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Abstract Clinical trials in neurovirology illustrate the
special challenges confronting investigators planning to
study these conditions, as well as the contributions of
successful trials in establishing appropriate management
for these devastating diseases. This article reviews key
examples of progress in neurovirology that have been
spurred by clinical trials, emphasizing human herpes
virus encephalitis, HIV, and JC virus. Clinical trials in
the setting of neurovirological diseases are characterized
by specific challenges, which may include small sample
sizes, clinical presentations from life-threatening condi-
tions to chronic courses of disease, regional and tempo-
rally restricted outbreaks scenarios, and the unavailabil-
ity of validated diagnostic tests that can be rapidly de-
ployed at the bedside. This review aims to highlight
these methodological challenges and pitfalls in design-
ing and executing clinical neurovirology trials, as well
as to outline innovative trial designs, which could be
useful in addressing common challenges.
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Introduction

Steady progress in knowledge about the biology of viral disease
of the nervous system, to which Dr. Richard Johnson contribut-
ed a great deal, has resulted in steady improvement in the treat-
ment available for these diseases. However, translation of fun-
damental knowledge of viruses towards effective therapy for
complex neurological disorders has been challenging, and re-
mains a daunting enterprise. We will review key examples of
progress in neurovirology that have been spurred by clinical
trials, emphasizing fatal infections, including human herpes sim-
plex virus (HSV) encephalitis, HIV, and JC virus (JCV). Clinical
trials in these areas illustrate the special challenges confronting
investigators, as well as the contributions of successful trials in
establishing appropriate management for these devastating dis-
eases. Building on the success and enlightenment of past trials, it
is hoped that steady progress will be made to accelerate the
diagnosis and development of effective therapy for many other
virus-associated neurological conditions. It is the aim of this
review to critically discuss examples of clinical trials in the field
of neurovirology, focusing onmethodological approach and trial
design. Furthermore, this article aims to provide an overview of
challenges and pitfalls in the planning and execution of clinical
trials in the setting of neurovirology diseases, as well as outline
novel methodological approaches in trial design.

Methods

The aim of this review is to highlight best-practice models for
clinical trials in the field of treatment in neurovirological dis-
eases, and outline common challenges, as well as provide an
outlook on novel approaches in trial methodology. A PubMed
search was performed to identify clinical trials in central ner-
vous system (CNS) infections due to HIV, HSV, and JCV.
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Relevant articles were further screened in a nonsystematic fash-
ion with the goal of identifying trials based on their generaliz-
ability to the broader field of neurovirology, in particular wheth-
er a trial was conducted with a clinical neurological outcome,
was conducted in a prospective fashion, and was aimed at
treating the underlying neurovirological disease. Clinical trials
on preventative approaches, including vaccines and treatments
of peripheral nervous system symptoms (e.g., neuropathies), as
well as supportive or nonpharmacological treatments, were
considered beyond the scope of this article. This review was
focused on the most intensely studied viral CNS infections due
to HIV, HSV, and JCV, as these diseases represent fatal viral
infections for which a critical number of clinical trials fulfilling
these criteria were available. In the discussion about common
challenges, other indications were also selected to highlight the
uniqueness of the individual disease settings (e.g., emerging
infection scenario of Ebola). Publications of clinical trial results,
as well as clinical trial protocols, were considered for this re-
view, while the trial designs were not limited to randomized
controlled trials (RCTs), and results could be either positive or
negative, as long as relevant information could be extracted to
inform future clinical trials in the field.

Herpes Simplex Encephalitis

HSV encephalitis (HSVE) is the most common nonepidemic
form of viral encephalitis. Prior to development of modern
therapy, outcomes were generally very poor, with the majority
of patients dying, and the survivors often suffering devastating
brain injury. It is now recognized that early treatment with
aciclovir improve outcomes, although even today patients de-
veloping this dangerous encephalitis often risk serious brain
damage or death. Starting in the 1960s it was recognized that it
should be possible to interrupt viral replication, and observa-
tions from a series of case reports suggested activity for
idoxuridine. A critically important step in therapeutics was

organization of multicenter clinical trial groups capable of
enrolling the rare patients for prospective clinical trials.
Table 1 shows key clinical trials leading to current standards
of care for HSVE. By 1975, the first of these efforts quickly
ended use of idoxuridine when a small, prospective, placebo-
controlled study clearly demonstrated that idoxuridine had an
unfavorable efficacy to toxicity ratio [1]. Subsequent research
turned to vidarabine, which proved to have benefit when com-
pared with placebo [2]. However, the still poor outcomes stim-
ulated ongoing research, with 2 major comparative studies
between vidarabine and aciclovir, and both demonstrating
clear superiority of aciclovir [3, 4]. This has remained the
standard of care over the last 30 years.

Development of HSV therapy was bolstered by several
critical areas of scientific progress that are mirrored with other
viral diseases. Rapid and safe diagnosis is critical for clinical
trials. Only if the study sample has the condition studied at a
stage where irreparable brain damage has not yet occurred can
one hope to test therapeutics. The early trials for HSV were
challenged by requiring brain biopsy diagnosis in cases where
a clinically suspect patient was considered for the trial [1–3].
In spite of the complexity and risk of brain biopsy, without an
alternative secure means of diagnosis, it was necessary be-
cause clinical diagnosis was only correct in roughly half of
cases. Use of brain biopsy assured that drugs were tested only
in appropriate patients, while also refining clinical diagnosis
by discovering mimics of HSV that would not have benefited
the trial intervention [5]. The value of biopsy validated cere-
brospinal fluid (CSF) samples from these trials was further
leveraged by subsequent development of polymerase chain
reaction (PCR) detection of HSV DNA using CSF samples
collected from these established cases [6, 7]. Advances in
imaging also enhanced clinical trials. The development first
of computed tomography brain imaging in the 1970s and
more sensitive magnetic resonance brain imaging in the
1980s has provided critical diagnostic information facilitating
early diagnosis and therapy.

Table 1 Clinical trials in herpes simplex virus (HSV) encephalitis

Year Intervention/
arms

n Diagnostic criteria Primary end point Key observations Outcomes Ref.

1975 Idoxuridine 12 Brain Bx/culture Death Serious hematologic toxicity No survival advantage [1]

1977 Vidarabine/
placebo

28 Brain Bx/culture Death Baseline status critical to outcomes
/functional status outcome

Reduced mortality [2]

1984 Vidarabine (V)/
aciclovir (A)

127 (53 HSV
confirmed)

Brain Bx/and/or serum
and CSF antibody

Death: V 50%
vs A 19%

Normal function at 6 months
favored aciclovir/

Reduced mortality
and morbidity
with aciclovir

[4]

1986 Vidarabine (V)/
acyclovir (A)

208 (69 HSV
confirmed)

Brain Bx Death: V 54%
vs A 28%

Functional outcome, as well
as death, significant;
sensitivity analysis by
baseline function/
age impact on outcome

Aciclovir superior
to vidarabine

[3]

Bx = biopsy, CSF = cerebrospinal fluid
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HSV clinical trials also critically supported a key principle
that early treatment is essential for good outcomes. Irreparable
HSV-induced hemorrhagic and necrotic brain lesions in the
trials were only prevented with early intervention [2].
Current practice is guided by aciclovir’s well-known safety
profile, which is compatible with transient dosing of patients
who ultimately do not have HSV to accrue substantially better
outcomes in the minority that eventually are found to have the
disease. Because of the high degree of sensitivity and speci-
ficity for HSV PCR detection in cases, failure of HSV DNA
detection supports discontinuation of therapy in low-risk pa-
tients (negative imaging, absence of CSF pleocytosis) 72 h
after onset of disease. However, equivocal diagnostic findings
that are not explained by another condition may merit a full
14-day course of aciclovir [8, 9].

It is striking that in HSVE, which still has a mortality ap-
proaching 30% and causes serious brain damage, there have
been no significant enhancements of therapy in the last 30
years [10]. Factors contributing to this include the rarity and
sporadic nature of the diagnosis, leading to clinical trials being
complex and costly. Topics that would require further clinical
trials include the possible contribution of corticosteroids, al-
ternate drugs (including oral antiherpes drugs) and the evalu-
ation of the optimal duration of therapy [11].

HIV-associated Neurocognitive Disorder

HIV emerged in the 1980s as a major cause for neurological
diseases, becoming a critical therapeutic target. Some of the
conditions that emerged were characteristic opportunistic neu-
rological infections such as toxoplasma encephalitis, crypto-
coccal meningitis, cytomegalovirus encephalitis, and progres-
sive multifocal leukoencephalopathy, all emerging from
chronic cellular immunodeficiency in AIDS [12]. However,
it was soon apparent that HIV itself entered the CNS early, and
as the disease advanced, untreated HIV commonly progressed
to cause an HIV-associated dementia (HAD) that was gener-
ally fatal in less than a year from symptomatic onset [13, 14].

HIV-associated neurocognitive disorder (HAND), ranging
from the disabling HAD to asymptomatic suboptimal perfor-
mance on neuropsychometric testing, was rarely the focus of
organized neurology-specific clinical trials. Most of the evi-
dence of neurological efficacy of HIV therapy came from ob-
servation of patient cohorts in systemic disease trials.
Optimizing antiviral therapy for HAND has been limited by
the modest investment in clinical trials specifically focusing
on CNS infection and neurocognitive impact of the therapies
(Table 2). From the earliest studies, it was noted that zidovu-
dine, the first drug tested for treatment of HIV, resulted in
symptomatic improvement (e.g., weight loss, diarrhea, reduced
opportunistic disease) in patients with advanced AIDS, and
improved neurocognitive performance. Improved

neurocognitive performance was demonstrated in advanced pa-
tients during the first 16weeks of therapy [15]. This observation
was confirmed by the only placebo-controlled trial in patients
selected for dementia, where very high doses of zidovudine
improved neuropsychometric performance, and was repeated
as didanosine was introduced [16, 17]. The impact of combin-
ing nucleosides soon followed, as it became clear that the rapid
evolution of resistant virus shortened the duration of response to
monotherapy. Two studies using add-on neurocognitive testing
demonstrated the positive impact of combination therapy in
sustaining neurocognitive benefit [18, 19]. However, neurolog-
ical testing is often limited in these studies because of fear that
burdensome neuropsychological batteries and CSF sampling
will discourage enrollment and retention required for the non-
neurological primary end points.

Selection of neurological end points has also been challeng-
ing. Virus invasion in brain cannot be directly measured in
trials, and the quantification of CSF HIV RNA, which is seen
as a flawed surrogate, has been challenging because patients
and investigators both find this procedure daunting. Efforts to
reassure patients that this is a safe and tolerable procedure have
only been partially successful. While higher CSF viral loads
were associated with more severe HAND, and the goal of elim-
inating HIV from the CSF seemed a plausible target, it was
obvious that its CSF markers were only an imperfect reflection
of the impact of HIV on brain performance [20, 21].
Neurocognitive performance is a valuable neurological end
point and has become the typical end point for neurological
studies. However, the nonspecific characteristics of these mea-
surements, performed without the benefit of knowing the level
of premorbid performance, affected by a multitude of con-
founding behavioral factors, and poorly associated with the
current activity of virus in the brain, remains a challenging
aspect of this research. Alternative biomarkers of CNS disease
have been sought. CSF measures reflecting inflammatory dis-
ease in the brain appear promising, and are clearly associated
with active viral disease, but are less robust in the light of more
subtle, potentially smoldering HAND. Also, serum markers for
CNS disease have been studied, but the leading candidates,
including CD163 and HIVDNA in CD14+ cells, have not been
proven as useful in clinical trials [22, 23].

Ongoing cognitive impairment, occasional episodes of vi-
ral replication developing in the brain (termed CSF viral es-
cape), and evidence of ongoing inflammatory responses in the
brain compartment reflected in CSF continue to support trials
targeting CNS HIV complications [24–26]. The target of cur-
ing HIV must include the brain reservoir of virus, which is
likely to be one of the most challenging targets for this agenda,
because of the unique environment of the brain.

One of the most attractive hypotheses has been that penetra-
tion of antiviral agents into brain is suboptimal, resulting in
ongoing viral replication. A framework for testing this hypoth-
esis was created through categorizing available HIV drugs
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according to best evidence and theoretical constructs as to their
ability to enter the brain. A clinical penetration effectiveness
(CPE) score summing categorization of drugs used in a patient
provided a measure to compare virological and clinical status
according to predicted CPE. Cross-sectional studies suggested
that this score might reliably reflect risk of viral detection in the
CSF, but the correlation with neurocognitive performance
remained unanswered [27]. A prospective study designed to test
CPE directly proved very challenging to accrue and did not
have reliable power for detection of the clinical impact of highly
penetrating therapy [28]. The most recent efforts to address
persisting HANDwith antiviral therapy have sought to enhance
therapy by addition of more drugs, generally with additional
mechanisms of action. When abacavir was introduced, it was
hypothesized that it might be a superior nucleoside therapy for
the brain, and a study focusing on dementia as an outcome was
initiated [29, 30]. To date, no convincing evidence is available
that intensification of antiviral therapy will successfully address
persisting cognitive impairment in otherwise successfully treat-
ed patients [31, 32]. A theoretical concern that blunts enthusi-
asm for intensification strategies is the possibility of medication

associated toxicity to the CNS [33]. The idea that some antivi-
rals are neurotoxic, and that high CPE might increase toxicity,
remains a consideration in therapeutic development [34].

In spite of these challenges, combination antiretroviral ther-
apy has transformed the prognosis for patients with HIV [35,
36]. Opportunistic brain infections have vastly decreased, and
this therapy has resulted in almost complete elimination of HIV-
associated dementia. The majority of patients with residual
HAND are asymptomatic or have mild disability that is not
progressing over the timeframe of observation in the majority
of patients [37, 38]. In the absence of improved markers of
residual virus in the brain, antiviral studies are difficult to de-
sign. An emerging focus, shared with all HIV therapeutics, is
the impact of earlier treatment initiation on developing HAND.
Owing to cost and toxicity of therapy, HIV treatments were
withheld until substantial immunodeficiency developed in the
early years of the epidemic. With improved therapy, the princi-
ple of importance of early therapy has emerged in HIV treat-
ment. Evidence of viral-driven neurotoxicity, even in the earli-
est days of HIV infection, suggests that there may be substantial
value in starting therapy early [39, 40]. As expert consensus has

Table 2 HIV-associated neurocognitive disorder (HAND) antiviral trials

Year Intervention/arms n Diagnostic criteria Therapy
duration

Primary end
point

Key observations Outcomes Reference

1988 ZDV/placebo 281 AIDS/ARC 16 weeks NP
performance

AIDS patients
improved NP/affective
measures stable

ZDV improved NP [15]

1993 ZDV 1000 mg/day,
ZDV 2000 mg/day vs
placebo, ZDVafter
16 weeks in placebo

40 AIDS dementia
complex
(mild/moderate)

16 weeks NPZ-7 (NP
tests)

Statistically significant
improvement in
high-dose arm

ZDVactive
against HAD

[16]

1997 DDI/500 mg vs
DDI/750 mg vs ZDV

107 AIDS/ARC patients 12
months

NPZ-7 Piggyback design
study with NP on
subset of randomized
study

Stable NP function
maintained by DDI,
consistent with ZDV

[17]

1999 ZDValternating/DDI or
DDC, ZDV/DDI,
ZDV/DDI/nevirapine

1313 AIDS (CD4 < 50) 52 weeks NPZ-4 Poor NP outcome
associated with
mortality

Combination therapy
superior to alternating
monotherapy

[19]

2001 ABC/placebo + stable
background therapy

105 AIDS dementia
complex

12 weeks NPZ
change

CSF virology and
cytokines/importance
of stable background
therapy/need to
minimize practice
effect with NP

No benefit from ABC [30]

2007 New cART, prospective
start of cART or change,
ACTG 736 Study

101 Advanced HIV
starting new
cART regimen

24 and 48
weeks

CSF HIV
RNA

Higher CPE associated
with worse NP
performance

Higher CPE
associated
with CSF viral control

[34]

2013 Randomized CNS
targeted vs nontargeted
therapy

49 HAND 16 weeks GDS change No cognitive benefit
of CNS-targeted
therapy

[28]

2015 Maraviroc intensification
on stable ARTwith
viral control/open-
label, randomized
control

14 HAND 6 and 12
months

GDS/MRS Stabilized metabolic
status compared
with controls

Trend to improved NP
over 12 months

[32]

ZDV = zidovudine; ARC = AIDS-related complex; NP = neuropsychological; NPZ = neuropsychological Z score; DDI = didanosine; DDC =
zalcitabine; ABC = abacavir; CSF = cerebrospinal fluid; cART = combined antiretroviral therapy; CPE = central nervous system penetration effective-
ness; GDS = global deficit score; MRS = magnetic resonance spectroscopy; HAD = HIVassociated dementia
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rapidly moved toward early diagnosis and therapy, careful as-
sessment of outcomes from early therapy are eagerly awaited in
hopes that this approach may prevent brain injury by HIV.

Efforts to inhibit downstream neurotoxic mechanisms of
HIV infection have been a major focus of RCTs directed at
HAND. At most, these have been phase 2 randomized trials,
powered for safety but insufficient to inform efficacy reliably.
Mechanisms addressed include peptide T with gp120
neurotoxicity-blocking properties [41], antioxidants [42],
antiapoptotic mechanisms [43], calcium channel antagonists
[44], platelet-activating factor antagonists [45], N-methyl-D-
aspartate antagonists [44], p38 mitogen-activated protein ki-
nase antagonists [44], anticholinesterase [46] and anti-
inflammatory drugs [47]. The duration of these trials has gen-
erally been limited to 12–24 weeks, and as placebo-treated
arms rarely deteriorate, hopes for evidence of efficacy hinge
on restoration of brain function, an end point that may be
difficult to achieve if brain damage has already occurred.

Progressive Multifocal Leukencephalopathy

When considering serious virological diseases of the brain for
which therapies are desperately needed, progressive multifocal
leukencephalopathy (PML) has received much attention in re-
cent years. This statement would have shocked neurologists of
40 years ago, as JCV, the etiologic DNAvirus causing PML, has
virtually no clinical correlate in healthy people, and as its initial
description was an exceedingly rare complication primarily as-
sociated with hematologic malignancy. All that changed with
the HIV pandemic, where a large population of chronically
cell-mediated immunosuppressed patients was found to die

frequently from PML. In the era before HIV therapy was avail-
able, as many as 5% of all AIDS deaths were associated with
PML [48]. Death within a few months of symptomatic onset of
disease was the usual outcome of PML. Case reports, and the-
oretical considerations about the pathophysiology of JCV, led to
several clinical trials (Table 3). One of the most decisive trials
tested adding cytarabine, administered either intravenously or
intrathecally, comparedwith the best antiviral HIV therapy alone
[49]. This randomized trial of 57 patients with PML with veri-
fied diagnosis via brain biopsy demonstrated no benefit from
cytarabine on the rapid progression of patients toward death.
This trial was conducted before the introduction of combined
antiretroviral therapy (cART). A subsequent trial tested the topo-
isomerase inhibitor topotecan, which proved toxic with minimal
activity resulting in discontinuation of the trial after accrual of
only 12 patients [50]. Subsequently, cidofovir therapywas tested
in a phase 1–2 open-label trial with 24 patients, but did not
improve the survival as seen with the use of cART [51].
Cidofovir outcomes were combined with several observational
cohorts in a careful meta-analysis that confirmed no efficacy on
mortality or morbidity using cidofovir [52]. As marked im-
provement of survival has been seen since the introduction of
cART, assessing the effects of cART on the most important
outcomes has been pursued. One such study prospectively
followed 28 patients, who were started on a 5-drug cART reg-
imen, including enfuvirtide, for a period of 6 months. Survival
was 81% at 6 months, and was associated with robust recovery
of anti-JCV T-cell responses and JCV clearance from CSF [53].
While this outcome is the best reported for HIV, it is difficult to
speculate the value of the specific enhanced therapy without a
contemporary control arm. Survival in a recent trial in patients
with HIVwas similar without an intensified cART regimen [54].

Table 3 Progressive multifocal leukoencephalopathy (PML) clinical trials

Year Intervention/arms n Diagnostic criteria Primary end point Key observations Outcomes Reference

1998 HIV dual
nucleoside/+
cytarabine i.v./+
cytarabine i.t.

57 Brain biopsy Survival Viral titer in CSF correlates
with survival [82]

Cytarabine fails to
improve survival
outcome in HIV-
associated PML

[49]

2003 Topotecan
immediate vs
delayed

12 Brain biopsy/or
JC DNA in CSF

Safety, Kurtzke
progression

Significant toxicity,
less severely affected
patients more likely
to survive

Topoisomerase
inhibitors
abandoned

[50]

2002 Cidofovir i.v. +
cART

24 MRI/CSF PCR/
clinical or brain
biopsy

Safety, tolerability,
effect CDVat 24
weeks

Clinical outcome best when
HIV viral load controlled
at baseline

Cidofovir failed to
improve clinical
outcome

[83]

2011 Enfuvirtide-
enhanced
HIV therapy

28 MRI/CSF PCR Survival, 6 and
12 months

Marked recovery of JCV-
specific T cells, CSF
JCV DNA cleared from
CSF

75% survival for 1
year

[53]

2013 Mefloquine 37 MRI/CSF PCR 4- and 8-week JCV
viral load decline

Early decline in CSF JC viral
load at 4 weeks predicted
better 16-week outcome

No mefloquine
related effect
on JCV, safe

[54]

CSF = cerebrospinal fluid; cART = combined antiretroviral therapy; MRI = magnetic resonance image; PCR = polymerase chain reaction; CDV =
cidofovir; JCV = JC virus
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Seeking alternative antiviral drugs to address JCV has been
attempted by using a high-throughput screening approach of
approved drugs.Mefloquine, a well-known antimalarial therapy,
showed potential in this in vitro screen [55]. As it was known to
reach presumed therapeutic concentrations in brain and has a
reasonable safety profile, an international randomized study to
treat PML was undertaken. Given the already considerably re-
duced mortality and morbidity of PML with the use of cART,
the target of this trial was the rate of reduction of CSF JCVDNA
levels with mefloquine-enhanced standard of care therapy
versus the standard of care alone. An international network
struggled to accrue 37 patients to this study, which was termi-
nated when an interim analysis suggested futility. The trial re-
vealed no clear benefit of the intervention for mortality, morbid-
ity, or clearing of JC DNA from the CSF [54]. It was observed
that an early decline in CSF JC DNA during the first 4 weeks of
therapy was predictive of a better outcome after 16 weeks.

This trial illustrates many of the challenges of mounting anti-
viral therapy for brain disorders. With mortality significantly <
50%, end points for survival take many more patients to reach
statistical significance, while the number of available patients is
steadily declining as HIV care is initiated earlier. To date, no
RCT for PML has reached the target enrollment, so power of
all trials is less than intended owing to challenges in recruitment.
Competition of other safe and available unproven therapies taints
trial design and inhibits interest in trials. Mefloquine could be
prescribed by any physician with relative safety and ease, nega-
tively affecting recruitment efforts. Owing to this, the study was
amended to allow switching over to active treatment as early as 4
weeks postrandomization in the standard of care arm limiting the
duration to control for the intervention drug effect. Survival of
the patients with HIV was high in this trial, and most survivors
ultimately received the intervention. Ultimately, it was impossi-
ble to demonstrate clearly any contribution of mefloquine.

Thus, therapy for JCV itself has not advanced, despite mul-
tiple clinical trial efforts. However, the process of immune
reconstitution has amply demonstrated efficacy in mitigating
PML prognosis [53, 56]. Immune reconstitution as an effec-
tive approach to control of PML has been further established
by the important experience of treating PML associated with
natalizumab therapy in the setting of multiple sclerosis.
Natalizumab-associated PML emerged in 2005 when this ef-
fective integrin inhibitor was found to increase vastly the risk
of developing PML in a population that had previously never
seen this complication [57–60]. Rapid immune reconstitution
can be accomplished by using plasma exchange to speed drug
clearance and allowing access to the brain for the existing
immune response. While ~20–30% of patients still die, the
majority survive with variable degrees of brain injury depend-
ing on the location of lesions (https://medinfo.biogen.com/
secure/pmlresource). It seems that in any setting in which
PML develops, efforts to enhance immune responses are
beneficial. The latest efforts enhance this strategy include the

use of recombinant interleukin-7 and sometimes VP1 protein
vaccination to augment immune responses to JCV [61, 62].

It should be noted that events of immune reconstitution may
confound the interpretation of other potential biomarkers for
JCV activity. Magnetic resonance fluid-attenuated inversion re-
covery images (MRI FLAIR) dramatically demonstrate lesions
in the brains of patients with PML.Magnetic resonance imaging
(MRI) brain lesions often substantially enlarge during immune
reconstitution inflammatory syndrome, suggesting an almost in-
verse relationship between image severity and ultimate clinical
outcomes Clinical deterioration often transiently accelerates as
immune reconstitution expands lesions, but this enhanced brain
dysfunction is more reversible than the lytic viral lesions expe-
rienced in the absence of immune response. Consequently, it is
important to support patients through the immune reconstitution
phase. This course also means that clinical trials seeking to mea-
sure outcomes in PML should likely be extended to at least 12
months to achieve JCV control (which largely occurs in the first
months), as well as recovery from the immune reconstitution in-
flammatory syndrome response, which continues past 6 months.

The experience with PML trials recapitulates observations
associated with HSVE. Diagnosis in early trials depended on
brain biopsy, which often delayed initiation of therapy, and had
its ownmorbidity and mortality. The combination ofMRI lesion
detection and CSF demonstration of virus with PCR technology
permits sensitive, rapid, and less invasive diagnosis, and better
outcomes [63]. However, the challenges of RCTs of PML are
daunting. The disease is already rare and appears likely to decline
with earlier HIV therapy. Cases remain disseminated geograph-
ically. The rapidity and severity with which PML strikes makes
transporting patients to distant centers unsafe and unattractive to
families, further inhibiting the close management that would be
ideal for trials for a serious subacute neurological condition.
Delay in treatment is likely to result in poorer outcomes, and
crossover designs that might optimize the information extracted
from small number of patients are unlikely to be reliable given
rapid progression with permanent brain injury associated with
PML. Development of in vitro systems for replicating JCV bi-
ology, as well as animal models for this uniquely human adapted
virus, may help identify more effective treatment strategies.
These could be applied to patients with the worst prognosis to
identify potential antiviral efficacy. Patients with hematologic
malignancy and organ transplantation, while rare, may represent
a suitable population to examine interventions, as without inter-
vention they continue to have the most dire prognosis [64].

Common Challenges

Randomization, Controls, and Equipoise

As shown in the example of idoxuridine in the treatment of
HSVE, selective reporting of case and small series can be
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hypothesis generating, but it is critical to maintain healthy skep-
ticism, as harmful therapy can still be perpetuated through case
reports and uncontrolled case series. RCTs are considered the
gold standard in providing unbiased data on a novel treatment
intervention. To justify ethically a comparison to a standard
treatment, equipoise needs to be present towards the novel treat-
ment. Controversies around the applicability of randomization
stem from situations where preliminary data suggests a new
treatment being significantly more effective than the standard
treatment [65]. However, preliminary data from smaller preced-
ing clinical trials rarely provide reliable effect size estimates
[66], and therefore cannot give sufficient evidence against clin-
ical equipoise. Following the experiences with the early clinical
trials during the HIV/AIDS pandemic in the 1980s, a contro-
versy erupted over whether in the absence of a standard treat-
ment all patients should receive immediate access to study treat-
ment, with only a remote chance of improvement. In situations
where randomized, placebo-controlled trials are difficult to ex-
ecute, alternative control strategies include active treatment
controlled trials, no treatment controlled trials, dose comparison
controlled trials, and externally controlled trials. Byar et al. [67]
argued that under certain instances, an Buncontrolled^ trial may
be justified: 1) no other treatment is appropriate as a control, 2)
the patients not receiving therapy will have a uniformly poor
prognosis, 3) the therapy does not have substantial side effects
that would compromise the potential benefit to the patient, 4)
there is a justifiable expectation that the potential benefit to the
patient will be sufficiently large to make interpretation of the
results of a nonrandomized trial unambiguous, and 5) the sci-
entific rationale for the treatment must be sufficiently strong
that a positive result would be widely accepted [67].
However, it can be argued that even under these circumstances
where a concurrent control arm is not feasible, a best possible
level of external controlling should be achieved. In particular,
baseline controlled trials, or the use of historical controls, may
be helpful in this scenario. The conditions to improve accept-
ability of historical controls include the requirement that a his-
torical control arm should receive the same background stan-
dard treatment, should be part of a recent clinical trial with the
same eligibility criteria, exhibit a similar distribution of impor-
tant patient characteristics, and be evaluated using the same
methods as the experimental treatment arm [68]. The 2 main
concerns with historical controls are 1) that important prognos-
tic covariates, both measured and not measured, are often im-
balanced compared with the treatment group, and that 2) sup-
portive and concomitant care may change over time, making a
comparison challenging [69].

Given the broad limits of interpretability of nonrandomized
trials, randomization greatly reduces the risk of reaching erro-
neous conclusions with false-negative findings leading to
abandoning of lifesaving measures, or false-positive conclu-
sions resulting in the use of ineffective treatment [69].
Approaches to improve acceptability of placebo arms would

be preplanned interim analyses for early termination of a trial
should the predefined boundaries for efficacy or safety be
crossed, with a subsequent open-label phase where patients
randomized to placebo my receive active treatment.

Clinical Trials in an Outbreak Setting

Outbreaks of infectious diseases present several difficulties to
clinical trials planning: nonendemic outbreaks are typically re-
gionally and temporally circumscribed and unpredictable, chal-
lenging medical staff, infrastructure, and policy-makers and the
media. The experiences from the HIV/AIDS epidemic demon-
strated that an environment allowing the rigorous evaluation of
potential treatments is dependent on an extensive dialogue be-
tween affected communities, scientists, and regulatory agen-
cies. Emanuel et al. [70] (adapted by Lane et al. [71]) formu-
lated core ethical and scientific principles for trial conduct in an
outbreak setting in developing countries: 1) ethical conduct to
avoid exploitation, including respect for volunteers, local com-
munity engagement, and carefully informed consent involving
the community to establish recruitment procedures and incen-
tives; 2) partnership with investigators and officials in affected
countries, including the identification of interested local inves-
tigators, strengthen the local trial infrastructure, and shared best
practices of regulator oversight; 3) scientific validity, including
a favorable risk–benefit ratio to the study population and sound
trial design; 4) independent review and scientific oversight,
ensuring public accountability through transparency and man-
dated reviews, including the oversight of an independent and
skilled Data and Safety Monitoring Board; and 5) transparency,
including the prompt sharing of data with practitioners and
affected communities. To improve clinical trial Breadiness^ in
outbreak settings, prospective planning may include the instal-
lation of clinical trial networks, centralized institutional review
board approvals [72], as well as novel trial designs such as
platform trials, which allow a rapid implementation of therapies
once they become available [73].

Rare Disease Setting

Many neurovirological diseases typically present with a low
prevalence, fulfilling the criteria of rare diseases, that is, < 200,
000 cases at any given time in the USA. Clinical trials in the rare
disease setting are often challenging, as limited sample sizesmay
restrict the ability to design a clinical trial with adequate statistical
power. Clinical trials on limited numbers of available participants
(Bsmall clinical trials^) should be planned under similar scrutiny
as large clinical trials [74]. Enrichment strategies, such as multi-
site approaches, as well as innovative trial designs, such as adap-
tive and sequential trial designs, may overcome these limitations
of small trials, maximizing the information to be drawn from
small sample sizes. Sequential study designs allow subjects or
groups of subjects to be enrolled into a trial in a sequential
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manner: where the Brules^ change, for example for treatment
allocation, the more information is required. A sequential design
can follow predefined decision steps or be based on a Bayesian
approach of defining prior probabilities, which are adjusted the
more information comes in. Sequential designs, such as the
Bayesian continuous reassessment method, are particularly use-
ful during dose-escalation and dose-finding trials in planning
sample sized most efficiently in this critical trial phase [75]. In
adaptive designs, trial characteristics are modified based on in-
coming accumulating information. Bayesian-based adaptive de-
signs allow more flexibility than traditionally designed trials, in
particular in terms of sample size re-estimations at critical time
points during the trial, as well as to decide whether treatment
arms should be dropped or continued into a next stage of a trial,
which could be then a confirmatory phase [76].

Diagnostic Tests and Outcome Measures

Especially in an emergent disease outbreak or otherwise acute
setting involving unique organisms, it is central to be able to
distinguish rapidly and reliably between subjects carrying the
disease and subjects with other diseases. Diagnostic tests such
as antigen detection tests can act as inclusion criterion to prove
absence or presence of the infection to be targeted, and also
may serve as surrogate measure for treatment response.
However, sensitive and specific assays, which can be de-
ployed rapidly, are often not available at the time of outbreak,
when clinical trials are being initiated. While quantitative
methods may be available, these often require centralized han-
dling of samples, as well as processing and interpretation by
specially trained staff. For clinical trials in an emergent infec-
tious disease, however, a decentralized, sensitive rapid point-
of-care testing approach is preferable, to allow for high-
volume testing in a low-resource environment by minimally
trained healthcare workers. Studies to validate diagnostic tests
for determination of eligibility, as well as for the monitoring of
an experimental treatment, should be planned under similar
scrutiny as the treatment trial itself, as this biomarker-driven
treatment approach may be developed in parallel with the
experimental treatment as a companion diagnostic device,
and may be subject to additional regulatory requirements
[77]. Examples on how to design and implement a validation
study for a novel diagnostic device in an outbreak setting
include the study protocol investigating the sensitivity and
specificity of the ReEBOVTM rapid diagnostic test of Ebola
antigen, which was implemented in a multisite approach in
West Africa [78].

Especially in the small trial environment, the selection of
outcome should follow the methodological concept of validi-
ty, reliability, and the ability to discriminate between different
disease states, as well as responsiveness to interventions and
the sensitivity to detect meaningful change [74]. Depending
on the scope of the trial, a pivotal trial aimed at regulatory

approval will select different outcomes (namely, clinical out-
comes on how patients Bfeel, function, or survive^ per Food
and Drug Administration regulation) than trials focused on
intermediate outcomes, aiming at informing future trials rather
than changing clinical practice. In diseases that are typically
fatal, survival is one of the most relevant trial end points, as
survival as outcome is objective, easy to measure, and not
subject to bias [67]. Alternatively, time to progression can be
used as outcome if the time point of progression can be clearly
defined as event in a clinical trial.Many neurovirological trials
will use biomarkers as outcomes. To qualify as a surrogate
biomarker, the outcome (e.g., viral load) should be responsive
to the treatment intervention and predict a clinical outcome.
However, if biomarkers are not in the direct causal chain be-
tween disease etiology, treatment target and clinical outcome,
the interpretation could become challenging. In early trial
phases, biomarkers can be useful as proof-of-concept criterion
for Bgo–no go^ decisions.

Novel Methodological Approaches and Trial Designs

Clinical trials in neurovirology may have common challenges,
including limited sample sizes, an emergency or intensive care
setting, and regional and temporal outbreak scenarios, as well
as settings in which established and rapidly deployable diag-
nostic tests are not yet available. As the imperative to conduct
well-controlled trials to minimize bias often conflicts with these
challenges, individual clinical trial designs should be tailored to
the specific characteristics of a given neurovirological disease.
Clinical trials in neurovirology should be appropriately con-
trolled and blinded. If a Bclassic^ design, such as an RCT using
a placebo as a concurrent, parallel control group, is not feasible,
other design options are available. In settings, where not all
parameters are known at the outset of the trial to plan an a priori,
Bwell-powered^ experiment, novel trial designs can help an-
swer questions of efficacy and safety, which are otherwise chal-
lenging to answer using a classic design. N-of-1 designs have
been established to offer a Btrial of therapy^ to individual pa-
tients, and can be a powerful tool in the assessment of compar-
ative effectiveness [79]. These designs are mostly useful in
chronic conditions and can improve the certainty of a treatment
decision at a single-patient level, with patients serving as their
own controls. Patients undergo at least 2 treatment periods with
experimental and control treatments in a double-blind fashion,
optionally preceded by an open-label run-in phase to optimize
the individual treatment regimen. In settings where a treatment
is already widely being prescribed for off-label use, and a
placebo-controlled trial would therefore face challenges during
recruitment, the concept of pragmatic clinical trials, in which
data obtained from electronic health records would be the basis
for an analysis, could be a valuable approach [80]. As men-
tioned above, sequential and group sequential designs, as well
as adaptive designs, allow for the Blearning^ of important trials
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parameters while a trial is already under way, making a rapid
deployment of development programs in outbreak settings, in
situations with limited sample sizes, as well as in scenarios
where certain parameters are not yet known. Bayesian designs
have been proposed for trials in the infectious disease setting
such as Ebola [81], including trial design such as the platform
trial, which allows the addition and removal of entire treatment
arms throughout the study [73].

In summary, even in challenging environments of
neurovirological diseases, where key components for large,
Bclassic^ placebo-controlled parallel-group RCTs are not
available, alternative trial designs should be considered to pre-
serve the imperative of a well-controlled clinical trial to an-
swer a question on efficacy and safety of an experimental
treatment in an unbiased and efficient way.

Box 1. Challenges in trial design for neurovirological diseases

• Selection of adequate controls, to ensure equipoise, and reduce bias.

• Availability of sufficient sample sizes, to avoid underpowered trials.

• Application of valid, reliable, and meaningful diagnostic tests and
outcome measures.

• Efficient trial implementation in a regionally and/or temporally
constrained setting such as outbreak scenarios, requiring concerted
efforts among investigators, policy-makers, regulators, medical staff,
and community.

Box 2. Trial design considerations to overcome challenges in
neurovirological diseases

• Designing natural history cohort studies focusing on Bclinical trial
readiness^, aiming at:

- describing the natural progression of the disease to inform future power
calculations

- developing and selecting diagnostic tests, biomarkers, and clinical
outcome measures

- creating a natural history cohort group as control for future clinical
trials

- assessing feasibility and refine procedures for future clinical trials (e.g.,
recruitment, retention, tests, etc.).

• Adequate clinical trial controlling may be achieved via:

- randomization to placebo, active control, no-treatment control, or dose-
comparison control

- when randomization is not feasible, rigorous external controlling via
historical control, or baseline control

- blinding towards the treatment allocation.

• Examples of innovative trial designs:

- cluster-randomized trials

- sequential trials

- adaptive trials

- platform trials

- N-of-1 trials

- pragmatic clinical trials.
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