sleep disturbances including nightmares, 18 reported depression or feeling low, 11
reported signs of possible psychotic states (delusions/hallucinations), 9 reported
cognitive problems, 3 reported confusion, and 1 reported mania; 40 individuals
reported more than one complaint. Perceptual disturbances/hallucinations or delu-
sional experiences were reported by 17 individuals following mefloquine use; all
of these resolved within 9 months, and most within 3 weeks. Recurring nightmares
were reported for 43 cases, and 9 individuals continued to have recurring night-
mares for more than 3 years after mefloquine cessation. Cognitive dysfunction was
reported in 42 cases and persisted for more than 3 years for 14 people. Included
individuals reported significantly worse psychiatric symptoms than the matched
controls in the Danish normative sample. Of the participants, 41% reported that
they had obtained some treatment for their psychiatric adverse event. Although this
case series provides some evidence supporting the development of persistent psy-
chiatric problems after mefloquine use, the series was limited in that it was based
on 73 cases of adverse events deemed severe enough to be reported to the Danish
national registry. It is not known how complete the reporting to the Danish registry
is, and there was no appropriate comparison group, only a comparison to Danish
national norms for the self-report questionnaires administered after cases were
reported to the registry. The investigators estimated that adverse events occurred
at a rate of about 2 per 10,000 doses, suggesting that serious persistent events, if
related to mefloquine, are rare.

A Cochrane review by Croft and Garner (2000) identified 136 published case
studies totaling 516 nonimmune travelers who had experienced adverse events
while using mefloquine. Of those 516 individuals, 328 were using mefloquine as
malaria prophylaxis. Four case reports involved fatal reactions to mefloquine, but
it is unclear whether the deaths were reported in cases involving mefloquine pro-
phylaxis or treatment, and further details were not provided. The authors discussed
the best measures of tolerability and the possible influence of differences among
groups (e.g., gender, weight, age, ethnicity) on the occurrence of adverse events,
but they did not provide analyses or conclusions regarding the case reports. It was
not clear how many of these people had persistent symptoms, and, other than a
listing of the citations, additional information was sparse. Croft and Herxheimer
(2002) elaborated on these 516 cases, reporting that 328 of the individuals had taken
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mefloquine prophylactically, and the median duration of adverse events symptoms
was 16 days (range 1-550). The authors postulated that the symptoms associated
with taking mefloquine were primarily related to liver or thyroid pathology.

Smith et al. (1999) reviewed 74 published case reports of mefloquine use
(prophylaxis or treatment) specific to dermatologic adverse events. Some of these
cases were collected from outcomes of clinical trials, and nearly half had used
mefloquine as treatment for malaria. The onset of the dermatologic effects was
recorded in only 11 of the cases. The most common symptoms were pruritus and
itching, which were reported in more than 40% of the cases, followed by rashes.
The majority of effects were reported as mild or moderate in intensity and were
usually self-limiting, although the timing was not specified. Other dermatologic
adverse events included two reports of cutaneous vasculitis and one report each
of Stevens-Johnson syndrome and toxic epidermal necrolysis.

Tickell-Painter et al. (2017b) performed a systematic review of reports of death
or parasuicide (a suicide attempt not resulting in death) associated with meflo-
quine when used at various dosages for malaria prophylaxis. The literature search
included all forms of prospective and retrospective studies of individual case reports
or reviews of case reports that reported deaths or parasuicide up to July 11, 2017.
Each case was reviewed using a formal causality assessment based on a causality
assessment by WHO’s Uppsala Monitoring Centre. When information was poor or
conclusions could not be drawn, the event was categorized as “unclassifiable.” Of
the 527 articles identified and reviewed, 17 reported deaths or parasuicide, and only
8 had sufficient detail to be included in a causality assessment. Two deaths were
identified as having a probable association with mefloquine. Both were in children
and were characterized as “idiosyncratic drug reactions” (one involved pulmonary
fibrosis and interstitial pneumonia; the other involved erythema, blistering, other
complications, and eventually cardiac asystole). In the first case, symptoms began
during mefloquine use, and death occurred 5 weeks after drug cessation; in the
second, symptoms began during mefloquine use, but it is unclear when or even if
the mefloquine use was stopped. Eight deaths were deemed “unlikely” to have been
related to mefloquine or “unclassifiable” because of insufficient information. The
authors identified one parasuicide with a “possible” causal association. A 22-year-
old woman experienced episodes of crying, emotional detachment, and low mood
1 day after taking mefloquine 250 mg; her symptoms decreased on days 5 and 6;
after an additional dose 1 week later, she experienced a relapse of symptoms, with
ideas of guilt and death, and feelings of body transformation; and 5 days later she
was hospitalized after a suicide attempt by drowning. Authors noted that the origi-
nal source provided no information regarding the individual’s past medical history,
including her use of any other medications.

The authors concluded that the number of deaths that could be reliably
attributed to the prophylactic use of mefloquine is very low (Tickell-Painter et
al., 2017b). In their discussion, however, the authors stated that a limiting factor
in their review was poor reporting in the literature; few reports, including those
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deriving from spontaneous adverse event reporting databases, provided sufficient
detail to perform a critical assessment. Additionally, the cases represented different
time points for the outcomes: some were concurrent and some were longer term,
further limiting the contribution of this paper to this report.

In summary, there are published cases of persistent neurologic, psychiatric,
and other adverse events following exposure to mefloquine. The majority of these
case reports and case series presented individuals whose symptoms eventually
resolved, even if they initially persisted beyond 28 days following the last dose of
the medication. Although the case reports are compelling, without larger samples
or comparison groups to establish base rates of disorders, it is difficult to establish
a causal role for mefloquine in these cases.

Selected Subpopulations

In the course of its review of the literature on mefloquine, the committee
identified and reviewed available studies that reported results stratified by
demographic, medical, or behavioral factors to assess whether the risk for adverse
events when using mefloquine for prophylaxis is associated with being part of or
affiliated with a specific group. This was not done exhaustively, and the evidence
included in this section is generally limited to adverse events observed with
concurrent use of mefloquine. Many of these studies did not meet the inclusion
criteria of following their population for at least 28 days post-mefloquine-
cessation, but the committee considers these findings to be important indicators
when considering the evidence as a whole. The following risk groups were
specifically considered: females in general and pregnant women in particular,
people with low weight or BMI, people with allergies and chronic conditions who
may be taking concurrent medications, and people who use alcohol, marijuana,
or illicit drugs.

Sex Differences

When studies of the prophylactic use of mefloquine have reported results
stratified by sex, several have shown that women are significantly more likely than
men to experience adverse events with mefloquine. This was observed in studies
that examined any adverse event (Phillips and Kass, 1996; van Riemsdijk et al.,
2002a) as well as for more specific outcomes including neurologic or psychiatric
events (Huzly et al., 1996; Schlagenhauf et al., 1996, 2003; Schneider et al., 2013;
van Riemsdijk et al., 1997a, 2002a, 2003, 2005) and gastrointestinal events (van
Riemsdijk et al., 1997a) in several different types of populations and nationalities.
In addition several studies found that women experience more severe adverse
events that interfere with daily functioning than men (Rendi-Wagner et al., 2002;
Schlagenhauf et al., 1996; Wernsdorfer et al., 2013), and that for women the time
of onset of the adverse events is sooner and it takes longer for the symptoms to
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resolve (Rendi-Wagner et al., 2002; Wernsdorfer et al., 2013). Mefloquine is
administered as a fixed-dose tablet of 250 mg salt in the United States or 228 mg
base in other areas. While some studies that have measured serum levels of meflo-
quine or its metabolites have found that mean levels are statistically significantly
higher in women than men, sometimes nearly double (Potasman et al., 2002;
Wernsdorfer et al., 2013), other studies did not find significant differences in serum
levels between men and women (Schwartz et al., 2001).

Possible explanations for sex-related differences may include reporting bias
and greater adherence among women. Some of the observed differences between
males and females might be due to females being more aware of neurologic and
psychiatric disturbances than males and communicating symptoms more easily
than males. For example, women report mental health problems at higher rates,
particularly PTSD (Blanco et al., 2018; Breslau et al., 1997; Luxton et al., 2010;
Norris et al., 2002) and depression (Breslau et al., 1995; Kessler et al., 1993;
Luxton et al., 2010; Weissman and Klerman, 1977). However, several studies
have adequately controlled for these factors, and sex-related differences in adverse
event reporting continue to be observed.

It is also possible that biologic differences account for the heightened risk of
PTSD and depression in women. These differences may include endocrine system
differences, differences in neural connectivity in response to aversive stimuli, sex-
by-genotype interactions, and sex differences in response to exposure to stress
across the life span (see reviews by Eid et al., 2019, and Helpman et al., 2017). Sex
differences of mefloquine distribution in cellular and fluid blood compartments,
which may be related to the higher serum levels of mefloquine and its metabolites
observed in women, may be associated with the occurrence of adverse events.
However, Schwartz et al. (2001) found that although there was no difference in
serum levels, women tended to be more susceptible than men to adverse events.

Pregnancy

In2011 CDC recommended mefloquine for pregnant women both as a malaria
treatment option and as an option to prevent malaria infection in all trimesters.
For travel to areas where chloroquine resistance is present, mefloquine is the only
medication recommended for malaria prophylaxis during pregnancy. Also in 2011,
FDA reviewed available data for mefloquine use during pregnancy and reclassi-
fied it from category C (animal reproduction studies have shown an adverse effect
on the fetus and there are no adequate and well-controlled studies in humans, but
potential benefits may warrant use of the drug in pregnant women despite poten-
tial risks) to category B (animal reproduction studies have failed to demonstrate a
risk to the fetus and there are no adequate and well-controlled studies in pregnant
women) (CDC, 2019).

A 2018 Cochrane review concluded that mefloquine is safe in terms of adverse
pregnancy outcomes, such as low birth weight, prematurity, stillbirths and abor-
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tions, and congenital malformations (Gonzalez et al., 2018). That Cochrane review
considered data from six trials conducted between 1987 and 2013 in Benin, Gabon,
Kenya, Mozambique, Tanzania, and Thailand and included 8,192 pregnant women
who met their inclusion criteria (Briand et al., 2009; Denoeud-Ndam et al., 2014;
Gonzalez et al., 2014a,b; Nosten et al., 1994). Initial concerns regarding the pos-
sible association between mefloquine and stillbirth were raised in a retrospective
analysis in Thailand (Nosten et al., 1999) and a study of U.S. Army service women
(Smoak et al., 1997) in which high rates of abortions were reported with meflo-
quine exposure in pregnancy. Smoak et al. posited that exposure to other stress
factors could have increased the rate of abortions in the Army service women.
These concerns about adverse reproductive outcomes have not been supported by
studies of malaria prevention during pregnancy conducted in sub-Saharan Africa
or Thailand (Briand et al., 2009; Gonzalez et al., 2014b; Nosten et al., 1994;
Schlagenhauf et al., 2012; Steketee et al., 1996). A postmarketing study of 1,627
spontaneous reports of women exposed to mefloquine before or during pregnancy
estimated the birth prevalence of congenital malformations in women exposed to
mefloquine to be 4%—no different from the prevalence observed in the general
population (Vanhauwere et al., 1998). Mefloquine is not as well tolerated as other
antimalarial drugs when used for intermittent preventive treatment in pregnancy
(IPTp), but the dosage used is substantially higher than the dosage used for malaria
prophylaxis. The 2018 Cochrane review reported that when it was used for IPTp,
mefloquine was associated with higher risks of drug-related vomiting (RR = 4.76,
95%CI 4.13-5.49; 6,272 participants, 2 studies; high-certainty evidence) and
dizziness (RR =4.21, 95%CI 3.36-5.27; 6,272 participants, 2 studies; moderate-
certainty evidence) in women without HIV. Briand et al. (2009) reported higher
rates of vomiting, dizziness, tiredness, and nausea among mefloquine users for
IPTp than among those using sulfadoxine-pyrimethamine (78% versus 32%),
with all cases having resolved spontaneously within 3 days. They also reported
that there were no neurologic symptoms reported among neonates born to women
who had received mefloquine during pregnancy.

Rupérez et al. (2016) evaluated the safety of IPTp with mefloquine compared
with sulfadoxine-pyrimethamine for key infant health and developmental
outcomes at 1, 9, and 12 months of age. No significant differences were observed
in the psychomotor development milestones assessed. Among infants born to
women in the mefloquine group, there was an increased risk of being unable to
stand without help (RR = 1.07, 95%CI 1.00-1.14), walk without support (RR =
1.10, 95%CI 1.01-1.21), and bring solid food to the mouth (RR = 1.32, 95%CI
1.03—1.70) at 9 months of age as compared with the children born to women in
the sulfadoxine-pyrimethamine group, but these differences were not found at 1
or 12 months. No other statistically significant differences were observed in any
of the other developmental, nutritional, or morbidity items assessed in the study
visits, leading the authors to postulate that the differences could be the result of
chance due to multiple comparison testing rather than true differences.
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Gonzalez et al. (2014b) reported no serious neurologic adverse events among the
4,749 pregnant women who were enrolled in an open-label randomized clinical trial
conducted in Benin, Gabon, Mozambique, and Tanzania comparing mefloquine (n =
1,551 single dose, n = 1,562 split dose) with sulfadoxine-pyrimethamine (n=1,561)
for IPTp. They also found no difference in the prevalence of adverse pregnancy
outcomes (including miscarriages, stillbirths, and congenital malformations)
between groups.

Low Body Mass Index

Some studies of the prophylactic use of mefloquine have collected informa-
tion on weight and BMI and have reported differences in the proportion or types
of adverse events when results were stratified by these factors. For example, in a
study of 169 French soldiers deployed to the Ivory Coast and randomly selected to
take weekly mefloquine prophylaxis, those soldiers weighing the least (51-60 kg)
reported the greatest number of adverse events (88.9% reported at least 1 adverse
event, with a mean of 3.11 events per person) compared with the heaviest soldiers
(81-115 kg; 52.9% reported at least one adverse event, with a mean of 0.94 events
per person). Because mefloquine was administered as a fixed dose (the standard
250 mg pill), the concentrations of mefloquine as measured in urine were higher
for lighter individuals (4.2—4.9 mg/kg among those weighing 51-60 kg versus 2.2—
3.1 mg/kg for those weighing 81-115 kg), and the soldiers who reported adverse
effects weighed less than those without any symptoms (p < 0.03) (Ollivier et al.,
2004). In a study of 73 men and 78 women who were given mefloquine 3 weeks
before their intended travel to malaria-endemic areas, those with the lowest BMI
(€20 kg/m?) had the most impairment of mood state (particularly vigor and fatigue,
measured using validated instruments) and a significantly increased reaction time;
both effects were further modified by gender, with the most pronounced effects
in women with the lowest BMI (van Riemsdijk et al., 2003). In a comparison of
neurologic and psychiatric outcomes among mefloquine users (n = 58) and A/P
users (n = 61) using the same validated tests as in van Riemsdijk et al. (2003),
van Riemsdijk et al. (2002b) found that there were significant differences between
people who took mefloquine and those who took A/P with respect to self-reported
fatigue, vigor, and total mood disturbance, with those using mefloquine reporting
worse scores. When stratified by BMI (<25 versus >25 kg/m?), those taking meflo-
quine reported worse psychiatric symptoms than those taking A/P in both strata.

Some of the observations of people of lower weight or BMI having more
adverse effects may be related to sex, as women are generally smaller and weigh
less than men. However, in a study of nonimmune Danish travelers in which meflo-
quine was compared with chloroquine and chloroquine plus proguanil, women
reported depression more frequently than men (p = 0.005), but the frequency of
adverse events was not associated with weight when stratified by gender (Huzly
et al., 1996).
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Chronic Health Conditions

Travelers who have allergies or other chronic health conditions and do not
have contraindications for mefloquine have been found to report larger numbers
of adverse events and experience them more frequently than people without these
conditions (Huzly et al., 1996). Moreover, people with chronic disease report
psychiatric reactions significantly more often than those without disease. People
who take other drugs concomitantly (such as to treat their chronic conditions) with
prophylaxis have been found to report more adverse reactions (Huzly et al., 1996).

Mefloquine elimination may be prolonged in those with impaired liver
function, leading to higher plasma levels and a higher risk of adverse reactions. If
the drug is administered for a prolonged period, periodic evaluations, including
liver function tests and evaluations for “neuropsychiatric” effects, should be
performed (FDA, 2016).

Using an existing database of self-administered questionnaires collected
from travelers returning to Europe from Eastern Africa (between July 1988
and December 1991) and again 3 months after travel, Handschin et al. (1997)
analyzed the association of adverse events experienced by travelers using four
different prophylactic drug regimens (mefloquine, chloroquine, chloroquine
plus proguanil, and no antimalarial drug) with and without concurrent use of
other medications. Individual symptoms and comedications were grouped into
categories for analysis. A total of 78,614 travelers were included in the analysis,
and the majority used mefloquine (n = 48,264), followed by chloroquine plus
proguanil (n = 19,727), chloroquine alone (n = 6,752; 300 mg or 600 mg doses),
and no prophylactic drug (n = 3,871). Responses from both questionnaires were
combined, so that the timing or persistence of adverse events could not be distin-
guished. Both the occurrence of adverse events (and the reported severity) and the
use of any medications in addition to the antimalarials were self-reported. Among
mefloquine users, 25,690 used a comedication, while 22,574 did not. Individuals
comedicating had 1.5 times the risk of adverse events of any type or severity
compared with individuals using only mefloquine. For severe adverse events,
the relative risk was 2.2 times higher for comedication than for mefloquine alone
(p < 0.01). Similarly increased risks with comedication use were found for the
other prophylaxis (and no use of prophylaxis) groups as well. The number and
severity of adverse events among mefloquine users correlated with the number of
comedications taken and were statistically different from those in individuals who
did not use comedication (p < 0.01). Drugs used to treat neurologic or psychiatric
conditions were associated with the highest increases in risk for adverse events
and severity, but the risk of adverse events was also statistically significant for
analgesics, anti-infectives, and antidiarrheals compared with no comedication. No
increase in the rate of adverse events or severity was observed with cardiovascular
drugs such as beta blockers.
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Concurrent Use of Alcohol, Marijuana, or Illicit Drugs

A number of factors may place travelers at increased risk of experiencing
adverse events while using mefloquine, including stressful events during travel,
interruptions of sleep cycles, and the use of alcohol, marijuana, and, in some
cases, illicit drugs. In a study of 1,340 Israeli travelers to the tropics, mefloquine
was used by 70.7%, and 151 of them (11%) reported neurologic or psychiatric
problems (Potasman et al., 2000). A follow-up questionnaire was sent to the
151 people who reported neurologic or psychiatric problems to ascertain the
symptoms, severity, and use of illicit drugs (reported as yes or no). A total of 26
travelers admitted to using recreational drugs during travel, but it is not known
how many of these people also used mefloquine. In a case series of 15 Israeli
travelers who had sought evaluation for psychiatric effects, 6 of them had used
mefloquine for prophylaxis, and 8 had reported using marijuana, hashish, or
charas; or LSD or Ecstasy (Beny et al., 2001). In three of these cases, the probable
trigger of the psychiatric event was determined to be mefloquine or a combination
of illicit drugs and mefloquine.

Although consuming large quantities of alcohol concurrently with taking
mefloquine prophylactically has been reported to increase adverse events in at least
one case report (Wittes and Saginur, 1995), mixed results have been reported in
larger studies. In a comparison of the neurologic and psychiatric adverse events
among users of mefloquine (n = 394) and proguanil (n = 493) with people who
did not take any prophylactic drug (n = 340), van Riemsdijk et al. (1997a) found
that in regular users of alcohol, nightmares were more frequent among those who
used mefloquine than among those that did not use antimalarials, but the authors
also noted that the number of people who reported using alcohol in the meflo-
quine group was statistically significantly higher than the group who did not use
antimalarials (p = 0.01). To determine whether mefloquine affects psychomotor
and actual driving performance when given at prophylactic levels, Vuurman et al.
(1996) conducted a randomized double-blinded placebo-controlled study of 40
men and women. Alcohol was given to achieve a sustained blood-alcohol concen-
tration of 0.35 mg/mL (for comparison, the legal driving limit in the United States
in 0.8 mg/mL). The mefloquine group drove better than the placebo group with
and without alcohol at all time points measured. At the low alcohol levels tested,
mefloquine does not appear to potentiate adverse events of alcohol on driving per-
formance and rather appears to have psychoactivating or provigilance properties
rather than any that enhance maximum psychomotor ability.

BIOLOGIC PLAUSIBILITY

Weekly 250 mg oral doses of mefloquine used for prophylaxis result in plasma
concentrations ranging from 0.25 to 1.7 pg/mL (0.66 to 4.5 uM) (Charles et al.,
2007; Gimenez et al., 1994; Hellgren et al., 1990, 1997; Kollaritsch et al., 2000;
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Looareesuwan et al., 1987; Mimica et al., 1983; Palmer et al., 1993; Pennie et al.,
1993; Schlagenhauf et al., 1996). Given that 98% of a mefloquine dose is bound
to plasma proteins, the free mefloquine concentration is <0.1 uM (Gribble et al.,
2000). In two studies (Schlagenhauf et al., 1996; Schwartz et al., 2001), plasma
levels of mefloquine did not correlate with adverse events, whereas in a more
recent study (Tansley et al., 2010), plasma exposure of mefloquine as measured
by C, .. and area under the curve, especially the latter, did correlate with adverse
events. In this same study, the global safety profile of (+) mefloquine was no better
than that of racemic mefloquine; these data (Tansley et al., 2010) did not support
the hypothesis that (+) mefloquine may have lower central nervous system liabili-
ties than the (—) mefloquine.

As described in several reviews (Grabias and Kumar, 2016; McCarthy, 2015;
Toovey, 2009), a number of mechanisms may be associated with concurrent
adverse events observed in individuals using mefloquine for malaria prophylaxis.
As a caveat, the committee does not discuss data from studies in which meflo-
quine concentrations substantially exceeded the highest plasma levels (4.5 uM)
observed in pharmacokinetic studies of mefloquine prophylaxis. With respect to
central nervous system adverse events, limited animal data indicate a 4- to 13-fold
accumulation of mefloquine in the brain and central nervous system (Barraud
de Lagerie et al., 2004; Baudry et al., 1997; Caridha et al., 2008). In two human
cell lines, mefloquine inhibited the membrane efflux protein P-glycoprotein, also
known as multidrug resistance protein 1 (MDR1) (Pham et al., 2000; Senarathna
et al., 2016). One study showed that MDR1 polymorphisms seem to be associ-
ated with the “neuropsychiatric” adverse events of mefloquine during treatment,
primarily in women (Aarnoudse et al., 2006).

A 1983 report published by United Nations Development Programme, World
Bank and WHO indicated that mefloquine did not exhibit mutagenic, teratologic,
or carcinogenic effects in rats or mice (WHO, 1983). Dow et al. (2006) explored
directed behavioral effects of mefloquine on behavior and neurotoxicity using a
comprehensive dosing regimen and plasma mefloquine measures in rats. The results
suggest that 187 mg/kg doses of mefloquine enhance activity profiles and cause mild
neurodegeneration, as reflected in silver staining in rat gracile, cuneate, and solitary
tract nuclei. Behavioral and histologic abnormalities increased as doses exceeded
the pharmacologic range. Of note, no pathologic changes were observed with
lower “prophylactic” dosing (45 mg/kg), based on circulating mefloquine levels.
All testing was performed 2448 hours after dosing, and thus persistent or latent
effects were not examined. In vitro studies provide evidence for potential actions
of mefloquine on neurons. Mefloquine inhibited the growth of two rat neuronal
cell lines with IC,, values ranging from 7 to 12 uM and produced changes in gene
expression consistent with the hypothesis that the endoplasmic reticulum was the
neuronal target (Dow et al., 2003, 2005). Similarly, mefloquine is neurotoxic at
micromolar concentrations to cerebral cortical cultures from rat pups, possibly by
an oxidative stress mechanism (Hood et al., 2010; Milatovic et al., 2011). However,
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it is difficult to extrapolate results from neuronal culture systems to in vivo action,
owing to the inherent vulnerability of neurons lacking trophic support from other
cell types normally present in nervous tissue (glia and extracellular matrix proteins).

Other mechanisms could contribute to mefloquine effects on brain function.
These include enhanced weak inhibition of acetylcholinesterase (McArdle et al.,
2005; Zhou et al., 2006) and induction of autophagy (Shin et al., 2012). Mefloquine
inhibits coupling of GABAergic neurons in the cortex and nucleus accumbens,
regions that are important in affect and cognition (Allison et al., 2011; Heshmati
et al., 2016). Mefloquine is a potent adenosine A2A receptor antagonist (Weiss et
al., 2003), so that it modulates an array of downstream physiologic actions and
could modulate sleep (Grabias and Kumar, 2016).

Binding assays suggest that mefloquine has the capacity to bind to neurotrans-
mitter receptors. Mefloquine is a partial 5-HT, , agonist with an EC,, value of 1.9
uM (Janowsky et al., 2014), and it is also a 5-HT,, and 5-HT}, , ; antagonist with
respective IC values 0of 0.66 and 2.7 uM (Thompson and Lummis, 2008). Though
the studies were not performed in neuronal cells, the results suggest that there is a
potential for in vivo action on serotonin signaling under some conditions, which
are associated with but not causally linked to psychiatric conditions, including
depression, suicidality, and low mood.

Mefloquine is an inhibitor of connexin 36 (Cx36) and connexin 50 (Cx50),
which are gap junction proteins responsible for rapid, non-synaptic electrical
coupling in neurons and other cells (enabling alterations of cellular excitation with-
out actions at the membrane). Of particular relevance, Cx36 is present in the nervous
system and has been implicated in numerous neuronal signaling processes, some of
which are relevant to psychiatric or neurologic diseases (e.g., epilepsy, depression)
(Cruikshank et al., 2004). The inhibition of the gap junction signaling has led to the
use of mefloquine as a pharmacologic tool in studies exploring the biologic actions
of gap junctions (Cruikshank et al., 2004). For example, mefloquine administration
in rats can impair the processing of contextual fear, impairing retrieval and enhanc-
ing extinction of freezing responses to the fearful context via inhibition of connexins
(Bissiere et al., 2011), suggesting a role for connexins (and perhaps mefloquine) in
the modulation of emotional memory processing.

In one clinical trial, mefloquine led to mild hypoglycemia but did not alter
calcium homeostasis (Davis et al., 1996). This mefloquine-induced hypoglycemia
may result from the inhibition of potassium ion channels in pancreatic p-cells
(Gribble et al., 2000), and it has the potential to affect metabolic function.

Cx50 is highly expressed in the lens, and Cx50 knockout mice exhibit visual
impairments and lens defects (Cruikshank et al., 2004), which may be of relevance
to the visual deficits reported following mefloquine (Adamcova et al., 2015;
Martinez-Wittinghan, 2006; Schneider et al., 2014). In addition, mefloquine is
photoreactive (Aloisi et al., 2004; Motten et al., 1999) and may be involved in
retinopathies associated with the accumulation of mefloquine in the retina (binding
to melanin in retinal photoreceptors) (Nencini et al., 2008).
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Mefloquine inhibits several cardiac potassium channels (El Harchi et al.,
2010; Kang et al., 2001; Lopez-Izquierdo et al., 2011; Perez-Cortes et al., 2015).
In addition, Coker et al. (2000) argued that the negative inotropic action of meflo-
quine is explained by the blockade of L-type calcium channels. In multiple cell
types and in cardiac muscle, mefloquine perturbs calcium homeostasis, possibly by
acting as an ionophore, similar to ionomycin (Adegunloye et al., 1993; Bissinger
etal., 2015; Caridha et al., 2008; Coker et al., 2000; Unekwe et al., 2007). Caridha
et al. (2008) argue that mefloquine has the requisite physicochemical properties
of an ionophore, given its high affinity for membrane phospholipids (Chevli
and Fitch, 1982; Go and Ngiam, 1997). Mefloquine also was found to inhibit
sarcoendoplasmic reticulum calcium adenosine triphosphatase (SERCA) (Toovey
et al., 2008) and calcium-activated chloride currents in a whole-cell patch clamp
study (Maertens et al., 2000). The modulation of potassium and calcium signaling
may be associated with but not causally linked to long-term actions of mefloquine
on the heart.

Overall, these data suggest multiple mechanisms that could account for the
adverse events associated with concurrent mefloquine use. However, these data
do not definitively link mefloquine to adverse events in the context of the repeated
dosing that occurs during prophylaxis. All of these studies have measured end-
points immediately after mefloquine administration, making it difficult to assess
or infer potential lasting or permanent pathologic changes.

SYNTHESIS AND CONCLUSIONS

In assessing all of the available, relevant evidence, the committee was struck
by the few number of studies available that examined outcomes that occurred after
or persisted for more than 28 days after use of mefloquine had ceased. Of the 11
epidemiologic studies that met the >28-day post-cessation criterion for inclusion,
the methodologic quality of the studies varied greatly, as did the time periods in
relation to cessation and when studies were published (1983 through 2018) and the
range of adverse events and health outcomes that were considered or reported. For
example, although seven studies collected and reported information that could be
categorized as psychiatric outcomes, these ranged from nonspecific broad catego-
ries such as “neuropsychiatric” to specific symptoms, such as sleep disturbances
or anxiety, or clinical diagnoses such as PTSD, depressive disorder, or psychosis,
which made it difficult for the committee to make an integrated assessment. Given
the inherently imperfect information generated by any one study, it would be
desirable to have similar studies to assess consistency of findings, but the diversity
of the methods makes it very difficult to combine information across the studies
with confidence. Even when pertinent data appear to have been collected to meet
the committee’s inclusion criteria of reporting on an adverse event or health out-
come (or if there were none reported) 28 days post-drug-cessation, not all of the
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information relevant to the committee’s charge was presented because it was not
a main objective or focus of the study (e.g., studies that were designed to exam-
ine long-term efficacy against clinical malaria). Only published information that
was presented from the study was considered. In some cases, it was clear that the
investigators collected more data than was reported, such as when the population
was followed for months or even years after mefloquine cessation, but the only
outcomes reported were incident cases of malaria or generic statements about all
adverse events having resolved.

Given the diversity of the methodologic quality and the variety of outcomes
examined, the summarized epidemiologic studies did not all contribute equally
to the ultimate conclusion of the association between mefloquine and persistent
events of a given health outcome, and, in particular, the inferences are based
primarily on those few studies that had the following attributes:

» sound designs and analysis methods;

* documented exposure of mefloquine for malaria prophylaxis;

* documented health outcomes at least 28 days after cessation of mefloquine
use;

» compared mefloquine users with similar people who did not use any
antimalarial drug, were given a placebo, or who used other antimalarial
drugs;

 large enough sample sizes to conduct informative analyses; and

» presented empirical information relevant to associations between adverse
effects or events (or lack of any effects or events) >28 days after meflo-
quine use had ended.

In general, the post-cessation epidemiologic studies were not designed to
examine the persistence of events in individuals, but rather they collected informa-
tion on whether adverse events were detected at some time period at least 28 days
after cessation of mefloquine. To avoid repetition for each outcome category, a
short summary of the attributes of each study that were considered to be most
contributory to the evidence base or that presented evidence germane to multiple
body system categories is presented first. The evidence summaries for each out-
come category refer back to these short assessment summaries.

For each body system category, supporting information from the FDA label
and package insert, known concurrent adverse events, case studies, information
on selected subpopulations, experimental animal and in vitro studies, and results
from epidemiologic studies that were less methodologically sound is first sum-
marized before the evidence from the assessed epidemiologic studies is presented.
While the charge to the committee was to address persistent or latent adverse
events, the occurrence of concurrent adverse events enhances the plausibility that
problems may persist beyond the period after cessation of drug use. The synthesis
of evidence is followed by a conclusion about the strength of evidence regarding
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an association between the use of mefloquine and persistent adverse events and
whether the available evidence would support additional research into outcomes
of that body system. The outcomes are presented in the following order: neuro-
logic disorders, psychiatric disorders, gastrointestinal disorders, eye disorders,
cardiovascular disorders, and other outcomes including dermatologic outcomes
and disorders of other organ systems.

Epidemiologic Studies Presenting Contributory Evidence

Eick-Cost used DoD administrative databases to perform a large retrospec-
tive cohort study among active-duty service members who filled at least one
prescription for mefloquine, doxycycline, or A/P between 2008 and 2013. The
primary study objective was to assess and compare the risk of incident and recur-
rent ICD-9-CM-coded neurologic and psychiatric outcomes that were reported at
medical care visits during concurrent antimalarial use plus 365 days after the end
of a prescription. This was a well-designed study and included several important
factors that increased its methodologic quality: a large sample size, an adminis-
trative data source for both exposure and outcomes, and careful consideration of
potential confounders including demographics, psychiatric history, and the mili-
tary characteristics of deployment and combat exposure. Because the neurologic
and psychiatric diagnoses occurring during current and recent use were analyzed
together without distinguishing between events that occurred within 28 days of
antimalarial use and those that occurred >28 days post-cessation, it provides
no quantitative information regarding the persistence of most events other than
the notation in the text that the results did not change when restricted to a post-
cessation period of 30 days. Whereas the use of medical diagnoses is likely to be
more reliable for the outcomes than self-report, there was no validation of the
diagnoses recorded in the administrative databases, and symptoms or events that
did not result in a medical visit or diagnosis would have been missed. For PTSD
diagnoses, there was no information concerning when the index trauma occurred.

Schneiderman et al. (2018) conducted an analysis of self-reported health
outcomes associated with the use of antimalarials in a population-based cohort of
deployed and nondeployed U.S. veterans, using information collected as part of the
NewGen Study. Exposure and outcomes were systematically obtained, and psy-
chiatric outcomes were measured by standardized assessment instruments. Anti-
malarial medication use was grouped by mefloquine, chloroquine, doxycycline,
primaquine, mefloquine in combination with other drugs, other antimalarials,
and not specified or no antimalarial drug exposures. Health outcomes were self-
reported using standardized instruments: the SF-12 for general physical health
status, PCL-C for PTSD, and the Patient Health Questionnaire. The overall sample
was large, and the researchers used a reasonably thorough set of covariates in
models estimating drug—outcome associations, including deployment and combat
exposure. Although the time period of drug use and the timing of health outcomes
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were not directly addressed, given that the population consisted of veterans who
had served between 2001 and 2008 and the survey was not administered until
2009-2011, it is reasonable to assume that antimalarial drug use had ceased some
time before. The methodology and response rate (34% total; weighted 4.4% of
deployed and weighted 2.2% of nondeployed individuals used mefloquine) for this
study may have led to the introduction of non-response, recall, or selection biases;
however, the committee believed that investigators used appropriate data analysis
techniques to mitigate the effects of any biases that were present.

Wells et al. (2006) was a large, well-designed study that used DoD admin-
istrative databases to examine incident hospitalizations by body system among
active-duty service members who had been prescribed mefloquine and deployed
at some time in calendar year 2002. Because the follow-up of mefloquine users
began at the time of their return from deployment, it is reasonable to assume that
these results largely reflect experience following the cessation of exposures of
varying duration. Nonetheless, the results for varying time intervals following
the cessation of use (or time since return from deployment) were not presented.
Two comparison groups who were not prescribed antimalarials (service mem-
bers assigned to Europe or Japan and service members who were deployed for
1 month or longer) were used in the analysis, but the demographic and military
characteristics of the Europe- or Japan-assigned individuals differed substantially
from those of the deployed individuals, suggesting that this was not an appropri-
ate comparison group. Several attributes of its design increase its methodologic
quality: a large sample size, the use of an administrative data source for both
exposure and ICD-9-CM-based outcomes, and the inclusion of a reasonable set
of sociodemographic, psychiatric history, and military characteristic covariates
in the analyses. However, combat exposure was not specifically addressed, and
although deployment may have been assumed to be a surrogate for combat, the
lack of control for combat exposure itself is a limitation. The health outcomes were
systematically and objectively ascertained but would reflect only the most severe
experiences requiring hospitalization, which would likely exclude most people
who experienced mental health symptoms or disorders. The small number of
specific diagnoses for certain outcomes further limits the generalizability of these
results.

Three large, retrospective studies of travelers (Meier et al., 2004; Schneider et
al., 2013, 2014) were conducted using data from the UK-based GPRD to assess the
incidence and compare the odds of developing first-time neurologic, psychiatric,
or eye disorders in individuals using mefloquine compared with other antimalarial
drugs for malaria prophylaxis. While the specific outcomes examined differed by
study, the general design and methodology were the same for all three. The use
of GPRD data (a well-established platform designed for both clinical practice and
research) allowed for adequate power to detect differences in outcomes and for
a uniform collection of exposures (although recorded drug prescriptions do not
equate to use or adherence) and outcomes (based on clinical diagnoses coded from
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medical care visits) that were not subject to recall bias. Events that did not result
in a medical care visit or that occurred outside of the national health care system
would have been missed; however, it is unlikely that this would result in differ-
ential selection bias. Diagnoses were defined a priori, which excluded other out-
comes, including the potential to identify rare outcomes. The antimalarial-exposed
populations were large, an appropriate comparison group of travelers not using any
form of malaria prophylaxis was included, and health outcomes were reported in
defined time periods, including current use through 90 days after a prescription
ended (termed current use or recent use in analyses that included both irrelevant
[7-27 days] and relevant [28-90 days] time periods) and 91-540 days following
cessation of use (termed past use in analyses). Adjustments were made for several
confounders, including age, sex, calendar time, practice, smoking status, and BMI
using appropriate study design or analytic methods. Each study included a nested
case—control component that allowed for control of important covariates.

The primary aim of Tan et al. (2017) was to assess the prevalence of several
health conditions experienced by returned Peace Corps volunteers associated with
the use of prophylactic antimalarial drugs. The number of participants was large
(8,931 participants), and of those who used an antimalarial drug a majority (59%)
had used mefloquine. A number of important covariates, such as psychiatric history
and alcohol use, were collected, but the study had several methodologic issues.
These limitations included its study design (self-report Internet-based survey),
exposure characterization based on self-report (which introduces several potential
biases such as recall bias, sampling bias, and confounding), outcome assessment
(based on self-report of health provider-diagnosed conditions up to 20 years
post-service), the use of mixed comparison groups, a lack of detail regarding the
analysis methods, and a poor response rate (11%, which likely introduced selection
bias). The evidence generated by this study was thus considered to contribute only
weakly to the inferences of mefloquine and persistent adverse events or disorders.

Neurologic Disorders

There are recognized concurrent adverse neurologic events associated with
mefloquine use, including dizziness, vertigo, loss of balance, headache, memory
impairment, confusion, encephalopathy, sensory or motor neuropathies, convul-
sions, tinnitus, and hearing loss (FDA, 2016; Tickell-Painter et al., 2017a). In the
epidemiologic studies examining persistent neurologic outcomes, these effects
were not observed to occur at statistically different rates for mefloquine users
compared with people who used other antimalarial drugs or who did not use any
prophylaxis. However, persistent dizziness was found in a few case reports, and
studies of mefloquine use in pregnant women showed an increased risk for dizzi-
ness that resolved spontaneously within a few days (Briand et al., 2009; Nosten et
al., 1994). A recent Cochrane review of mefloquine use for prophylaxis in travelers
also reported that current mefloquine use was associated with statistically signifi-
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cantly higher risks of dizziness than placebo or no prophylaxis in cohort studies,
but in clinical trials no difference in experiencing dizziness was found between
mefloquine users and those given a placebo. Other persistent neurologic symptoms
and conditions of neuropathy, weakness, paralysis, convulsions, and concentration
impairment were described in the case reports.

In addition to the data on neurologic outcomes in humans, animal and cell
culture studies lend some support for plausible biologic mechanisms through
which mefloquine may contribute to neurotoxic processes. These include the mod-
ulation of calcium homeostasis, the induction of oxidative stress, the inhibition
of connexin signaling, and the modulation of neurotransmitter receptor binding.

The committee reviewed five epidemiologic studies that examined neurologic
outcomes that occurred at least 28 days following the cessation of mefloquine
(Eick-Cost et al., 2017; Schlagenhauf et al., 1996; Schneider et al., 2013; Tan et
al., 2017; Wells et al., 2006). These outcomes were inconsistently identified and
measured across studies: ICD-9-CM-coded disorders of the nervous system as a
category, and specific neurologic outcomes of nystagmus, vertiginous syndromes,
dizziness and giddiness, and migraine (Wells et al., 2006); ICD-9-CM-coded out-
comes of confusion, tinnitus, vertigo, and convulsions (Eick-Cost et al., 2017);
epilepsy and peripheral neuropathy (Schneider et al., 2013); “neuropsychologic”
as a category and that separately included dementia, migraines, seizures, tinnitus,
vestibular disorder, and “other” neurologic disorder (Tan et al., 2017); and
“neuropsychiatric” adverse events that included dizziness/vertigo, headache,
and decreased concentration (Schlagenhauf et al., 1996). While all five of these
studies have methodologic limitations, the three that provided the most evidence
for potential persistent or latent neurologic outcomes based on the strength of the
methods used were Eick-Cost et al. (2017), Wells et al. (2006), and Schneider et
al. (2013).

In their analysis of data from DoD administrative databases, Eick-Cost et al.
(2017) examined neurologic outcomes, and analyses were stratified by deploy-
ment and, separately, by psychiatric history. Adjusted incident rates of tinnitus,
convulsions, and confusion were higher among the nondeployed than among the
deployed groups who used mefloquine. There were no statistically significant
differences for any of the neurologic outcomes among the deployed mefloquine
users compared with the doxycycline users. Among the nondeployed, only ver-
tigo was statistically significantly different (decreased) for mefloquine versus
doxycycline users. Adjusted IRRs comparing mefloquine with A/P by deploy-
ment status found that the risk of tinnitus was statistically significantly increased
among both the deployed and the nondeployed groups. No other outcomes were
statistically significantly different between deployed mefloquine and A/P users.
For both the mefloquine and doxycycline groups, there were no statistically sig-
nificant differences between drugs when adjusting for history of psychiatric dis-
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order. In a second study of U.S. service members, Wells et al. (2006) presented
hospitalizations from nervous system disorders as a single category. Only six
hospitalizations due to nervous system disorders were reported for mefloquine
users, and comparisons with both reference groups showed that mefloquine users
had no statistically significant different risk for nervous system disorders as a
group. When hospitalizations due to specific neurologic outcomes were consid-
ered, among those receiving mefloquine there were no cases of nystagmus or
dizziness and giddiness, one case of vertiginous syndromes, and three cases of
migraine, which resulted in wide, imprecise, and null effect estimates when these
rates were compared with those of the two reference groups of service members.
Schneider et al. (2013) assessed incident diagnoses of epilepsy and peripheral
neuropathy among travelers who had been prescribed mefloquine and compared
them with those given another antimalarial and, separately, with travelers who
had a travel consult but were not prescribed antimalarial drugs; the analysis
was stratified by time since cessation. Over the approximately 8.5-year period
of data examined, a total of 14 mefloquine users were diagnosed with incident
epilepsy, 6 of whom were current use and 8 of whom were past use. Among
the eight mefloquine users with incident neuropathies, five were current users
and three were past users. In the nested case—control analysis, after adjusting
for smoking and BMI, the odds of developing epilepsy were decreased, and the
odds of developing peripheral neuropathies were elevated for mefloquine users,
but neither of these results reached statistical significance. Similarly, when
stratified by current use or past use, the adjusted odds of epilepsy for mefloquine
users compared with non-antimalarial users were not statistically significantly
different. The FDA package insert warns individuals with epilepsy that taking
mefloquine may increase the risk for convulsions, and people who had previ-
ously been diagnosed with epilepsy were excluded from the study. Compared
with nonusers of antimalarials, current users of mefloquine had increased odds
of neuropathy, while past users had decreased odds of neuropathy but neither
of these estimates was statistically significant. In sum, this was a well-designed
study, and the stratification of past use in particular provides some evidence for
an absence of increased persistent neurologic effects of epilepsy and peripheral
neuropathy following the use of mefloquine. Overall, these three well-designed
studies provide some evidence for an absence of persistent neurologic events
following the use of mefloquine, but the number of neurologic disorders was
small, making these results far from definitive.

The two other epidemiologic studies with post-cessation follow-up
(Schlagenhauf et al., 1996; Tan et al., 2017) that presented some information
on neurologic outcomes were not as methodologically robust as Eick-Cost et
al. (2017), Wells et al. (2006), or Schneider et al. (2013), and their results lend
additional weak support for an absence of increased persistent neurologic effects.
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Based on the available evidence, the committee concludes that there is
insufficient or inadequate evidence of an association between the use of meflo-
quine for malaria prophylaxis and persistent or latent neurologic events. Current
evidence suggests further study of such an association is warranted, given the
evidence regarding biologic plausibility, adverse events associated with concur-
rent use, or data from the existing epidemiologic studies.

Psychiatric Disorders

The evidence supporting concurrent adverse psychiatric effects of mefloquine
is compelling. These effects include anxiety, depression, mood swings, panic
attacks, abnormal dreams, insomnia, hallucinations, aggression, and psychotic or
paranoid reactions. Suicidal thoughts and death by suicide have been also been
reported with concurrent use of mefloquine. While the charge to the committee
was to address persistent or latent adverse events, the occurrence of concurrent
adverse events enhances the plausibility that problems may persist beyond the
period of drug use. The FDA package insert warns that psychiatric symptoms
such as acute anxiety, depression, and restlessness should be viewed as potential
precursors to more serious psychiatric or neurologic adverse events and that
mefloquine should be discontinued if they occur. In addition, the FDA labeling
has increasingly invoked the potential for persistent adverse psychiatric events,
suggesting reports received warranted these changes, although no research is
cited as the basis for these changes. Two Cochrane reviews examined concurrent
adverse events of mefloquine use in travelers. Croft and Garner (2000) reported
on psychiatric symptoms in six trials comparing the tolerability of mefloquine to
other antimalarials and found that the only outcomes with increased odds associ-
ated with mefloquine use were insomnia and fatigue. Tickell-Painter et al. (2017a)
found that mefloquine users were more likely than users of doxycycline and users
of A/P to experience insomnia, anxiety, abnormal dreams, and depressed mood.
In cohort studies mefloquine users were more likely than participants who did not
take prophylaxis to experience abnormal dreams and insomnia. However, this
review included concurrent adverse events, and several outcomes had imprecise
effect estimates because of the small numbers of adverse events (e.g., serious
adverse effects, depressed mood, abnormal thoughts or perceptions). Additional
studies of selected subpopulations of concurrent mefloquine use lend some evi-
dence for a relationship with psychiatric outcomes. Mefloquine users who use
another medication for a chronic illness (Handschin et al., 1997; Huzly et al., 1996)
or who drink alcohol while taking mefloquine (van Riemsdijk et al., 1997a) appear
to have an increased risk for adverse events. Furthermore, women (Rendi-Wagner
et al., 2002; Schlagenhauf et al., 1996; Wernsdorfer et al., 2013) and individuals
with low BMI (van Riemsdijk et al., 2002b, 2003) may be at increased risk for
adverse psychiatric symptoms when taking mefloquine. A number of published
case reports suggest that persistent psychiatric symptoms (including anxiety,
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depression, insomnia/exhaustion, paranoia, hallucinations, visual illusions, mania,
depersonalization, or suicidal ideation) may be associated with mefloquine use and
continue beyond the period after drug exposure has ended. Again, these findings
support the plausibility of persistent adverse events, but they are inherently lim-
ited in the quality of scientific evidence that they can provide. However, a recent
Cochrane review concluded that mefloquine is safe during pregnancy (Gonzalez
etal., 2018).

Animal and in vitro studies indicate that mefloquine may negatively affect
processes relevant to psychiatric conditions. Mefloquine can affect processes
that may in turn interfere with brain circuits regulating mood and cognition,
including calcium homestasis (synaptic signaling), oxidative stress (managing
energetic challenge), and connexins (intercellular communication). In particular,
mefloquine’s binding to serotonin receptors suggests possible interactions with
signaling processes relevant to mood regulation. However, the data from these
experimental studies do not definitively explore mefloquine exposures relevant to
prophylaxis doses or use. Moreover, the studies have measured endpoints imme-
diately after mefloquine administration, making it difficult to address persistent or
latent pathologic changes.

The most weight for evidence of an association between use of mefloquine
and persistent or latent psychiatric adverse events comes from the seven epide-
miologic studies that examined psychiatric outcomes that occurred at least 28 days
following cessation of mefloquine (Eick-Cost et al., 2017; Meier et al., 2004;
Schlagenhauf et al., 1996; Schneider et al., 2013; Schneiderman et al., 2018; Tan
et al., 2017; Wells et al., 2006). The seven studies each used different methods
for measuring outcomes, and the psychiatric outcomes of interest varied across
studies. Considering the studies of U.S. military or veteran populations, Eick-Cost
et al. (2017) examined adjustment disorder, anxiety disorder, depressive disorder,
PTSD, psychoses, suicide ideation, paranoia, hallucinations, insomnia, and death
by suicide using clinical diagnoses coded in DoD administrative databases. Wells
etal. (2006) also used clinical diagnoses coded in DoD administrative databases to
examine “mental disorders” as a diagnostic category and specific psychiatric diag-
noses of somatoform disorder, mood disorder, anxiety disorder, PTSD, substance
use disorders, personality disorder, adjustment reaction, “mixed syndromes,” and
“other disorders.” And Schneiderman et al. (2018) used standardized self-report
instruments to examine outcomes of PTSD, thoughts of death or self-harm, other
anxiety disorders, and major depression. Both studies of UK travelers used clini-
cal diagnoses coded in a health care administrative database to examine incident
psychiatric outcomes. Meier et al. (2004) included depression, psychoses, panic
attacks, and death by suicide among people aged 17-79 years, and Schneider et al.
(2013) examined depression and anxiety, stress-related disorders, and psychoses
as a group in individuals aged >1 year (Schneider et al., 2013). Schlagenhauf et al.
(1996) used standardized self-report instruments to examine sleep disturbances,
mood changes, unusual or vivid dreams, and phobias in travelers who had taken
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mefloquine for short-term malaria prophylaxis after visiting a Swiss vaccination
center.

In their analysis of returned U.S. Peace Corps volunteers, Tan et al. (2017)
used unverified self-reported symptoms of depression, anxiety, and insomnia to
derive clinical diagnoses of major depressive disorder, bipolar disorder, anxiety
disorder, schizophrenia, obsessive-compulsive disorder, and “other.” Findings
related to PTSD are considered separately, below.

While all seven of these studies have methodologic limitations, the five that,
based on their methodologic quality, provided the strongest evidence for examin-
ing the presence of persistent psychiatric outcomes are Eick-Cost et al. (2017),
Meier et al. (2004), Schneider et al. (2013), Schneiderman et al. (2018), and
Wells et al. (2006). Four of the studies (Eick-Cost et al., 2017; Meier et al., 2004;
Schneider et al., 2013; Wells et al., 2006) evaluated data from administrative data-
bases with clinically diagnosed outcomes, included at least two comparison groups
in the analyses, applied a reasonably thorough set of covariates to the analyses of
effect estimates, and measured the psychiatric outcomes of interest systematically
and objectively, based on medical care visits and coded in the database. Although
both Eick-Cost et al. and Wells et al. used data from DoD administrative databases,
they used different years, and Wells et al. limited diagnoses to hospitalizations,
which would suggest that the outcomes reported in Wells et al. were of greater
severity than those in the Eick-Cost et al. sample, limiting the cross-study. The
Schneiderman et al. (2018) study was somewhat less rigorous as the researchers
based their exposure and outcome assessments on self-report. Both exposure and
outcomes were systematically obtained, and psychiatric outcomes were measured
by standardized psychometric instruments. The sample was large and adequately
powered, and the investigators used a reasonably thorough set of covariates in
analyses of effect estimates. Again, the difference in ascertainment of data limits
comparison of data across studies.

In their analysis of active-duty service members, Eick-Cost et al. (2017)
found that with the exception of psychoses and death by suicide, the adjusted
incident rates for psychiatric outcomes were higher among the deployed groups
who used mefloquine than among the nondeployed groups who used mefloquine.
When comparisons between mefloquine and doxycycline use were stratified by
deployment, the only statistically significant difference for any of the psychiatric
outcomes for the deployed was a slight increased risk for anxiety disorders among
mefloquine users. Among the nondeployed, mefloquine users had statistically
significantly decreased risks of adjustment disorder, insomnia, anxiety disorder,
depressive disorder, and PTSD compared with doxycycline users, but no differ-
ences were found for the other five psychiatric outcomes. In comparisons of meflo-
quine users and A/P users by deployment status, no outcomes were statistically
significantly different for the deployed, but in the nondeployed group, mefloquine
users had an increased risk of PTSD, although no other psychiatric outcomes
showed differences in risk between mefloquine and A/P users. For both the meflo-

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/25688

Assessment of Long-Term Health Effects of Antimalarial Drugs When Used for Prophylaxis

MEFLOQUINE 153

quine and doxycycline groups, individuals with a psychiatric diagnosis in the
year preceding the prescription had statistically significantly elevated risks for a
subsequent diagnosis of the same condition for all conditions reported (adjustment
disorder, anxiety, insomnia, depressive disorder, and PTSD) compared with indi-
viduals without a diagnosis in the prior year. However, when the IRRs comparing
mefloquine and doxycycline users were stratified by those with and without prior
psychiatric diagnoses, there were no statistically significant differences between
mefloquine and doxycycline for any of the conditions. The results of a sensitiv-
ity analysis in which the risk period was restricted to 30 days post-prescription
were not reported, although the authors stated that the results were similar to the
primary analyses. Similarly, in their analysis of service member hospitalizations
Wells et al. (2006) reported a total of 37 hospitalizations for mental disorders as a
category for mefloquine users, and the rate of hospitalizations was not statistically
significantly different from the two comparison groups. When hospitalizations due
to specific psychiatric outcomes were considered, there were no cases of somato-
form disorders, 6 cases each of mood disorders and anxiety disorders, 1 case of
PTSD, 19 cases of substance use disorders, 7 cases of personality disorders, 13
cases of adjustment reactions, 4 cases of mixed syndromes, and 20 cases of “other
disorders” among mefloquine users, which resulted in imprecise and null effect
estimates when these rates were compared with those of the two reference groups
of service members. Using a large population-based cohort of deployed and non-
deployed U.S. veterans, Schneiderman et al. (2018) found that, like Eick-Cost et
al., deployed mefloquine users had higher frequencies of mental health diagnoses
than nondeployed mefloquine users for the four psychiatric outcomes examined.
However, in the adjusted logistic regression models with all covariates considered
(including demographics, deployment, and combat exposure), mefloquine was
not associated with any of the psychiatric outcomes examined: composite mental
health score, thoughts of death or self-harm, other anxiety, and major depression.
It is noteworthy that adjusting for combat exposure consistently reduced the mea-
sures of association, but when combat exposure intensity was specifically consid-
ered, the weighted prevalence estimates indicated that the prevalence of disorders
increased with greater combat exposure intensity. This study could not address
explicitly the health experiences during use and in specific time intervals following
the cessation of use. Overall, the studies in military service members and veterans
were well designed and provide some evidence for an absence of increased risk of
persistent or latent psychiatric outcomes in mefloquine users.

Factors that may be present in groups of military or veterans that may con-
found associations between the use of mefloquine and adverse psychiatric events,
such as deployment and combat exposure, are rarely encountered with leisure
travelers. The results of Meier et al. (2004) and Schneider et al. (2013), who used
UK travelers and stratified by time post-cessation corroborated the findings of
Eick-Cost et al. (2017) and Schneiderman et al. (2018) in that the use of meflo-
quine was not associated with an increased risk of depression diagnoses in either
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the cohort analysis or the nested case—control studies. Schneider et al. (2013)
found that in the adjusted analyses, the odds of developing an incident diagnosis
of depression was statistically significantly decreased in both current and past
mefloquine users compared with nonusers. Meier et al. (2004) also found no dif-
ference in the risk of developing depression for recent mefloquine users versus
all past users of other antimalarials. Schneider et al. (2013) found that when the
data were stratified by current use or past use, the adjusted odds of anxiety, stress-
related disorders, or psychosis as a group were no different in current users but
were statistically significantly reduced in the past users of mefloquine compared
with nonusers. When anxiety, psychosis, phobia, and panic attack were analyzed
as separate outcomes with no timing stratifications, compared with nonusers of
antimalarials, only the odds of anxiety were statistically significantly decreased
for mefloquine users (which was consistent with the findings of Eick-Cost et al.).
Meier et al. (2004) found that first-time diagnoses of panic attacks and psychosis
were not statistically significantly different for recent users of mefloquine com-
pared with all past users of antimalarials, but the odds of panic attacks were
statistically significantly increased in the adjusted nested case—control analysis.
Both Meier et al. and Schneider et al. excluded people who had previously been
diagnosed with the psychiatric outcomes of interest from their study populations.
In sum, the studies of travelers corroborate the findings of studies of service mem-
bers and veterans, and the use of stratification of post-cessation time, particularly
past use, provides some evidence for an absence in—and possibly even a reduction
in—persistent psychiatric effects of anxiety, stress-related disorders, or psychoses
as a group, depression, and panic disorder following the use of mefloquine, but
the small number of incident diagnoses for these psychiatric disorders does not
provide definitive evidence of no effect.

The two other studies considered by the committee that presented some
information on psychiatric outcomes (Schlagenhauf et al., 1996; Tan et al., 2017)
were not as methodologically robust as Eick-Cost et al. (2017), Wells et al. (2006),
Schneider et al. (2013), Meier et al. (2004), or Schneiderman et al. (2018), and
therefore their findings were given less weight. However, the results of these two
studies overall lend additional weak support for an absence of persistent or latent
psychiatric events.

PTSD

Three studies—all conducted using active-duty U.S. military or veteran
populations—reported PTSD diagnoses (based on ICD-9-CM codes) or PTSD
symptoms (based on validated instruments). Each of these studies adjusted for
deployment and combat in the analysis of PTSD and other psychiatric outcomes.
Adjusted effect estimates showed attenuated associations between mefloquine
exposure and diagnoses or symptoms of PTSD. In an analysis of active-duty
service members, Eick-Cost et al. (2017) presented adjusted effect estimates of
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PTSD stratified by deployment status. Among the nondeployed, those who were
prescribed mefloquine were found to have a statistically significant decrease in
PTSD diagnoses relative to those prescribed doxycycline, but the risk of PTSD
diagnoses for those prescribed mefloquine was statistically significantly increased
relative to individuals who were prescribed A/P. There was no difference in PTSD
diagnoses for deployed service members prescribed mefloquine compared with
those prescribed doxycycline or A/P. When service members were stratified by
prior psychiatric history, no statistically significant differences between meflo-
quine and doxycycline use were found for PTSD diagnosis. However, Eick-Cost
et al. did not present the data in a manner that allowed a separation of concurrent
from persistent (>28 days) psychiatric outcomes, although the authors stated that
they performed a sensitivity analysis that restricted the risk period to 30 days
post-cessation and that the results of those analyses were similar to what was
presented.

In their analysis of hospitalizations of active-duty service members, Wells
et al. (2006) reported no statistically significant differences for PTSD diagnoses
for deployed service members who were prescribed mefloquine versus deployed
service members who did not use an antimalarial drug or who were assigned to
Europe or Japan. In this study, only one diagnosis of PTSD was reported in the
mefloquine group compared with 29 diagnoses in the deployed nonuser group
and 38 diagnoses in the assigned-to-other-locations group. Likewise, in their
study of U.S. veterans, Schneiderman et al. (2018) also found no difference in
PTSD symptoms using a standardized instrument between mefloquine users and
nonusers of antimalarials after controlling for demographics and deployment. No
difference in PTSD was found between veterans who reported using mefloquine
and another antimalarial and those with no antimalarial use after adjusting for
demographics, deployment, and combat. In sum, most of the findings with respect
to risk for PTSD in mefloquine users show no difference or a lower risk when they
are compared with nonusers of antimalarials and those who received other drugs,
after adjusting for deployment status. However, one analysis showed an increased
risk of PTSD in mefloquine users relative to A/P users but only among those who
were nondeployed; the implications of this are unclear.

Based on the available evidence, the committee concludes that there
is insufficient or inadequate evidence of an association between the use of
mefloquine for malaria prophylaxis and persistent or latent psychiatric events,
including PTSD. Current evidence suggests further study of such an association
is warranted, given the evidence regarding biologic plausibility, adverse events
associated with concurrent use, or data from the existing epidemiologic studies.

Gastrointestinal Disorders

The most recent FDA package insert for mefloquine states that the most
frequently observed adverse event in clinical trials of malaria prophylaxis was
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vomiting (3%), while postmarketing surveillance found the most frequently
reported gastrointestinal adverse events to be nausea, vomiting, loose stools or
diarrhea, and abdominal pain, but the duration of such symptoms is not detailed.
Systematic reviews of adverse events in travelers who used mefloquine compared
with other regimens, placebo, or no antimalarial drug included concurrent
gastrointestinal symptoms (abdominal discomfort or pain, anorexia, diarrhea,
nausea, vomiting, dyspepsia). In the systematic review by Croft and Garner
(2000), no consistent pattern was seen for the gastrointestinal symptoms analyzed,
due in part to the heterogeneity of studies, but abdominal discomfort was reported
statistically less frequently with other antimalarial drugs, as were anorexia and
nausea. In a second systematic review examining the adverse events of mefloquine
prophylaxis among travelers that included two randomized controlled trials and
three cohort studies, mefloquine recipients were statistically significantly more
likely to experience nausea than placebo recipients, but there was no difference
between groups for vomiting, abdominal pain, or diarrhea. Based on cohort studies
that compared mefloquine users with doxycycline users, mefloquine users were
statistically significantly less likely to report dyspepsia and vomiting, but these
results were given low or very low certainty of evidence, respectively. However,
among pregnant women using mefloquine for intermittent preventive treatment in
pregnancy, for which the dosage used is substantially higher than the dosage used
for malaria prophylaxis, mefloquine was associated with a statistically significantly
higher risk of drug-related vomiting and higher rates of nausea compared with use
of sulfadoxine-pyrimethamine, but these symptoms all were reported to resolve
spontaneously within 3 days.

Published individual case reports that had follow-up of at least 28 days post-
mefloquine-cessation did not report on gastrointestinal disorders. The FDA pack-
age insert warns that mefloquine elimination may be prolonged in people who have
impaired liver function, which may lead to higher plasma levels and a higher risk
of adverse events. In a small study, DeSouza (1983) found that liver and spleen
enlargement was reduced among the mefloquine participants (and sulfadoxine/
pyrimethamine participants) over the course of follow-up. In one case series (Croft
and Herxheimer, 2002) that reviewed case reports of adverse event reports associ-
ated with the use of mefloquine, the researchers hypothesized that adverse events
may be due to liver or thyroid pathology; however, no objective validation of the
adverse events reported by the cases or other follow-up was conducted, among
other limitations of this analysis.

Biologic plausibility data on gastrointestinal effects are lacking. While there
is some evidence of mefloquine action on B-cells, no experimental studies have
provided data on mechanisms to support the potential for observed gastrointestinal
disorders to become persistent.

The committee reviewed several epidemiologic studies that examined gastro-
intestinal disorders and outcomes that occurred during or immediately after (within
28 days of) mefloquine use, but because they did not follow or report on these
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adverse events 28 days post-cessation, the results are not considered to contribute
to the evidence base of persistent gastrointestinal events post-mefloquine-use.
Only Wells et al. (2006), based on the strength of the methods used in that analy-
sis, was considered to provide robust evidence for gastrointestinal disorders that
occurred or persisted at least 28 days following the cessation of mefloquine. Using
ICD-9-CM codes, Wells et al. grouped disorders of the digestive system and found
that 23 mefloquine users were hospitalized for these disorders. When mefloquine
users were compared with deployed service members who were not prescribed
an antimalarial, there was no difference in the risk of digestive system disorders,
but compared with those service members who were assigned to Europe or Japan,
deployed mefloquine users had a statistically significantly lower risk of hospital-
ization for digestive system disorders. This study provides some evidence for an
absence of increased risk for serious persistent digestive system disorders follow-
ing the use of mefloquine, but it is unclear if some of these concurrent adverse
events persisted or if concurrent events preceded persistent outcomes that may not
resolve without additional treatment. Tan et al. (2017) lends additional weak sup-
port (given its serious methodologic limitations) to an absence of increased risk of
persistent gastrointestinal disorders following use of mefloquine.

Based on the available evidence, the committee concludes that there is insuf-
ficient or inadequate evidence of an association between the use of mefloquine
Jfor malaria prophylaxis and persistent or latent gastrointestinal events. Current
evidence does not suggest further study of such an association is warranted, given
the lack of evidence regarding biologic plausibility, adverse events associated with
concurrent use, or findings from the existing epidemiologic studies.

Eye Disorders

Although there are reports of concurrent visual disturbance including optic
neuropathy and retinal disorders associated with mefloquine use (FDA, 2016;
Tickell-Painter et al., 2017a), in the epidemiologic studies that examined persistent
eye disorders, these effects were not observed to occur at statistically different
rates for mefloquine users than for people who used other antimalarial drugs or
who did not use any prophylaxis. Among the case reports, concurrent adverse
events included visual illusions and one case of persistent retinopathy. A large
analysis of eye disorders associated with mefloquine use reported to the manufac-
turer’s drug safety database provides additional indirect support for adverse events
of visual acuity and disorders affecting the retina or cornea (Adamcova et al.,
2015). In addition to the available data on eye disorders in humans, experimental
data may support plausible biologic mechanisms for mefloquine affecting ocular
components, acting via a disruption of connexin signaling in the lens and possible
phototoxic changes in the retina.

Of the 11 epidemiologic studies on persistent adverse events, 2 made a men-
tion of eye disorders that occurred at least 28 days following the cessation of meflo-
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quine (Schneider et al., 2014; Tan et al., 2017). Given the serious methodologic
limitations of Tan et al. (2017), only Schneider et al. (2014) was considered, based
on the strength of the methods used in that analysis, to provide robust evidence
for persistent ophthalmic outcomes. Schneider et al. (2014) assessed incident
diagnoses of eye disorders among travelers aged >1 year who had been prescribed
mefloquine and compared them with two other groups of travelers: travelers who
had been prescribed another antimalarial and travelers who had a travel consult
but were not prescribed antimalarial drugs. Eye disorders were grouped into eight
categories, some specific (such as cataract, glaucoma, and vitreous detachment)
and others a compilation of disorders of the cornea, retina, visual acuity, uvea, and
neuro-ophthamology. The timing of incident diagnoses was stratified into “current
use,” which mixed irrelevant (7-28 days post-cessation) and relevant (28-90 days
post-cessation) time periods, and “past use” (91-540 days post-cessation), all of
which was relevant. Over the approximately 8.5-year period of data examined,
a total of 85 people who had used mefloquine were diagnosed with an incident
eye disorder of interest; 23 incident eye disorders were found for current users,
and 62 were found for past users. A nested case—control analysis found that the
odds of developing any of the eye disorders of interest were statistically signifi-
cantly elevated for mefloquine users compared with travelers who did not use any
antimalarial drugs. However, when mefloquine use was stratified by current use
and past use and the users compared with the nonusers, there was no statistically
significant difference for current users, although past users had statistically signifi-
cantly increased odds of experiencing any eye disorder when all were grouped as a
single category. When each of the individual eye disorders was examined without
timing stratification, only cataract was statistically significantly related to meflo-
quine use compared with no use of antimalarials. Other risk factors for cataracts,
such as occupation and sun exposure, were not included in the analysis and may
have differed between the groups. Overall, this was a well-designed study, and the
stratification of past use in particular provides some evidence for an absence of
increased risk of persistent eye disorder diagnoses following the use of mefloquine.
The findings of no differences in risk of ophthalmologic disorders of macular
degeneration, retinopathy, and “any” ophthalmologic disorder by Tan et al. (2017)
provide additional weak supportive evidence of an absence of increased risk of eye
disorders. However, the finding of increased risk of cataracts with mefloquine use
in Schneider et al. (2014) requires confirmatory evidence.

Based on the available evidence, the committee concludes that there is insuf-
ficient or inadequate evidence of an association between the use of mefloquine for
malaria prophylaxis and persistent or latent eye disorders, including cataract.
Current evidence suggests further study of such an association is warranted,
given the evidence regarding biologic plausibility, adverse events associated with
concurrent use, or findings from the existing epidemiologic studies.
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Cardiovascular Disorders

The most recent FDA package insert for mefloquine states that syncope and
extrasystoles were reported in less than 1% of mefloquine users participating in
clinical trials of malaria prophylaxis. Other concurrent adverse events reported
with the use of mefloquine have included transitory and clinically silent ECG
alterations such as sinus bradycardia, sinus arrhythmia, first degree AV block, pro-
longation of the QTc interval, and abnormal T-waves. Among the case reports that
followed outcomes at least 28 days post-cessation of mefloquine, heart palpitations
were reported in one case in which concurrent symptoms of paralysis and trouble
breathing were also reported (Eaton, 1996). The available biologic plausibility data
on cardiovascular effects are limited, but some data suggest that mefloquine may
induce cardiovascular effects through the inhibition of several cardiac potassium
channels. Mefloquine may also affect intracellular calcium homeostasis in cardiac
myocytes, suggesting some potential for cardiac indications, although this was not
tested in the context of persistent or latent actions.

The committee reviewed four epidemiologic studies that examined cardio-
vascular or circulatory system outcomes that occurred at least 28 days following
the cessation of mefloquine (DeSouza, 1983; Laothavorn et al., 1992; Tan et al.,
2017; Wells et al., 2006). Similar to the other body system outcome categories,
cardiovascular and circulatory system outcomes were inconsistently identified
and measured across studies. DeSouza (1983) used ECGs and measured blood
pressure and pulse rate, as well as hematologic parameters of red blood cell count,
hemoglobin erythrocyte volume fraction, total and differential white blood cell
counts, reticulocyte count, and platelet count. Measurements of other biochemical
parameters (including cholesterol, triglycerides, glucose, urea, creatinine, etc.) in
sera were also performed. Laothavorn et al. (1992) also used ECGs to measure
heart rate and different cardiac intervals and to diagnose abnormalities of sinus
bradycardia, sinus arrhythmia, ventricular ectopic beats, atrial ectopic beats, atrial—
ventricular block, and heart rate; they also performed weekly blood count tests.
The two other studies (Tan et al., 2017; Wells et al., 2006) grouped cardiovascular
outcomes. In Tan et al. the cardiac category included arrhythmia, congestive
heart failure, myocardial infarction, and “any” cardiac disorder, while Wells et
al. grouped outcomes by ICD-9-CM code into disorders of the blood and blood-
forming organs and a separate category of disorders of the circulatory system.

While none of these studies is without methodologic limitations, Wells et al.
(2006) provided the most robust evidence regarding persistent cardiovascular and
circulatory system outcomes. In short, only four hospitalizations related to blood
and blood-forming organs (ICD-9-CM: 280-289) and nine hospitalizations from
circulatory system disorders (ICD-9-CM: 390—459) were reported for mefloquine
users. Comparisons with both reference groups showed that mefloquine users had
no difference in risk for both groups of disorders, providing some evidence for an
absence of increased risk of persistent disorders of blood or blood-forming organs
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or the cardiovascular system following use of mefloquine. The results from the
three other epidemiologic studies lend additional support, although of less weight,
for an absence of increased persistent cardiovascular events. Tan et al. (2017)
reported that there were no statistically significant differences in cardiac outcomes
between users of mefloquine and of the other antimalarial drugs for prophylaxis,
but they did not provide frequencies of the events or effect estimates. Although
both DeSouza (1983) and Laothavorn et al. (1992) used objective tests (ECGs)
and standard hematologic and laboratory measures in their investigations, the
presented results are not readily comparable between studies and were sometimes
vague. DeSouza stated that blood pressure, pulse rate, and ECG remained normal
throughout the study period (63 days after mefloquine administration), but no
other details regarding the ECG results were provided. Hematologic tests were
conducted several times throughout the study, but only those taken on days 28
and 63 post-administration were relevant to the committee’s work. No significant
adverse changes were reported for any of the collected parameters for the group
administered mefloquine. Laothavorn et al. performed ECGs on healthy volunteers
prior to mefloquine administration, daily for 1 week post-administration, and
then weekly until day 42 post-administration. All ECG parameters were reported
to be within normal limits, and no changes in biochemical or hematologic mea-
sures were found following mefloquine administration. Although the results from
the DeSouza and Laothavorn studies appear to be consistent with an absence in
increased persistent events of cardiovascular or circulatory disorders following use
of mefloquine—especially considering that the administered doses of mefloquine
were 3—4 times higher than the dose used for prophylaxis—both of these studies
were small and underpowered and were limited in the information reported. The
concurrent events listed in the FDA package insert were not found to occur in the
epidemiologic studies that measured them.

Based on the available evidence, the committee concludes that there is
insufficient or inadequate evidence of an association between the use of mefloquine
Jfor malaria prophylaxis and persistent or latent cardiovascular events. Current
evidence does not suggest further study of such an association is warranted, given
the lack of evidence regarding biologic plausibility, adverse events associated with
concurrent use, or findings from the existing epidemiologic studies.

Other Outcomes and Disorders

In addition to those outcomes synthesized above, two of the epidemiologic
studies examined other outcomes and disorders that occurred at least 28 days
following the cessation of mefloquine. Tan et al. (2017) included dermatologic
outcomes as a group that included allergic dermatitis, eczema, psoriasis, “other”
and “any” dermatologic conditions and reported that there were no statistically
significant differences between users of mefloquine and those of the other anti-
malarial drugs for prophylaxis, but neither the frequencies of such events nor
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effect estimates were provided. Wells et al. (2006) reported nine hospitalizations
from skin and subcutaneous tissues (ICD-9-CM: 680-709) among mefloquine
users in their study of U.S. service members, but no difference in risk was found
between deployed service members who were prescribed mefloquine and those
who were not prescribed an antimalarial. In one systematic review, reports of
fever and pruritus were similar in the mefloquine and comparator arms (Croft
and Garner, 2000). In a second systematic review, skin and subcutaneous tissues
outcomes (pruritus, photosensitivity, vaginal candida) were examined, and based
on data from cohort studies, mefloquine users were statistically significantly less
likely than doxycycline users to report photosensitivity or vaginal thrush, but both
findings were based on very low-certainty evidence. In the case reports, one case
of worsening psoriasis was reported (Potasman and Seligmann, 1998). In a case
series (Smith et al., 1999) of 74 published case reports of mefloquine use (pro-
phylaxis or treatment) specific to dermatologic adverse events, the timing of onset
of dermatologic effects was only recorded in 11 of the cases; pruritus and itching
were reported in more than 40% of all the cases. Most effects were reported as
mild or moderate in intensity and usually self-limiting, although the timing was
not specified. Other dermatologic adverse events in this case series included two
reports of cutaneous vasculitis and one report each of Stevens-Johnson syndrome
and toxic epidermal necrolysis. In sum, several studies of varying quality have
examined skin disorders associated with the use of mefloquine, but taken as a
whole there is some evidence for an absence of increased risk of persistent skin
and subcutaneous tissue disorders following use of mefloquine.

Wells et al. (2006) also reported hospitalizations for other system disorders
among active-duty U.S. service members. In total, 135 hospitalizations for any
cause were reported among mefloquine users, but there was no statistical differ-
ence in the risk compared with deployed service members who were not prescribed
an antimalarial. Hospitalizations related to categories of infections; neoplasms;
disorders of endocrine, nutritional, or metabolism; disorders of the respiratory
system; disorders of the genitourinary system; disorders of musculoskeletal and
connective tissue; ill-defined conditions; and injury and poisoning were also
examined and compared between mefloquine users and the two reference groups.
Comparisons of mefloquine users with deployed service members who were not
prescribed an antimalarial resulted in a mix of increased and decreased effect
estimates for categories of neoplasms; disorders of endocrine, nutritional, or
metabolism; disorders of the respiratory system; disorders of the genitourinary
system; disorders of musculoskeletal and connective tissue; ill-defined condi-
tions; and injury and poisoning, but none reached statistical significance. Although
methodologically limited, Tan et al. (2017) reported that reproductive outcomes
(miscarriage), infections (amebiasis, giardia, “other” and “any” gastrointestinal
infection), and hematologic/oncologic disorders (breast cancer, gastric cancer,
leukemia, liver cancer, lymphoma, prostate cancer, “other” and “any” cancers)
were not statistically significantly different between users of mefloquine and the

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/25688

Assessment of Long-Term Health Effects of Antimalarial Drugs When Used for Prophylaxis

162 LONG-TERM HEALTH EFFECTS OF ANTIMALARIAL DRUGS

other antimalarial drugs for prophylaxis, but frequencies of such events or effect
estimates were not provided. In sum, several categories of other outcomes were
examined for differences in risk associated with use of mefloquine, and there is
some limited evidence for an absence of increased risk of persistent adverse events
for any of those categories of disorders following the use of mefloquine.
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Tafenoquine

Tafenoquine, an §-aminoquinoline, was discovered in 1978 by the Walter
Reed Army Institute of Research during a search for a safer, more effective, and
longer-acting drug than primaquine (Ebstie et al., 2016; Shanks and Edstein,
2005). The institute partnered with GlaxoSmithKline and Medicines for Malaria
Venture to develop the drug (Ebstie et al., 2016). In July 2018 the Food and Drug
Administration (FDA) new drug application for Krintafel™ (tafenoquine 150 mg
tablet) submitted by GlaxoSmithKline was approved for the radical cure (preven-
tion of relapse) of Plasmodium vivax malaria in people receiving therapy for acute
P. vivax infection (FDA, 2018a). In August 2018 FDA approved the new drug
application submitted by 60 Degrees Pharmaceuticals for Arakoda™ (tafenoquine
100 mg tablet) for malaria prophylaxis for up to 6 months of continuous use in
people aged 18 years and older (FDA, 2018b). The Arakoda™ approval was
granted under FDA'’s priority review, an accelerated evaluation process for drugs
that potentially offer significant improvements in the safety or effectiveness of a
treatment or preventive agent when compared with standard applications (FDA,
2018c). The two drugs have the same composition but different formulations and
indications; as malaria prophylaxis is the focus of the committee’s assessment, its
focus is on only Arakoda™. The three-decade lag between the drug’s discovery
and FDA approval has been attributed to tafenoquine being discovered at a time
when less attention was paid to antimalarial drug development; in recent years,
recognition of the global health implications of malaria has spurred development
efforts (Baird, 2018).

Tafenoquine has activity against all pre-erythrocytic (liver) and erythrocytic
(blood) stages of the Plasmodium species, including P. falciparum and P. vivax.
Thus, like primaquine, it can be used as primary prophylaxis while in an endemic

177

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/25688

Assessment of Long-Term Health Effects of Antimalarial Drugs When Used for Prophylaxis

178 LONG-TERM HEALTH EFFECTS OF ANTIMALARIAL DRUGS

region, and it is also effective post-exposure (toward the end of or after a stay in
an endemic region) for prophylactic presumptive anti-relapse therapy (PART), also
called “terminal prophylaxis,” owing to its ability to eliminate the hypnozoites of
P. falciparum and P. vivax (FDA, 2018c). Hypnozoites, which are undetectable
by diagnostic tests, can lie dormant in the liver for months to years and then dif-
ferentiate, causing clinical malaria and enabling malaria transmission (Ackert et
al., 2019; Rishikesh and Sarava, 2016). The FDA-approved malaria-prophylaxis
regimen for tafenoquine is a loading dose of 200 mg (2 % 100 mg tablet) once daily
for 3 days before travel to a malaria-endemic area, followed by a maintenance
dose of 200 mg once weekly while in the malaria area, followed by one 200 mg
dose 7 days after the last maintenance dose (FDA, 2018d); this dosage is also
recommended by the Centers for Disease Control and Prevention (Haston et al.,
2019). Studies of other drugs for malaria prophylaxis in U.S. soldiers suggest that
antimalarials with a weekly regimen may yield higher adherence rates than regi-
mens requiring more frequent dosing (Sanchez et al., 1993; Saunders et al., 2015).

Because tafenoquine is a newly approved drug, published data containing
information on adverse effects are limited compared with what is available for
drugs that have been in use longer. In an effort to include any data that might
inform its understanding of adverse effects that could be associated with the use
of tafenoquine, the committee reviewed certain types of evidence that were not
included in other drug chapters; the reasoning for each inclusion will be addressed
in the section in which the evidence appears. This chapter begins with information
from the tafenoquine package insert and label, with emphasis on the Contraindica-
tions and Warnings, Precautions, and Drug Interactions sections. This is followed
by summaries of findings and conclusions regarding the use of tafenoquine in
military forces as reported by U.S. and foreign governments. The pharmacokinetic
properties of tafenoquine are then described before a summary of the known con-
current adverse events associated with use of tafenoquine when used as directed
for prophylaxis. Most of the chapter is dedicated to summarizing and assessing
the seven identified epidemiologic studies that contributed some information on
persistent or latent health outcomes following cessation of tafenoquine. These
are ordered by population, with studies of military and veterans first, followed by
studies with research volunteers. A table that gives a high-level comparison of each
of the seven epidemiologic studies that examined the use of tafenoquine and that
met the committee’s inclusion criteria is presented in Appendix C. Supplemental
supporting evidence is then presented, beginning with other identified studies of
health outcomes in populations that used tafenoquine for prophylaxis but that did
not meet the committee’s inclusion criteria regarding the timing of follow-up, fol-
lowed by case reports of persistent adverse events associated with tafenoquine use
and adverse events findings from treatment trials. Information on adverse events
associated with tafenoquine use in specific groups, including women and women
who are pregnant, is presented. After the primary and supplemental evidence in
humans has been presented, supporting literature from experimental animal and
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in vitro studies is then summarized. The chapter ends with a synthesis of all of the
evidence presented along with the inferences and conclusions that the committee
made from the available evidence, organized by health outcome category.

FOOD AND DRUG ADMINISTRATION PACKAGE
INSERT FOR TAFENOQUINE

This section describes selected information found in the FDA label or pack-
age insert for tafenoquine (Arakoda™); since tafenoquine was approved in 2018,
FDA has issued only one label. The information from the insert is followed by a
brief synopsis of drug interactions known or presumed to occur with concurrent
tafenoquine use.

Contraindications, Warnings, and Precautions

The FDA package insert states that in five clinical prophylaxis trials in which
participants received the FDA-approved tafenoquine loading and maintenance
dosing regimen (200 mg for 3 days, followed by 200 mg weekly) (n = 825), the
most common “selected” adverse reactions (incidence >1%) were headache, diz-
ziness, back pain, diarrhea, nausea, vomiting, increased alanine aminotransferase,
motion sickness, insomnia, depression, abnormal dreams, and anxiety (FDA,
2018d). These five clinical trials are referred to in this section as the “safety set.”

According to the FDA package insert, contraindications to tafenoquine
include glucose-6-phosphate dehydrogenase (G6PD) deficiency (see Chapter 2) or
unknown G6PD status, due to the risk of hemolytic anemia, and breastfeeding by
a lactating woman when the infant is found to be G6PD deficient or if the G6PD
status of the infant is unknown (FDA, 2018d). Tafenoquine should be adminis-
tered only to those with a safe level of G6PD activity (see Chapter 2). If severe
hemolytic anemia is not treated or controlled, it can lead to serious complications,
including arrhythmias, cardiomyopathy, heart failure, and death (Baird, 2019;
NIH, n.d.). Qualitative G6PD tests are sufficient to diagnose G6PD deficiency in
males, but quantitative G6PD testing is necessary to differentiate G6PD statuses
(deficient, intermediate, normal) in females (Chu et al., 2018). Testing for G6PD
deficiency is mandatory before prescribing tafenoquine (FDA, 2018d). Because
tafenoquine is contraindicated with G6PD deficiency, the committee did not
review this adverse event in depth.

A history of psychotic disorders or current psychotic symptoms (i.e., hal-
lucinations, delusions, or grossly disorganized behavior) is a contraindication for
tafenoquine (FDA, 2018d). Users are also warned that because of the long half-
life of tafenoquine (approximately 17 days), the signs or symptoms of psychiatric
adverse reactions could be delayed in onset or duration. The FDA package insert
states, “If psychotic symptoms (hallucinations, delusions, or grossly disorganized
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thinking or behavior) occur, consider discontinuation of Arakoda™ and prompt
evaluation by a mental health professional as soon as possible. Other psychiatric
symptoms, such as changes in mood, anxiety, insomnia, and nightmares, should be
promptly evaluated by a medical professional if they are moderate and last more
than three days or are severe.” The package insert notes that psychiatric adverse
reactions in participants receiving tafenoquine in clinical trials included sleep dis-
turbances (2.5%), depression/depressed mood (0.3%), and anxiety (0.2%), and that
tafenoquine was discontinued in one participant who attempted suicide (0.1%);
however, the source of these data is not cited.

Known hypersensitivity reactions to tafenoquine, other 8-aminoquinolines, or
any component of tafenoquine (FDA, 2018d) are also a contraindication. The FDA
package insert’s Warnings and Precautions section alerts against contraindication-
associated conditions and disorders as well as methemoglobinemia and further
warns that because of tafenoquine’s long half-life, hemolytic anemia, methemo-
globinemia, and signs or symptoms of hypersensitivity reactions that may occur
could be delayed in onset or duration.

Tafenoquine is associated with methemoglobinemia; persons with nicotin-
amide adenine dinucleotide (NADH)-dependent methemoglobin reductase defi-
ciency should be monitored and should stop the drug and seek medical attention
if signs of methemoglobinemia occur (FDA, 2018d). Methemoglobinemia results
from increased levels of methemoglobin (>1%) in red blood cells, which can result
in decreased availability of oxygen to tissues (Denshaw-Burke et al., 2018). High
levels of methemoglobin (>15%) can lead to complications, including abnormal
cardiac rhythms, altered mental status, delirium, seizures, coma, and profound
acidosis; if the levels exceed 70%, death can occur.

Methemoglobinemia, which is usually mild and reversible, is a well-charac-
terized feature in recipients of 8-aminoquinolines at therapeutic dosing (Baird,
2019). Tafenoquine is associated with decreases in hemoglobin, and decreases
>3 g/dL were observed in 2.3% of tafenoquine recipients in the safety set (FDA,
2018d). The package insert notes that in the safety set, symptomatic elevations
in methemoglobin occurred in 13% of tafenoquine recipients and hemoglobin
decreases >3 g/dL occurred in 2.3%. However, no additional information is pro-
vided on what the starting or ending hemoglobin values were or whether they were
outside of the normal hemoglobin ranges.

The “hypersensitivity reactions” referred to in the FDA package insert’s
Contraindications and Warnings/Precautions sections are not defined other than
by referring to urticaria and angioedema as two examples and directing the reader
to the “6.1. Clinical Trials Experience” section (FDA, 2018d). Section 6.1 pro-
vides data based on six trials: the safety set trials and one additional trial (NCT
#01290601) in which participants received 400 mg of tafenoquine for 3 days to
treat P. vivax (NIH, 2018). No adverse events are characterized as “hypersen-
sitivity reactions”; “hypersensitivity” is listed as an adverse reaction within the

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/25688

Assessment of Long-Term Health Effects of Antimalarial Drugs When Used for Prophylaxis

TAFENOQUINE 181

category “Immune system disorders” among adverse reactions reported by <1%
in the five prophylaxis trials.

The FDA package insert reported that in a pooled analysis of four of the five
safety set trials (Hale et al., 2003; Leary et al., 2009; Shanks et al., 2001; Study
030, unpublished), the incidence of diarrhea was 5% in tafenoquine recipients,
compared with 1% in mefloquine recipients and 3% in placebo recipients (FDA,
2018d). Serious gastrointestinal adverse events included one participant each with
abdominal pain, diarrhea, upper abdominal pain, and irritable bowel syndrome.

The package insert (FDA, 2018d) states that vortex keratopathy! was reported
in 21-93% of tafenoquine recipients in three trials that included ophthalmic
evaluations (Leary et al., 2009; Nasveld et al., 2010; NCT #0129060, a malaria
treatment trial). The label notes further that the vortex keratopathy did not result
in functional visual changes and resolved within 1 year of drug cessation, that
retinal abnormalities occurred in less than 1% of the tafenoquine recipients, and
that seven serious ocular adverse reactions were reported (five vortex keratopathy;
two retinal disorders).

The FDA package insert also mentions other adverse events. It states that,
based on a study of healthy adults who were administered 400 mg tafenoquine
(twice the recommended dose for prophylaxis) for 3 days, the mean increase in
the QTcF? interval for tafenoquine is less than 20 ms (FDA, 2018d). It states that
the effects of tafenoquine have not been studied in people with renal or hepatic
impairment (FDA, 2018d).

In addition, FDA required that pharmacists provide a medication guide—a
paper handout that conveys risk information that is specific to a particular drug or
drug class—to persons to whom tafenoquine is dispensed (FDA, 2012, 2018Db).
The medication guide alerts consumers to the most important information about
a drug, including serious side effects. For tafenoquine (Arakoda™), these serious
side effects include hemolytic anemia, methemoglobinemia, and mental health
symptoms (FDA, 2018d).

! Vortex keratopathy manifests as a whorl-like pattern of deposits in the inferior interpalpebral por-
tion of the cornea. Certain medications bind with the cellular lipids of the basal epithelial layer of the
cornea due to their cationic, amphiphilic properties. It is rare for these deposits to result in a reduction
in visual acuity or ocular symptoms, although this has occurred. The deposits typically resolve with
discontinuation of the medications (AAO, 2019).

2 The QT interval is a measure of the duration of ventricular repolarization, approximating the time
interval between the start and end of repolarization of the ventricular myocardium. QT prolongation
is associated with a risk for cardiac arrhythmias because it can lead to early-after depolarizations,
provoke Torsades des Pointes, and lead to ventricular fibrillation, resulting in sudden cardiac death.
A corrected QT is QTc. QTcF refers to a QT interval corrected using the Fridericia formula (Van-
denberk et al., 2016).
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Drug Interactions

Tafenoquine inhibited metformin transport via human organic cation trans-
porter-2 (OCT2), multidrug and toxin extrusion-1 (MATE1), and MATE2-K
transporters (FDA, 2018d). The effect of co-administration of tafenoquine on
the pharmacokinetics of OCT2 and MATEI substrates in humans is unknown
(FDA, 2018c). In vitro studies show a potential for increased concentrations of
OCT2 and MATE substrates that may increase the risk of toxicity of these drugs.
Co-administration with OCT2 and MATE substrates should be avoided. Among
these drugs are the antidiabetic metformin; gastroesophageal proton-pump inhibi-
tors (e.g., cimetidine, ranitidine); antivirals (e.g., lamivudine); the antiarrhythmic,
dofetilide; and chemotherapeutics (e.g., cisplatin, oxaliplatin).

POLICIES AND INQUIRIES RELATED TO THE USE
OF TAFENOQUINE BY MILITARY FORCES

A December 2019 Department of Defense (DoD) Defense Health Agency
document outlines policy for the force health protection use of tafenoquine for
malaria prophylaxis in U.S. service members (DoD, 2019). The issuance states
that tafenoquine “is an acceptable alternative medication” for primary prophy-
laxis in areas where chloroquine-sensitive malaria is present if intolerance or
contraindications to chloroquine, atovaquone/proguanil (A/P), and doxycycline
are documented; similarly, “it may be considered” in areas where chloroquine-
resistant malaria is present for those with contraindications or intolerance to A/P
and doxycycline. The dosage is 200 mg once daily for 3 days before entering a
malaria-endemic area, 200 mg weekly as a maintenance regimen, and one 200
mg dose 7 days after the last maintenance dose. The policy instructs that testing
for G6PD deficiency is mandatory for personnel deploying to areas requiring
tafenoquine or primaquine. As tafenoquine is an FDA-approved drug, military
health-system providers are permitted to prescribe it to service members on an
individualized basis.? In addition to being effective against all stages of all Plas-
modium species, an effective hypnozoiticide is of particular value to the U.S.
military because P, vivax is endemic in Southeast Asia (CDC, 2019; Howes et al.,
2016), where military operations occur. Examples include Afghanistan, where P,
vivax represents 95% of malaria cases, and Iraq, where the 1991 Gulf War led to a
years-long resurgence of P, vivax (CDC, 2019; Schlagenhauf, 2003).

The Australian Senate performed an investigation into the possible association
of tafenoquine with adverse effects, particularly neuropsychiatric effects, when
used for malaria prophylaxis by its military forces (Australia, 2018). Because

3 Personal communications to the committee, COL Andrew Wiesen, M.D., M.P.H., Director,
Preventive Medicine, Health Readiness Policy, and Oversight, Office of the Assistant Secretary of
Defense (Health Affairs), April 16, 2019, and December 11, 2019.
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tafenoquine was not approved for use as malaria prophylaxis by the Australian
Therapeutic Goods Administration until September 2018 (ATGA, 2019), studies
of tafenoquine were conducted as clinical trials in Australian military service
members from as early as 1998 (Nasveld et al., 2002). As part of its inquiry, the
Australian Senate commissioned a literature review on the impact of quinoline
antimalarials and a research study that involved a re-analysis of health study data
on antimalarial use from the 2007-2008 Centre for Military and Veterans’ Health
deployment-health studies (Australia, 2018). It heard or reviewed submitted testi-
mony from government agencies (Department of Defence, Department of Health,
Department of Veterans’ Affairs, Australian Defence Force Malaria and Infectious
Disease Institute, Indo-Pacific Centre for Health Security, Department of Foreign
Affairs and Trade Repatriation Medical Authority); malaria-control organiza-
tions (Asia Pacific Leaders Malaria Alliance); professional medical associations
(Australasian Society for Infectious Diseases, Australasian College of Tropical
Medicine, Royal Australian College of General Practitioners); advocate organiza-
tions (Australian Quinoline Veterans and Families Association, Quinism Founda-
tion, Defence Force Welfare Association, Royal Australian Regiment Corporation,
RSL National); product development partnerships, pharmaceutical manufacturers,
and their partner organizations (Medicines for Malaria Venture, National Health
and Medical Research Council, Biocelect, GlaxoSmithKline, 60 Degrees Pharma-
ceuticals, Roche); and roughly 25 individuals, including physicians, academics,
and veterans. In submitted testimony, a collection of adverse events (psychiatric
disorders, cognitive impairments, hearing problems, vestibular disorders, neuro-
logic disorders) reported to be due to the use of tafenoquine was referred to as
“quinoline poisoning” and “an acquired brain injury” by the Australian Quinoline
Veterans and Families Association, and as “chronic quinoline encephalopathy” or
“neuropsychiatric quinism” by the U.S.-based Quinism Foundation. Some vet-
erans attributed their symptoms to tafenoquine use that had occurred 15 or more
years before (Australia, 2018). In the report summary, however, the Senate com-
mittee did not agree with these claims. While the committee acknowledged that
its members were not medical experts, it stated, “The weight of prevailing medical
evidence provided to the committee in response to these claims is that ... there is
no compelling evidence that tafenoquine causes long term effects” and explained
that the committee had been informed that there was no definitive evidence to
support the claim that tafenoquine use results in acquired brain injury. It stated
that while it believed that the symptoms were being experienced by individuals,
assigning a single cause to these illnesses did not take into account the multiple
possible contributors to their health while they took the drug and in the years
after. The committee recommended that the Australian Department of Veterans’
Affairs expedite its investigation into antimalarial claims logged since September
2016 and that it offer assistance to claimants and facilitate their access to legal
representation. The Australian Senate committee also made recommendations to
ensure better access to care for sick veterans, including that the Australian Depart-
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ment of Veterans’ Affairs prioritize developing a neurocognitive health program.
It did not recommend that changes be made to military policy on antimalarial use.
Tafenoquine can be prescribed for malaria prevention (under the name Kodatef™)
to Australian service members (Australia, n.d.).

PHARMACOKINETICS

Tafenoquine is an antimalarial drug of the 8-aminoquinoline class, a syn-
thetic analog of primaquine (Brueckner et al., 1998). It is a prodrug that requires
activation through metabolism by CYP2D6 (Marcsisin et al., 2014). However,
little metabolism was observed in vitro in human liver microsomes and hepato-
cytes (FDA, 2018d). The major route(s) of excretion of tafenoquine in humans is
unknown. In healthy adults taking tafenoquine once daily for 3 days, unchanged
tafenoquine was the only notable drug-related component observed in plasma at
approximately 3 days after the first dose.

In a population pharmacokinetics study (Charles et al., 2007), tafenoquine
concentrations were 321 + 63 ng/mL when measured within 5% of the time of the
estimated mean population T of21.4 hin individuals given the clinically recom-
mended 200 mg weekly dose of tafenoquine. The elimination half-life is approxi-
mately 1417 days (Castelli et al., 2010; Edstein et al., 2001a,b; FDA, 2018d).
Food appears to increase the amount but not the rate of tafenoquine absorption,
and it has been suggested that the bioavailability of tafenoquine increases with a
high-fat meal (Edstein et al., 2001b). In the majority of the clinical trials reviewed
for FDA drug approval, tafenoquine was administered under fed conditions (FDA,
2018c). The FDA package insert states that the pharmacokinetics of tafenoquine
were not significantly affected by age, sex, ethnicity, or body weight (FDA,
2018d). The effect of renal or hepatic impairment on tafenoquine pharmaco-
kinetics is not known.

ADVERSE EVENTS

This section begins with a summary of the known concurrent adverse effects,
such as those that occur immediately or within a few hours or days of taking a
dose of tafenoquine. This information is derived from the FDA package insert,
the FDA briefing document on tafenoquine, and an integrated safety analysis.
Epidemiologic studies of persistent or latent health effects in which information
was available at least 28 days post-tafenoquine-cessation are then summarized by
population category (military or veterans, and research populations recruited for
safety studies) with the emphasis of reported results being on those persistent or
latent effects that were associated with use of tafenoquine (even if results on other
antimalarial drug comparison groups were presented).
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Concurrent Adverse Events

The committee was unable to identify any Cochrane reviews examining
concurrent adverse events associated with tafenoquine when used for malaria
prophylaxis. In an effort to include useful data, the committee reviewed and sum-
marized information from the FDA briefing document on tafenoquine, which was
prepared by FDA for panel members of the Antimicrobial Drugs Advisory Com-
mittee (FDA, 2018c¢) and contained a safety summary. In addition, an integrated
safety analysis is summarized.

FDA Briefing Document

Data from five clinical trials in which tafenoquine recipients received FDA-
approved prophylactic loading and maintenance dosages are presented both in
the FDA package insert and in the FDA briefing document (FDA, 2018c,d). As
before, this data set will be referred to as the safety set. The safety set included
Nasveld et al. (2010), which compared tafenoquine with mefloquine in deployed
Australian soldiers; Hale et al. (2003) and Study 030 (unpublished), which com-
pared tafenoquine with mefloquine and placebo in residents of Ghana and Kenya,
respectively; and Leary et al. (2009) and Shanks et al. (2001), which compared
tafenoquine with placebo in U.S. and UK residents, and in residents of malaria-
endemic Kenya, respectively (FDA, 2018c,d). For the analyses of the safety set, no
formal hypothesis testing was noted, and no statistical comparisons were provided.
Neither the package insert nor the FDA briefing document specify the timing of
the adverse events summarized below.

The FDA briefing document noted that systematic monitoring for neurologic
symptoms, such as actively asking participants about symptoms, was not per-
formed for the safety set trials. In an analysis of the safety set (tafenoquine group, n
= 825), the incidence of headache and lethargy, respectively, were similar between
the tafenoquine group (29% and 3%) and the mefloquine group (30% and 4%),
and the incidence of dizziness and vertigo/tinnitus, respectively, were lower in the
tafenoquine group (3% and 5%) than in the mefloquine group (6% and 7%) (FDA,
2018c). One study in the safety set, which included deployed Australian soldiers
(Nasveld et al., 2010), reported the incidence of dizziness, myalgia, and deafness
to be similar in the tafenoquine (1.4%, 0.6%, and 0%, respectively) and mefloquine
(1.2%, 0.6%, and 0.6%) groups. In the same study, incidence was reported to be
lower in the tafenoquine group than in the mefloquine group for headache (14.6%
versus 18.5%), fatigue and lethargy (5.7% versus 6.8%), and vertigo/tinnitus
(4.9% versus 6.8%) (FDA, 2018c).

In a pooled analysis (the methods of which were not specified) of three stud-
ies from the safety set that had a similar duration of exposure (12—15 weeks) and
that included tafenoquine (n = 252), mefloquine (n = 147), and placebo (n = 256)
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groups, there was a higher incidence of the grouped outcomes of falls, dizziness,
and lightheadedness with tafenoquine (5.2%) and mefloquine (10.2%) than with
placebo (3.1%); the incidence of myalgia, however, was higher with placebo
(12.1%) than with tafenoquine or mefloquine (both 9.5%) (FDA, 2018c). In the
same analysis, the incidence of headache was found to be 30.5% for placebo,
33.3% for tafenoquine, and 46.3% for mefloquine; the incidence of vertigo and
tinnitus was 0% for placebo and tafenoquine, and 1.4% for mefloquine; and the
incidence of fatigue/lethargy and visual disturbance was similar among the three
groups. In an additional study (Leary et al., 2009) that compared tafenoquine
with placebo, the incidence of myalgia in the tafenoquine group was higher than
in the placebo group (7.4% versus 0%), while headache, fatigue, lethargy, and
visual disturbance as well as the category of falls, dizziness, and lightheadedness
were “numerically higher” for placebo than tafenoquine. The one case of tinnitus
reported in the tafenoquine group remained unresolved at study end.

Three studies in the safety set had a mefloquine comparator arm, and people
with a history of psychiatric disorders were excluded; another study in the set
excluded those with a history of drug or alcohol abuse (FDA, 2018c). The FDA
briefing document states that there was no systematic monitoring of psychiatric
symptoms, such as actively asking participants about symptoms or using a rating
scale for psychiatric symptoms, in the trials in the safety set and that “this may
result in an underestimation of the actual incidence of neurologic adverse events”
(FDA, 2018c). In the safety set, psychiatric adverse reactions were reported
in 3.9% (32/825) of participants receiving tafenoquine, 3.2% (10/309) of the
participants receiving mefloquine, and 0.8% (3/396) of the participants receiv-
ing placebo. Insomnia was reported in 1.2% (10/825) of the participants in the
tafenoquine group, 0.8% (3/396) in the placebo group, and 0.3% (1/309) in the
mefloquine group. Psychiatric adverse events led to discontinuation of the drug in
two participants taking tafenoquine (one suicide attempt; one case of depression),
one taking mefloquine (severe anxiety), and none taking placebo. In a study within
the safety set that included deployed Australian soldiers (Nasveld et al., 2010),
the incidence of any kind of adverse sleep symptom (insomnia, abnormal dreams,
nightmares, sleep disorder, somnambulism) was similar between the tafenoquine
(3.5%) and mefloquine groups (3.7%) (FDA, 2018c). Anxiety was reported in
0.8% (4/492) of the tafenoquine group versus no reports in the mefloquine group
(0/162); depression was reported in 0.2% (1/492) of the tafenoquine group and
0.6% (1/162) of the mefloquine group; and euphoric mood and agitation were
each reported in 0.4% (2/492) of the tafenoquine group compared with no reports
in the mefloquine group.

Use of the approved prophylactic loading and maintenance dosages of
tafenoquine is associated with adverse gastrointestinal events of abdominal pain,
diarrhea, nausea, and vomiting (FDA, 2018c). The safety profile of tafenoquine
when administered without food was not assessed in the drug-development pro-
gram (FDA, 2018c). In a pooled analysis of the safety set, gastrointestinal adverse
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reactions with an incidence >1% were abdominal pain, upper abdominal pain,
constipation, diarrhea, dyspepsia, gastritis, nausea, and vomiting (FDA, 2018c).
Diarrhea (12.7%) and vomiting (3.8%) occurred at a higher incidence in the
tafenoquine group than in the placebo group (5.8% and 1.5%, respectively) and
the mefloquine group (10.7% and 3.6%, respectively) (FDA, 2018c). Two with-
drawals due to gastrointestinal effects occurred among tafenoquine recipients (one
with upper abdominal pain; one with irritable bowel syndrome) (FDA, 2018c).
However, in the study of deployed Australian soldiers (Nasveld et al., 2010), the
incidence of gastrointestinal adverse events (>1%) was lower in the tafenoquine
group than in the mefloquine group: diarrhea, 18.1% versus 19.8%; nausea, 6.9%
versus 9.3%; vomiting, 4.9% versus 5.6%; and abdominal pain, 4.9% versus 7.4%
(FDA, 2018c).

Regarding tafenoquine-associated eye disorders, the FDA briefing document,
referring to the study in deployed Australian soldiers, notes that baseline retinal
photography was not performed and that the incidence of reported retinal disor-
ders was similar in the tafenoquine (1.4% [7/492]) and mefloquine (1.9% [3/162])
groups (FDA, 2018c). In a malaria treatment trial (not part of the safety set) that
assessed ophthalmic measures, retinal pigmentation was observed on day 28 in
19.6% (9/46) of tafenoquine recipients and was still present in eight people at day
90, compared with only 4.2% (1/24) of chloroquine/primaquine recipients who had
developed retinal findings; no retinal findings were associated with vision changes.
In summarizing, the FDA briefing document notes that tafenoquine is associated
with reversible vortex keratopathy and that the risk of adverse effects on vision and
the retina cannot be adequately ascertained based on the data available.

The FDA briefing document notes that there were no serious cardiac events in
tafenoquine recipients in the safety set and that no cardiac adverse events occurred
at an incidence >1% (FDA, 2018c). No information on comparators was provided.

Taking FDA-approved loading/maintenance dosages of tafenoquine is associ-
ated with a decrease in hemoglobin levels, hemolytic anemia, and methemoglobin-
emia (FDA, 2018c). In a pooled analysis of the safety set, 0.4% (3/825) of tafeno-
quine recipients withdrew because of decreased hemoglobin, compared with 0.3%
(1/396) of the placebo recipients and none (0/309) of the mefloquine recipients.

In the safety set, mild, transient glomerular filtration rate decreases led two
participants (0.2%) in one study to leave the study (Leary et al., 2009); the individ-
uals’ serum creatinine remained within normal range (FDA, 2018c). In the safety
set, five participants (0.6%) in the tafenoquine group and two (0.5%) in the placebo
group experienced glomerular filtration rate decreases, compared with none in
the mefloquine group; these were classified as serious adverse events. Creatinine
changes also occurred in three (0.4%) participants in the tafenoquine group, one
(0.3%) in the placebo group, and three (1%) in the mefloquine group. In one study
from the safety set (Nasveld et al., 2010), mean serum creatinine increases from
baseline in the tafenoquine and mefloquine groups were not clinically significant
(FDA, 2018c). In this study, a long-term renal follow-up study was conducted in a
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cohort (tafenoquine, n = 147; mefloquine, n = 36) with serum creatinine concentra-
tions >0.23 mg/dL greater than baseline at the end of the prophylactic phase or at
follow-up (FDA, 2018c). In the published study (Nasveld et al., 2010), the authors
noted that at follow-up, 6-8% of participants in both groups had creatinine values
that were still 25% above baseline, but few values were outside the normal range,
and no values were considered clinically significant.

Other Reviews

Novitt-Moreno et al. (2017) performed an integrated safety analysis of the
same five malaria-prophylaxis trials referred to as the safety set above. The authors
stratified the study population by deployment status (Australian National Defence
soldiers taking tafenoquine [n = 492] and non-military residents taking tafenoquine
[n=333] or placebo [n=295]) and reported that several adverse events occurred in
both tafenoquine-deployed and tafenoquine-resident groups at a higher incidence
than in the placebo resident group: diarrhea, nausea, vomiting, ringworm, gastro-
enteritis, nasopharyngitis, sinusitis, tonsillitis, laceration, ligament sprain, back
pain, neck pain, and rash. The frequency of adverse events reported by the placebo-
resident (64.1%) and tafenoquine-resident (67.6%) groups were generally similar.
However, several adverse events, including ear and labyrinth disorders, psychiatric
disorders, eye disorders, gastrointestinal disorders, immune system disorders, infec-
tions and infestations, musculoskeletal and connective tissue disorders, and skin
and subcutaneous tissue disorders were reported at higher rates in the tafenoquine-
deployed group than in either of the resident groups, suggesting that deployment
contributed to occurrence of some of the adverse events. The adverse events that
occurred in the tafenoquine-deployed group with an incidence of at least 10%
more than in the tafenoquine-resident group or the placebo-resident group were,
respectively, diarrhea (18.1% versus 4.8% versus 3.1%), gastroenteritis (37.2%
versus 7.8% versus 5.8%), and nasopharyngitis (19.7% versus 3.3% versus 2.4%)
(Novitt-Moreno et al., 2017). When the authors compared psychiatric adverse
events in the tafenoquine-deployed group with the tafenoquine-resident group and
the placebo-resident group, the number of cases was 25 (5.1%) versus 7 (2.1%)
and 3 (1.0%), respectively, for all psychiatric disorders. Only comparisons between
the tafenoquine-deployed group and the tafenoquine-resident group were reported
for specific psychiatric adverse events; 18 (3.7%) versus 3 (0.9%) for psychiatric
disorders affecting sleep; 8 (1.6%) versus 2 (0.6%) for insomnia; 5 (1%) versus 0
for abnormal dreams; and <1% (for both groups) for any other itemized psychiatric
disorders. After reviewing medical histories and adjusting for confounding illnesses
or events for individuals with insomnia or sleep-related disorders, similar percent-
ages (0.3-0.4%) of the two groups experienced insomnia or sleep-related disorders.

Eye disorders were reported in 17% of tafenoquine-deployed users versus
10.2% of the tafenoquine-resident users, and 10.5% of the placebo-resident users
(Novitt-Moreno et al., 2017). However, ophthalmologic assessments were done
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in a cohort of the deployed tafenoquine users (Nasveld et al., 2010), enabling
identification of vortex keratopathy, which was reported in 13.8% of the subgroup
and accounted for the majority of eye disorders in deployed users. The vortex kera-
topathy was determined to be reversible and cause no functional vision changes
(Novitt-Moreno et al., 2017). No breakdown of the remaining eye disorders in the
tafenoquine-deployed group or of the eye disorders in the tafenoquine-resident
group or the placebo group was provided.

Post-Cessation Adverse Events

A total of 423 abstracts or article titles were identified by the committee for
inclusion for tafenoquine. After screening, 116 abstracts and titles remained, and
the full text for each was retrieved and reviewed to determine whether it met the
committee’s inclusion criteria, as defined in Chapter 3. The committee reviewed
each article and identified seven epidemiologic studies that met its inclusion crite-
ria (Ackert et al., 2019; Green et al., 2014; Leary et al., 2009; Miller et al., 2013;
Nasveld et al., 2010; Rueangweerayut et al., 2017; Walsh et al., 2004). These
studies were reviewed comprehensively and are summarized below. A table that
gives a high-level comparison (study design, population, exposure groups, and
outcomes examined by body system) of each of the seven epidemiologic stud-
ies that examined the use of tafenoquine and that met the committee’s inclusion
criteria is presented in Appendix C. Five studies (Ackert et al., 2019; Green et al.,
2014; Miller et al., 2013; Rueangweerayut et al., 2017; Walsh et al., 2004) used
off-label dosages of tafenoquine.

Military and Veterans

Nasveld et al. (2010) conducted a randomized double-blind controlled study
to compare the safety and tolerability of tafenoquine for 26 weeks followed by
placebo for 2 weeks (n = 492) or mefloquine for 26 weeks followed by prima-
quine for 2 weeks (n = 162) for malaria prophylaxis in male and female Austra-
lian soldiers aged 1855 years. The soldiers were deployed on United Nations
peacekeeping duties to East Timor. They were predominantly young, Caucasian
men and were judged to be healthy by a medical history and physical examina-
tion with normal hematologic and biochemical values and to be G6PD normal.
Participants with a history of psychiatric disorders or seizures were excluded, as
were women who were pregnant, lactating, or unwilling or unable to comply with
contraception. A subset of 98 participants (77 from the tafenoquine group and 21
from the mefloquine group) underwent extra safety assessments at baseline and at
the end of the prophylactic phase to investigate drug-induced phospholipidosis and
methemoglobinemia as well as ophthalmic and cardiac safety. Safety and toler-
ability assessments occurred at weeks 2 and 12 during the follow-up phase after
the last dose of study medication, and there was additional telephone follow-up

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/25688

Assessment of Long-Term Health Effects of Antimalarial Drugs When Used for Prophylaxis

190 LONG-TERM HEALTH EFFECTS OF ANTIMALARIAL DRUGS

at weeks 18 and 24. Adverse-event monitoring was supplemented by a review of
the subjects’ medical records. In the safety subgroup, vortex keratopathy (corneal
deposits) was found in 69 of 74 (93.2%) tafenoquine recipients and 0 of 21 meflo-
quine recipients. The changes were not associated with visual disturbances; 10%
persisted at 6 months, but complete resolution occurred in all by 1 year. Mean
methoglobin levels increased by 1.8% in the tafenoquine group (compared with
0.1% in the mefloquine group), but the increase resolved by week 12 of follow-
up. A small reduction in mean QT interval was also seen in tafenoquine recipients
(compared with a small increase in QT interval in the mefloquine group); whether
the change in interval resolved with time is not stated, but none of these findings
were considered to be clinically significant by the authors. The authors stated that
during the relapse follow-up phase, 203 (41.3%) tafenoquine/placebo subjects
and 53 (33.9%) mefloquine/primaquine subjects reported adverse events, but no
notable difference between the groups in the incidence or nature of events was
observed. The adverse events are not named nor is their timing specified. Authors
do state that at follow-up, 6-8% of participants in both arms had creatinine values
that were 25% above the baseline, but few had values outside the normal range,
and none were considered clinically significant.

The overall study design was rigorous, with randomization to medications, tem-
poral ordering of exposures and outcomes, systematic data collection, high adher-
ence to assigned medications, and little attrition from the study (94% of subjects in
both arms completed the trial), and the study was conducted in a highly relevant
population for the committee’s task. However, it is limited in the information it pro-
vides with respect to persistent adverse events for tafenoquine because of the small
number of subjects (n =77) who underwent detailed safety evaluation as well as the
use of mefloquine as a comparison exposure rather than a placebo or no antimalarial
exposure. Exposure assessment was fairly strong, owing to consistent measurements
across the arms of the study and the use of medication logs to measure adherence
prospectively. However, all exposure was self-reported, with no direct observation
or biologic measures. Most adverse events were not assessed in a systematic way,
limiting the quality of these measures. In addition, with the exception of few mea-
sures (ophthalmic, cardiac, and methoglobin levels) in the safety evaluation subset,
the timing of adverse events was not clearly specified beyond the prophylaxis phase,
and therefore the persistence of adverse events could not be ascertained. While the
statistical power was sufficient for the primary goal of the study, which was to assess
the antimalarial efficacy, the sample size was insufficient for the study of most per-
sistent or latent adverse events. The study reported persistent vortex keratopathy that
resolved by 1 year and had no effect on vision. There were no persistent increases in
methemoglobin or cardiac outcomes.

Walsh et al. (2004) conducted a randomized double-blind placebo-controlled
study in 205 healthy Thai soldiers aged 18-55 years (median 23 years). The
primary objective was to assess tafenoquine’s efficacy as malaria prophylaxis;
secondary outcomes were safety and tolerability. Laboratory tests were conducted

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/25688

Assessment of Long-Term Health Effects of Antimalarial Drugs When Used for Prophylaxis

TAFENOQUINE 191

monthly during drug administration and then for up to 2 months after the last
medication dose. Participants were screened for G6PD deficiency and had not
received antimalarial treatment within the prior 2 weeks (5 weeks for mefloquine).
Volunteers were examined for malaria and received a 7-day course of artesunate
and doxycycline, administered concurrently, to eliminate subpatent* blood stages
of malaria if needed. In any case of patent parasitemia, parasite clearance was con-
firmed at the end of presumptive therapy. After the presumptive therapy, soldiers
received a loading dose of tafenoquine 400 mg (base) daily for 3 days, followed
by 400 mg monthly (n = 104) or placebo (n = 101) for up to 5 consecutive months.
The tafenoquine dosage is not within FDA-approved labeling for prophylaxis.
Monthly doses were administered under direct observation, within a window of
25-31 days after a previous dose, and within 2 hours of a meal or light snack, for
better gastrointestinal tolerance and bioavailability. Volunteers who developed
parasitemia while receiving the medication and who were classified as having
had treatment failure received the presumptive therapy regimen and were given
the option of no further prophylaxis, doxycycline at 100 mg daily, or open-label
tafenoquine administered at a loading dose of 400 mg for 3 days and then 400 mg
weekly. Adverse events were recorded daily during the 3-day loading dose and
then at approximately 24 hours after each dose, according to a predefined coded
checklist of the most commonly expected adverse events. Serious adverse events
were defined as those requiring hospital admission. All volunteers who had received
at least one dose of tafenoquine or placebo medication were included in the safety
and tolerability analysis. The follow-up time was measured from the first dose
of tafenoquine (day 0) until the date of drug failure, withdrawal from the study
(non-malaria-related), loss to follow-up, or study completion (6 months for most
volunteers). A total of 17 participants (8.3%) were lost to follow-up; in the pla-
cebo group, 5 were reassigned to distant posts and 4 left the service, while in the
tafenoquine group, 6 were reassigned and 2 left the service. Methemoglobin levels
were monitored in a manner that did not affect blinding. Monthly hematologic and
biochemical laboratory values were recorded. Complete blood counts and hepatic
and renal function tests were conducted monthly and for up to 2 months after the
last drug dose. Group treatment means (95%CIs) were computed and compared
by use of Student’s t test (unpaired and paired if appropriate). No differences were
reported between the treatment arms for hepatic and renal function outcomes, and
the authors note, “For [complete blood counts], there were no significant differences
between the mean monthly values of the tafenoquine and placebo recipients for any
parameter throughout the study or any significant changes from baseline values in
either group.” Adverse events were summarized by the two treatment arms, but the
study was not designed to reliably estimate adverse event rates with a low incidence
or powered to detect differences in those events between the two groups.

# Infections in persons who tested negative for Plasmodium parasitemia by rapid malaria diagnostic
test but tested positive by polymerase chain reaction (Kobayashi et al., 2019).
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The overall study design was rigorous, with randomization, double blinding,
and a placebo control. There was also temporal ordering of exposures and
outcomes, systematic data collection, medication-adherence monitoring, and
relatively little attrition from the study. The population of Thai soldiers is also rel-
evant for the population of interest, and there were few exclusion criteria beyond
prior antimalarial treatment and age >55 years; participants had only to be “in
good general health” and have normal G6PD screens. Exposure assessment was
strong, with direct observation of dosing. In terms of persistent or latent events, a
major limitation is that, with the exception of complete blood counts and hepatic
and renal function tests conducted monthly, data collection was not systematic.
In addition, the study was powered for the primary outcome (an 85% reduction
in the 6-month cumulative incidence of slide-proven malaria), which resulted in
approximately 90 subjects per arm; as the authors acknowledge, this provides
insufficient power to detect differences in rare adverse safety between the two
treatment arms. All serious adverse events reported were during the prophylaxis
period. It is unknown whether no serious adverse events occurred after that time
or the post-drug-cessation data were not collected or reported. In summary, the
study reported persistent adverse hematologic, hepatic, and renal outcomes, but the
study was insufficient to examine a broad set of persistent or latent adverse events.

Research Volunteers

Ackert et al. (2019) conducted a randomized single-blind controlled trial
to compare the ophthalmic safety of a single dose of tafenoquine (300 mg) (n
= 3006) with that of placebo (n = 161) in adults at three U.S. study centers. The
tafenoquine dose is not within FDA-approved labeling for prophylaxis. Partici-
pants were men and women aged 1845 years, weighing 35-100 kg, and deemed
healthy by an investigator, with normal hematology and chemistry values. Exclu-
sion criteria included current or chronic history of liver disease, known hepatic or
biliary abnormalities, hemoglobin values outside the lower limit of normal range,
G6PD deficiency, and a QTcF interval of >450 ms. Participants with reproductive
potential had to be capable of adherence to contraception. Pregnant and lactat-
ing females were excluded. Key ophthalmic exclusion criteria were a bilateral
best-corrected visual acuity of <72 letters; eye disease that could compromise
ophthalmic assessments; an intraocular surgery or laser photocoagulation within
3 months of dosing; high myopia (equal to or worse than —6.00 diopters); anterior,
intermediate, or posterior uveitis or history of significant intraocular infectious
disease or another active inflammatory disease; spectral domain optical coherence
tomography (SD-OCT) central subfield thickness <250 pm or >290 pm; presence
of significant abnormal patterns on fundus autofluorescence (FAF) or ocular abnor-
malities on fundus photography at screening; or uncontrolled intraocular pressure
>22 mmHg. Outcomes were compared among tafenoquine group members and
placebo group members, with an adverse event assessment performed over the
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telephone at approximately 30 and 60 days post-cessation and with full ophthalmic
exams, including visual field examination, slit-lamp evaluation of anterior segment
structures, and SD-OCT and FAF, carried out at baseline and on approximately day
90. One participant in each group met the composite endpoint for retinal changes
identified with SD-OCT or FAF. Both subjects had unilateral focal ellipsoid zone
disruption at day 90, although it was determined that the tafenoquine-treated
subject actually had this anomaly at baseline and was enrolled in error. There
were no subjects with bilateral retinal changes. Additional secondary endpoints
for ophthalmic safety were also examined; there were no treatment differences in
central subfield thickness, central retinal/lesion thickness, macular cube volume,
subretinal fluid thickness, or best-corrected visual acuity. There were no clinically
important changes from baseline to day 90 in intraocular pressure. One subject in
the tafenoquine group was reported to have vortex keratopathy; however, it was
later determined to be a Lasik scar with calcium deposits. General safety events
were also collected, in particular, the frequency of adverse events and serious
adverse events. The frequency of adverse events was similar between groups,
and no serious or severe adverse events were reported during the study, although
the timing of the adverse events was not clear. The study design was strong, with
randomization and a blinding of the outcome assessment, sufficient power for the
study questions, high follow-up rates (93% in the tafenoquine group and 96% in
the placebo group), treatment administration directly observed, and systematic
measurement of ophthalmic outcomes. Systematic measurement of ophthalmic
endpoints was performed.

Green et al. (2014) conducted a Phase I single-blind randomized placebo- and
active-controlled parallel-group study at two U.S. sites to investigate whether
tafenoquine at supratherapeutic and therapeutic concentrations prolonged cardiac
repolarization in healthy volunteers aged 18—65 years. The primary objective was
to demonstrate a lack of effect of supratherapeutic tafenoquine (1,200 mg) on
QTCcF as determined by the baseline-adjusted maximum time-matched QTcF effect
as compared with placebo (AAQTcF). Secondary objectives included demonstrat-
ing a lack of effect of tafenoquine therapeutic doses (300 and 600 mg) on AAQTCcF,
describing tafenoquine pharmacokinetics, and characterizing the pharmacokinetic/
pharmacodynamic relationship between tafenoquine concentrations and any
change in QTcF. The tafenoquine doses are not within the FDA-approved label-
ing for prophylaxis. Participants (n = 52 per arm) returned for follow-up at 5, 10,
24, and 60 days after the last dose of study medication. Safety was evaluated by
physical examination, vital signs, clinical laboratory tests (hematology, biochem-
istry, and urinalysis) and adverse event monitoring. While mild, dose-related
elevations in methemoglobin levels occurred, levels returned to normal by the
final follow-up visit, and there were no signs or symptoms of methemoglobinemia.
Resting single 12-lead electrocardiograms (ECGs) were performed at screening
and at days -2, 1, 2, 3,4, 5, 6, 27, and 63. No clinically significant abnormalities
were reported from the ECGs. The strengths of the study include a randomized
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design, multiple tafenoquine-dose arms, and a placebo control arm. The study also
included a moxifloxacin (positive [active] control) arm, but moxifloxacin is not
FDA approved for malaria prophylaxis, and those results are not reported here.
The temporality of exposure before the outcomes was guaranteed by the design,
and there was low attrition from the study arms. While the study was sufficiently
powered for the main comparisons of interest, a design limitation for the commit-
tee’s purposes is that each study arm had only 52 participants, limiting the power
to detect persistent adverse events. Drug exposure was conducted in a supervised
clinical laboratory setting and thus is very strong. Outcome assessment for the
outcomes of interest was systematic, and cardiac-related safety was evaluated
in standardized ways, including a physical examination (including ECGs), vital
signs, clinical laboratory tests, and adverse event monitoring 24 and 60 days after
the final drug exposure. However, a broader set of potential adverse events was
not collected in a systematic way, and the results presented did not differentiate
their timing. The study reported no persistent adverse methemoglobin or cardiac
outcomes, but the study was insufficient to examine a broad set of persistent or
latent adverse events.

Leary et al. (2009) conducted a randomized double-blind study to assess the
ophthalmic and renal effects of tafenoquine 200 mg weekly versus placebo for 24
weeks in 120 healthy men and women between the ages of 15 and 55 years (mean
age 33.9 years) recruited from the United States and the United Kingdom. Exclu-
sion criteria included a history of eye surgery, corneal or retinal abnormalities,
current use of eye drops, participation in activities that could affect vision (e.g.,
scuba diving, exposure to high altitude, or excessive sunlight), a history of drug or
alcohol abuse, and the use of prescription medications within 30 days of the study’s
start. The 120 participants were randomized in a 2:1 ratio: 81 were assigned to
tafenoquine 200 mg once daily for 3 consecutive days (600 mg loading dose), fol-
lowed by 200 mg once weekly for 23 weeks (24 weeks of drug administration); 39
were assigned to placebo. In addition to regular screening during the prophylactic
phase, participants were followed for 24 weeks, with data collected at weeks 12
and 24 after drug cessation. The primary ophthalmic endpoint was the proportion
of persons with impaired night vision as measured by the forward light scatter
test, a test that is sensitive to the presence of scatter secondary to corneal depos-
its. Secondary ophthalmic endpoints included further assessment of night vision,
assessment of macular function, visual acuity, color vision, corneal deposits, and
changes in retinal morphology. For ophthalmic measures, there were no meaning-
ful differences between the study groups in changes to high-contrast visual acu-
ity and measured color vision; the majority of people (>98% in the tafenoquine
group, >96% in the placebo group) had normal test results throughout the study. At
screening, corneal deposits were reported in 10 of 70 (14.3%) and 7 of 32 (21.9%)
in the tafenoquine and placebo groups, respectively. Treatment-emergent corneal
deposits occurred in 15 of 60 (25%) of the tafenoquine group and 4 of 25 (16%) of
the placebo group, with no observed pattern for time to onset. In 14 tafenoquine-
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dosed participants, new-onset corneal deposits resolved within 12 weeks of onset,
in most cases during active use; in the one remaining person, the deposits resolved
by 24 weeks after drug cessation. Another tafenoquine recipient showed retinal
abnormalities during the follow-up period, but this was not associated with a
decrement in visual acuity, foveal sensitivity, or visual field up to 11 months after
drug cessation. The primary renal endpoint was tafenoquine’s effect on the mean
change in the glomerular filtration rate (GFR) compared with placebo. Secondary
renal endpoints included the number of participants with significant changes in
GFR, serum creatinine, or urinalysis findings at any time after drug administra-
tion. Of those with urinalysis results at week 24, clinically important findings were
found in 3.6% and 11.5% of participants in the tafenoquine and placebo groups,
respectively. Two tafenoquine recipients showed hematuria greater than trace.
None of these cases were associated with a significant change in glomerular filtra-
tion rate or serum creatinine concentration; all resolved without treatment. One
tafenoquine recipient displayed hemolytic anemia at week 3, with a 17% decrease
in hemoglobin and a 23% decrease in haptoglobin. After ceasing tafenoquine
therapy, hematology values returned to normal within 12 weeks. Another tafeno-
quine recipient showed creatinine phosphokinase values outside the normal range
during the follow-up period; further information was not provided.

Strengths of this study include a randomized design and a placebo control
group. The temporality of the exposure before outcomes was ensured by the
design. A weakness is that attrition was relatively high, with only 58 of 81 (71.6%)
tafenoquine recipients and 29 of 39 (74.3%) placebo recipients completing the
24-week visit post-drug-cessation. A design limitation for the committee’s pur-
poses is that, while powered for the primary outcome of interest, the number of
participants (79 in the tafenoquine arm; 39 in the placebo arm) provided limited
power for detecting persistent adverse events (and insufficient power for even the
secondary endpoints). Exposure assessment was considered to be strong, with the
drug administration supervised directly in some weeks and confirmed by telephone
in others. The outcome assessment for the primary and secondary outcomes of
interest (ophthalmic and renal) was systematic; ophthalmic tests and hematologic
and biochemical measures were obtained at 12 and 24 weeks post-drug-cessation.
Most outcomes examined showed no abnormal results at any time point, and in
nearly all individuals the concurrent ophthalmic or renal problems resolved by
24 weeks post-dosing. However, a broader set of potential adverse events was
not collected in a systematic way, and the reported data did not distinguish their
timing, so the information was insufficient for examining a broad set of persistent
or latent adverse events.

Miller et al. (2013) conducted a small randomized double-blind three-arm
study to examine the effect of tafenoquine in healthy men and women in the
United States aged 18-55 years. This was designed as a safety trial for malaria
treatment, but since one arm was tafenoquine alone, the healthy participants
did not have malaria, and the follow-up was 56 days, the committee believed it
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might be informative. The tafenoquine 450 mg dose is not within FDA-approved
labeling for prophylaxis. Participants were administered 600 mg chloroquine
on days 1 and 2 (n = 20); or 450 mg tafenoquine on days 2 and 3 (n = 20); or
600 mg chloroquine on day 1, 600 mg chloroquine plus 450 mg tafenoquine on
day 2, and 300 mg chloroquine plus 450 mg tafenoquine on day 3 (n = 20). The
exclusion criteria included cardiac conduction abnormalities on 12-lead ECGs;
a history of cardiovascular disease or clinically significant arrhythmia; aspartate
aminotransferase, alanine aminotransferase, or alkaline phosphatase >1.5 times
the upper limit of normal or total bilirubin outside the normal range at screening;
documented G6PD deficiency as determined by a quantitative enzyme activity
assay; a history of hemoglobinopathy or methemoglobinemia or a methemo-
globin percentage above the reference range at screening; or a history of retinal
eye surgery, Lasik surgery within 90 days, or retinal or corneal abnormalities.
Participants were also excluded if they had taken prescription or non-prescription
drugs in the previous 7 (or 14, for enzyme inducers) days. While adverse events
were reported only through day 7, clinical laboratory tests and methemoglobin
and ophthalmic assessments were performed at screening or at day —1, multiple
times throughout the study, and then again at day 56. As the committee’s focus
is tafenoquine used for malaria prophylaxis, the findings for the tafenoquine-
alone arm are emphasized here. Changes in vital signs and clinical laboratory
values were similar across treatment groups and were reported to be clinically
insignificant. A trend for mild declines (1.5-2.5 g dI"!) in hemoglobin was noted
in a greater proportion of tafenoquine-treated subjects than in those treated wi