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Abstract

Background

Cryptococcal meningitis (CM) is a leading cause of HIV-associated mortality. In clinical trials
evaluating treatments for CM, biomarkers of early fungicidal activity (EFA) in cerebrospinal
fluid (CSF) have been proposed as candidate surrogate endpoints for all- cause mortality
(ACM). However, there has been no systematic evaluation of the group-level or trial-level
evidence for EFA as a candidate surrogate endpoint for ACM.

Methods

We conducted a systematic review of randomized trials in treatment of CM to evaluate avail-
able evidence for EFA measured as culture negativity at 2 weeks/10 weeks and slope of
EFA as candidate surrogate endpoints for ACM. We performed sensitivity analysis on supe-
riority trials and high quality trials as determined by Cochrane measures of trial bias.

Results

Twenty-seven trials including 2854 patients met inclusion criteria. Mean ACM was 15.8% at
2 weeks and 27.0% at 10 weeks with no overall significant difference between test and con-
trol groups. There was a statistically significant group-level correlation between average
EFA and ACM at 10 weeks but not at 2 weeks. There was also no statistically significant
group-level correlation between CFU culture negativity at 2weeks/10weeks or average EFA
slope at 10 weeks. A statistically significant trial-level correlation was identified between
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EFA slope and ACM at 2 weeks, but is likely misleading, as there was no treatment effect
on ACM.

Conclusions

Mortality remains high in short time periods in CM clinical trials. Using published data and
Institute of Medicine criteria, evidence for use of EFA as a surrogate endpoint for ACM is
insufficient and could provide misleading results from clinical trials. ACM should be used as
a primary endpoint evaluating treatments for cryptococcal meningitis.

Introduction

Cryptococcal meningitis (CM) is a neglected disease, although it is a leading cause of HIV/
AIDS-associated mortality in sub-Saharan Africa with an estimated half million deaths yearly.
[1] Combined antiretroviral therapy (cART) has decreased HIV/AIDS-associated mortality in
the developed world such as the United States [2]; however, access to cART is still limited in
many regions globally and is often a first presentation of HIV infection. In addition, even after
‘standard of care’ therapy, mortality remains high; thus, effective antifungal therapies are still
needed to decrease mortality and disability caused by CM.[3] To facilitate drug development,
authors have hypothesized that microbiological biomarkers may serve as candidate trial-level
surrogate endpoints replacing all-cause mortality (ACM) in assessing treatment effects of anti-
fungal drugs in CM to decrease the number of enrolled participants in trials.[4] Differences in
proportions of cerebrospinal fluid (CSF) cultures below the level of detection (CFU<LOD;
referred to here as CSF culture negativity) at 2 and 10 weeks and the difference in mean slope
of quantitative cultures based on the number of colony forming units (CFUs) in the CSF over
time (EFA) have been the most commonly used measurements of microbiological clearance in
patients with CM.[5-12] Indeed, this biomarker was utilized as part of a composite endpoint to
recommend trial suspension in a recent trial of adjunctive corticosteroids in treating CM [13].
However, prior to implementation, rigorous analysis of such endpoints will help delineate the
advantages and limitations of biomarkers in clinical studies and patient care. Indeed, confusion
in the use of a microbial biomarker in the treatment of AIDS-associated mycobacterial disease
with clarithromycin may have contributed to excess trial mortality in one recent study [14].
The Institute of Medicine (IOM) framework for evaluation of biomarkers as candidate sur-
rogate endpoints recommends both analytical validation and qualification assessments for bio-
marker evaluation. Evaluation of analytical validity of biomarkers includes assessments of
reliability, reproducibility, standardization and quality controls. Qualification requires two fur-
ther criteria to consider a biomarker as a valid candidate surrogate endpoint. The biomarker
should serve as a group-level correlate with the true direct clinical endpoint (ACM in this dis-
ease) regardless of therapy. This requires evaluation of a correlation between quantitative
changes in the biomarker with changes in the direct measure of patient benefit independent of
treatment (higher or lower concentrations of CFUs in the CSF or higher/lower slope of EFA
with ACM regardless of which, or any, treatment received without a test or control group)
across multiple studies. The next criteria is that the biomarker should serve as a trial-level sur-
rogate in that a net treatment effect (difference in outcome between the test and control group
related to treatment) of interventions on the biomarker should capture the net treatment effect
of the intervention on the clinical endpoint [15]. In other words, there should be treatment
related changes between the test and control group on both the biomarker and the direct
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outcome of interest. This is based on an evaluation of differences between test and control
group on the biomarker (EFA) compared to differences in the direct patient outcome (ACM).
Implicit in this construction is that the treatment has an effect on both the biomarker and the
direct patient endpoint.[16] For general applicability, the biomarker should be valid across a
number of study conditions with different drugs and different patient populations. The IOM
recommends an initial evaluation of a biomarker as a surrogate endpoint should consider all
studies in a disease area in a trial-level meta-analysis.[17] [18] Such analyses have been carried
out for various surrogate endpoints like progression free survival in oncology and HIV viral
load in AIDS.[18] [19,20]

Although EFA has been shown to correlate with ACM independent of treatment in several
individual clinical trials (group-level surrogacy) [21], group-level correlations have not been
assessed across all trials. Furthermore, while these correlations represent a first step in evalua-
tion of a biomarker they do not assess the relationship between treatment related changes in
EFA and treatment effects on ACM (trial-level surrogacy). Further evaluation at the trial level
of treatment effects across all trial evidence is needed to recommend the use of EFA as a reliable
surrogate endpoint to assess treatment effects on ACM. To date there has been no systematic
trial-level analysis of EFA as a candidate surrogate endpoint in CM. Therefore, we evaluated
the available evidence for the biomarkers of cryptococcal EFA slope and culture negativity on
both criteria for candidate surrogate endpoints: 1) group-level correlations of measures of EFA
with ACM independent of treatment across high quality, randomized control trials, and 2)
trial-level treatment effects (differences between test and control groups) on the surrogate of
EFA analyzed by two different methods (CSF culture negativity at fixed time points and slope
of change in CFUs in CSF [EFA slope]) compared to treatment effects on ACM at 2 and 10
weeks in a systematic review of the literature.

Materials and Methods

Search strategy

The search sources included Embase, WOS, Scopus, Pubmed, Cochrane Library and Google
Scholar through April 22, 2013. The search terms included “cryptococcal meningitis” and
“cryptococcosis”. Studies were included if they were randomized trials on treatment of CM.
Non-randomized studies, duplicate data, or prevention or maintenance therapy trials for CM
were excluded. Microbiological outcomes including average EFA slope and proportions of
patients with CSF culture negativity at 2 or 10 weeks and all-cause mortality data at 2 or 10
weeks were extracted (Fig 1).

Data extraction

Extraction of data was conducted by one investigator and was reviewed by 2 independent
investigators. The protocol for the present review was registered in PROSPERO, international
prospective register of systematic review from the Centre for Review and Dissemination, Uni-
versity of York (PROSPER0O2013:CRD42013003726).

Risk of bias assessment

To evaluate the quality of the studies we used the Cochrane Collaboration s tool for assessing
risk of bias [22]. Each study was evaluated for 7 types of potential biases. The category of
“other bias” included studies with no stated hypotheses and studies with small numbers of
patients randomized as studies with less than 20 patients per study arm were considered to
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Abstracts identified as potentially relevant from
electronic databases
(n=1074)

Abstracts excluded based on screening criteria: review

articles, other fungal infections
(n=1031)

Full text studies obtained for further screening
(n=42)

Non-randomized controlled studies (n=14)
No mortality per arms (n=1)
Duplicated data (n=1)

Studies included in systematic review
(n=27)

Fig 1. Flow diagram of search strategy and studies selected.
doi:10.1371/journal.pone.0159727.g001

have high risk for bias. “Unclear risk” was assigned when information was not available for the
respective bias assessment.

Included studies were conducted in the US, Canada, India, Vietnam, Thailand, Indonesia,
Laos, Vietnam, Uganda, South Africa, Malawi, Botswana, Zimbabwe and Netherlands.

Antifungal interventions evaluated in the studies were: Amphotericin B deoxycolate (A),
liposomal Amphotericin B, lipid complex Amphotericin B, fluconazole (FLU), voriconazole,
itraconazole, interferon gamma, rifampin and flucytosine (F) alone or in combination. Early
versus delayed cART was evaluated in two studies. One study evaluated the effect of dexameth-
asone in patients receiving antifungal standard of care. Nineteen studies compared 2 treatment
groups, 5 studies compared 3 treatment groups and 3 studies compared 4 treatment groups.
(S1 Table)

We defined higher quality studies as those performed in HIV patients in which 3 or more
elements were listed as “low risk for bias” and 2 or less elements were listed as “high risk” of
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bias. The number of “unclear risk” elements in the quality assessment was not considered in
evaluating studies for the sensitivity analysis on higher quality studies.

We evaluated correlations of ACM with average EFA slope and proportion of patients with
CSF culture negativity at 2 and 10 weeks, and analyses were repeated limited to higher quality
studies according to the Cochrane Collaboration ‘s tool and studies with superiority hypothe-
ses, since trials with non-inferiority hypotheses may minimize differences between test and
control groups.

Statistical Analysis

Descriptive statistics were used to evaluate the results of each treatment group on EFA and
ACM. A weighted least squares method with generalized estimating equations (GEE) was used
to estimate the relationship between ACM and various measures of EFA. The data from each
study arm was weighted by the sample size. Group-level correlation between the mortality
rates from treatment groups within the same study was addressed by GEE using study as a clus-
ter variable with a working independence model. The method of Fay and Graubard was used
to provide accurate p-values for hypothesis testing.[23]

Analyses to assess trial-level treatment effects were performed in studies comparing control
groups usually consisting of fluconazole (FLC, or Amphotericin B (A) regimens alone or in
combination with flucytosine (AF) compared to test interventions including various drug com-
binations, different doses of drugs, lipid formulations of Amphotericin B, interferon, or dexa-
methasone. (S1 Table)

Between treatment-assignment group contrasts were formed for the test groups compared
to the control groups. We tested for trial-level treatment effects on ACM and measures of EFA
using weighted least squares as described above with weights proportional to the estimated var-
iance of the contrasts. Study was used as a cluster variable.

We conducted and reported this study using the PRISMA guidelines for systematic reviews.
(24]

Results
Study characteristics

One-thousand seventy four publications were retrieved from the search, of which 1047 were
excluded based on a priori exclusion criteria (Fig 1). Twenty-seven studies (n = 2854 patients)
were included in this review, encompassing 65 treatment-assignment groups (study arms) and
38 comparisons of test and control groups. Twenty-five studies were in HIV/AIDS patients
and 2 studies in non-HIV/AIDS patients; 13 higher quality studies (low bias highlighted in
green) were selected for further analysis based on the Cochrane Collaboration tool for assessing
risk of bias (Table 1) [22].

The mean CD4 count was reported in 19 of 25 studies in HIV/AIDS and ranged from 9 to
100 cells mm>. Mean HIV viral load reported in 8 studies ranged from 98,752 to 398,107 cop-
ies/ml. Mean age among all studies ranged from 28 to 52 years old.

Event rates for microbiological and mortality outcomes

Not all data was available in every study. Mean ACM was 15.8% and 27.0% at 2 weeks (17 stud-
ies, 41 arms) and 10 weeks (17 studies, 40 arms). There was no statistically significant overall
treatment effect among trials on ACM with a mortality difference of -0.58% (95% CI -3.75% to
+2.60%) at 2 weeks and 1.45% (95% CI -6.34% to +3.44%) at 10 weeks. (Fig 2, top panel)

PLOS ONE | DOI:10.1371/journal.pone.0159727 August 4, 2016 5/15



D)
@ ) PLOS | ONE Early Fungicidal Activity Systematic Review

Table 1. Cochrane’s assessment tool for assessing risk of bias.

Author(s) Year of Random Allocation Blinding of Blinding of Incomplete Selective Other
publication Sequence Concealment participants and outcome outcome data reporting bias
generation | (Selection bias) researchers assessment | (Attrition bias) | (Reporting
(Selection (Performance | (Detection bias) bias)
bias) bias)
Studies in HIV
patients
Jarvis et al [5] 2012
Techapornroong 2007
etal [31]
Brouwer et al [6] 2004
Nussbaum et al [7] 2009 Unclear Unclear Unclear
Mayanja-Kizza et al 1998 Unclear Unclear Unclear
[32]
Hamill et al [33] 2010
Chotmongkol et al 1997 Unclear Unclear Unclear
[34]
Tansuphaswadikul 2006 Unclear Unclear Unclear Unclear
etal [35]
Loyse et al [8] 2012 Unclear Unclear Unclear
Bicanic et al [9] 2008
Chotmongkol et al 2005 Unclear Unclear
[36]
Jadhav et al [37] 2010 Unclear Unclear
Jackson etal [10] 2012  Unclear  Unclear Unclear
Pappas et al [38] 2009 Unclear Unclear
Pappas et al [39] 2004 Unclear Unclear
Bisson etal [11] 2013 Unclear Unclear
Larsen et al [40] 1990 Unclear Unclear Unclear Unclear
de Gans et al [41] 1992 Unclear Unclear Unclear Unclear
Leenders et al [42] 1997 _ Unclear Unclear
van der Horst et al 1997 Unclear Unclear Unclear Unclear
[43]
Day et al [44] 2013
Makadzange et al 2010
[45]
Saag et al [46] 1992 Unclear Unclear Unclear
Sharkey et al [47] 1996 Unclear Unclear Unclear
Beardsley et al [13] 2016 Unclear Unclear
Studies including
non-HIV patients
Bennett et al [48] 1979 Unclear Unclear Unclear
Dismukes et al [49] 1987 Unclear Unclear Unclear Unclear

doi:10.1371/journal.pone.0159727.1001

Mean rates of CSF culture negativity were 42.5% (SD +0.24) and 63.3% (SD +0.20) at 2
weeks (11 studies, 27 treatment groups) and 10 weeks (5 studies, 10 treatment groups), respec-
tively. Mean EFA slope was -0.41 cfu/ml CSF/day (SD 0.13) among studies that measured this
microbiological outcome (9 studies, 24 treatment groups).

Among studies that reported CSF culture negativity at 2 weeks, 8 studies reported ACM at 2
weeks, and 5 studies at 10 weeks. Mean EFA slope was reported in 9 studies, of which 8
reported ACM at 2 weeks and 8 reported ACM at 10 weeks.
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Study  Arm (control-test regimen)

Difference in Percent of Death

at 2 Weeks [95% Cl]

Jarvis Am/5FC/IFN - Am/5FC .—-—4
Jarvis Am/5FC/IFN - Am/5FC —_—
Brouwer Am/5FC - Am [ |
Brouwer Am/FLC - Am [

Brouwer Am/5FC/FLC - Am | |

Loyse AM/FLC - Am/5FC S
Loyse AM/FLC - Am/5FC —_
Loyse Am/VCZ - Am/5FC |—-—|
Bicanic Am/5FC ~ Am/5FC S S
Pappas 2009  Am/FLC - Am |—-—|
Pappas 2009  Am/FLC - Am —_—

van der Horst ~ Am/5FC - Am r—.—|

Day Am/5FC - Am ———

Day Am/FLC - Am |—-—|

-4.54[-23.85,14.77]
-6.02 [ —24.50 , 12.46 ]
-6.25[-26.33 , 13.83 ]
18.75[ -9.15 , 46.65
-6.25[-26.33 ,13.83]
8.64[ -8.59 ,25.87 |
12.39[ -5.81,30.59]
2.69[-14.66, 20.04 ]
549[ -6.01,16.99]
-4.04[-20.70 , 12.62 ]
-11.70[ -27.28 , 3.88]
-0.14[ -4.74 , 4.45]
-10.25[-21.31, 0.80]
227[ -9.71,14.25]

Overall Estimate

-

-0.58[ -3.75, 2.60]

-40.00 -20.00 0.00 20.00 40.00 60.00

. Difference in Percent of Death

Study Arm (control-test regimen) at 10 Weeks [95% CI]
Jarvis Am/5FC/IFN - Am/5FC —_— 1.08[-23.15,25.30]
Jarvis Am/5FC/IFN - Am/5FC |—-—| -5.59[-28.42,17.24]
Brouwer Am/5FC - Am |—-—| -12.50[ -35.00, 10.00]
Brouwer Am/FLC - Am ' 25.00[ -5.93,55.93]
Brouwer Am/5FC/FLC - Am [ | 0.00[-27.05,27.05]
Hamill AmBisome - Am I—I—I 246 -7.47,12.39]
Hamill AmBisome — Am I—I—i -1.92[-10.88, 7.04]
Loyse Am/FLC - Am/5FC ' | 3.33[-25.12,31.79]
Loyse Am/FLC - Am/5FC ' | -2.73[-30.11,24.65]
Loyse Am/VCZ - Am/5FC : -5.00[ -36.68 , 26.68 ]
Bicanic Am/5FC - Am/5FC |——-—a 5.78[-15.13,26.69 ]
Day Am/5FC - Am .—.—; -14.44[-27.73 ,-1.16 ]
Day Am/FLC - Am |—-—-—| -11.11[-24.60, 2.38]
Beardsley = Am/FLC/DXS - Am/FLC l—‘—.—l 6.17[ -2.99, 15.33]
Overall Estimate ‘ -145[ -6.34, 3.44]

| | 1 T T
-40.00 0.00 20.00 40.00 60.00

Fig 2. ACM differences between test and control groups at 2 weeks and 10 weeks. All studies with non-missing data are
displayed. There are 7 studies and 21 arms.

doi:10.1371/journal.pone.0159727.9002
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Group-level correlations of EFA biomarkers with all-cause mortality
independent of treatment

Considering each analysis separately, there was no statistically significant correlation between
average EFA slope and ACM at 2 weeks (slope 29.15, 95%CI -24.99 to +83.18, P = 0.18) or
between CSF culture negativity at 2 weeks and ACM at 2 weeks (slope -0.18, 95% CI -0.44 to
+0.09, P = 0.10) and or 10 weeks (slope -0.02, 95% CI -0.48 to +0.43, P = 0.88). There was a sta-
tistically significant correlation between EFA and ACM at 10 weeks (slope 54.2, 95% CI 6.66 to
101.75, P = 0.04) (Fig 3).

Based on the Cochrane assessment of risk for bias, 13 higher quality studies were selected to
perform sensitivity analysis. (Table 1) There was no significant correlation between average
EFA slope and ACM at 2 weeks (P = 0.14) or between CSF culture negativity at 2 weeks and
ACM at 2 or 10 weeks (P = 0.18 and 0.71 respectively). (S1 Fig, S2 Table). A significant correla-
tion between EFA and ACM was again noted at 10 wks (P = 0.04). This relationship was again
found significant between EFA and ACM at 10 weeks, considering only trials with superiority
hypotheses (P = 0.04). (S2 Fig, S3 Table).

Trial-level correlation of treatment effects on EFA biomarkers and all-
cause mortality

In the absence of a consistent significant effect on ACM independent of treatment (Fig 3), the
current data do not provide a strong rationale to support testing biomarkers as treatment sur-
rogates. However, since the biomarker is being used as a treatment surrogate and trials have
been stopped based in part on this surrogate endpoint [13], we conducted such an analysis.
Restricting analyses to high quality studies, there were no statistically significant trial-level cor-
relations between treatment effects on CSF culture negativity at 2 weeks and 2 week ACM (esti-
mate -0.24, 95%CI -0.99 to +0.52, P = 0.23) or 10 week ACM (estimate 0.09, 95% CI -0.03 to
+0.22, P = 0.07). There was also no statistically significant correlation between average EFA
slope and ACM at 10 weeks (slope estimate 51.31, 95% CI -104.04 to +206.66, P = 0.18). How-
ever, there was a statistically significant correlation between EFA slope and ACM at 2 weeks
(slope estimate 72.57, 95% CI +11.12 to +134.02, P = 0.03; Fig 4A)

Discussion

Theoretically, EFA has an important characteristic as a surrogate endpoint in that it is on the
causal pathway of disease. Correlation of EFA and mortality has been reported in individual
randomized trials, which supports the concept of EFA as a potential candidate surrogate end-
point. According to the IOM, for a biomarker to be a candidate surrogate endpoint it should
correlate at the group-level with the direct endpoint regardless of treatment (no comparison of
outcomes between test and control groups). If such a correlation is shown, four further criteria
are required on trial-level treatment effects: 1) treatment has effect on microbiological out-
comes, 2) treatment has an effect on mortality 3) microbiological outcomes have an effect on
mortality and 4) the treatment effect on mortality is captured by the treatment effect on micro-
biological outcomes.[15,17,25] Our analyses utilizing IOM guidelines and published data
showed that EFA passes the first of these criteria; however, there was a lack of support for the
second criterion (no effect on mortality) and no consistent support for the third criterion
(microbiological effects and mortality), making examination of the fourth criterion (treatment
effects on microbiological outcomes and mortality) moot. Negative CSF cultures at 2 weeks
and 10 weeks also did not meet any of these criteria. Study quality assessed by Cochrane criteria
did not affect the outcomes of the analyses as correlation of negative CSF cultures at 2 weeks
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doi:10.1371/journal.pone.0159727.9003
with ACM at 2 or 10 weeks was not statistically significant in higher quality studies. Evaluation
of studies with superiority hypotheses (since non-inferiority hypotheses may minimize differ-
ences between groups) also revealed no consistent statistically significant correlation between
EFAs or negative CSF cultures with ACM. This lack of correlation shows that EFA does not
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and 10 weeks (4 studies and 12 arms).

doi:10.1371/journal.pone.0159727.g004

consistently meet the first criteria and, according to IOM criteria, does not support its role as a
candidate treatment surrogate for ACM based on current evidence.

While EFA might present a misleading picture of effects on ACM, because of the significant
association at 10 wks and decisions on current trials made based on EFA, we compared trial-
level treatment effects on EFA and negative CSF cultures at 2 weeks and 10 weeks, to treatment
effects on ACM at 2 and 10 weeks. Our analyses show that treatment again demonstrates
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inconsistent effects on EFA and ACM,, significant (without adjustment for multiple end point
comparisons) at 2 weeks but not at 10 weeks in contrast to the group-level analysis. There was
no treatment effect on negative CSF cultures at 2 weeks or 10 weeks. Since there is no treatment
effect on ACM, the apparent effects on average EFA slope at 2 weeks could present a mislead-
ing picture of benefit on the patient-centered outcome of ACM. Thus, one cannot substitute a
candidate surrogate endpoint for a direct measure of patient benefit without an effect on the
direct endpoint of ACM, according to IOM guidelines. The precision around the estimates of
ACM shows that lack of demonstrated differences in ACM is not related to insufficient sample
size across all the studies combined.

It is important to note that the present study utilized only randomized controlled trials to
facilitate testing for treatment surrogates. Inclusion of lower quality studies such as non-con-
trolled observational studies utilizing clearly inferior therapies such as oral fluconazole that
results in a lack of CSF fungal clearance and 100% mortality [26] may improve a group-level
prognostic relationship between EFA and ACA but is not valid for evaluating trial-level treat-
ment effects. In addition, a relationship valid principally for therapies largely abandoned (flu-
conazole monotherapy) is less likely to be useful for identifying therapies superior or equal to
current standard-of-care therapies such as intravenous Amphotericin B, nor is applicable as a
surrogate endpoint for current trials. Despite its potential correlation within selected patient
groups [21], lack of an association of EFA as a group-level prognostic marker across all avail-
able studies may also be due to issues with analytical validity reflected in an inability to repli-
cate the EFA assay among different investigators that could hamper its use in clinical practice.
Since lack of assay standardization can be a cause of poor correlations, assay validity is the first
step in the IOM recommended evaluation. Indeed, we could not find any published literature
testing widely utilized reliability measures of EFA testing. We also did not find consistent mea-
surement in trials of other direct patient centered outcomes other than ACM such as patient
morbidity to compare to EFA. Mortality is a competing risk for measures of morbidity, as
symptoms and patient function cannot be measured in patients who have died; thus, any analy-
sis of morbidity would still need to include mortality. Regarding the analysis of EFA as a treat-
ment surrogate, microbiological biomarkers of treatment efficacy may fail to correlate with
direct patient outcomes because of off-target toxicities or benefits, issues with measurement of
the biomarker (analytical validity), or alternative mechanisms of disease or treatment benefit
not captured by the biomarker.[15,27] While theoretically compelling, microbiological bio-
markers do not account for host response to infection, drug toxicities and interactions.[28] The
utility of biomarkers of EFA and culture negativity in pre-clinical studies to demonstrate bio-
logical activity and prioritize candidates for further development is unclear, as we did not per-
form analyses to evaluate this as done in oncology.[20] However, the evidence does not
support the use of EFA biomarkers as surrogate endpoints for ACM in trials used to confirm
patient benefit.

Future studies could be performed to improve the use of EFA as a predictor of individual
patient outcomes measured at the patient-level. Patient-level data was not available to perform
analyses to evaluate EFA as a prognostic indicator for individual patients in clinical practice.
However, trial-level data are necessary to evaluate the use of a biomarker as a treatment surro-
gate endpoint as we have evaluated here. We found potential biases in many of the randomized
trials in CM. Trials in CM often consisted of multiple intervention groups and small numbers
of patients enrolled, decreasing the precision of trial results. Poor funding has been implicated
as limiting more extensive study of a neglected disease that, nevertheless, kills over a million
individuals yearly [29]. More focused trials comparing a smaller number of regimens with an
adequate number of patients followed for a sufficient duration of time using ACM as a primary
endpoint, and microbiological outcomes as secondary endpoints may be an alternative

PLOS ONE | DOI:10.1371/journal.pone.0159727 August 4, 2016 11/15



@’PLOS ‘ ONE

Early Fungicidal Activity Systematic Review

approach to provide informative surrogate validation. Other direct measures of patient mor-
bidity could be evaluated in addition to ACM, for instance in a ranked ordinal scale [30].

In summary, we utilized published evidence to evaluate EFA biomarkers as candidate surro-
gate endpoints for ACM in CM trials. Such trial-level meta-analyses have been widely per-
formed to evaluate candidate surrogate endpoints in areas like oncology.[18,20] However,
despite widespread use of microbiological biomarkers as surrogate endpoints in infectious dis-
eases trials such as urinary tract infections, streptococcal pharyngitis, gonorrheal urethritis,
tuberculosis, and hepatitis C (and others), this is the first trial-level meta-analysis of surrogate
endpoints in infectious diseases published in the medical literature outside of HIV.[19] Appli-
cation of such rigorous analyses of treatment surrogates thus may be important to facilitate the
development of anti-infectives to combat the world-wide deficiency of effective antimicrobials.
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