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PURPOSE. To perform a Bayesian analysis of the Mycotic Ulcer Treatment Trial I (MUTT I) using
expert opinion as a prior belief.

METHODS. MUTT I was a randomized clinical trial comparing topical natamycin or
voriconazole for treating filamentous fungal keratitis. A questionnaire elicited expert opinion
on the best treatment of fungal keratitis before MUTT I results were available. A Bayesian
analysis was performed using the questionnaire data as a prior belief and the MUTT I primary
outcome (3-month visual acuity) by frequentist analysis as a likelihood.

RESULTS. Corneal experts had a 41.1% prior belief that natamycin improved 3-month visual
acuity compared with voriconazole. The Bayesian analysis found a 98.4% belief for natamycin
treatment compared with voriconazole treatment for filamentous cases as a group (mean
improvement 1.1 Snellen lines, 95% credible interval 0.1–2.1). The Bayesian analysis
estimated a smaller treatment effect than the MUTT I frequentist analysis result of 1.8-line
improvement with natamycin versus voriconazole (95% confidence interval 0.5–3.0, P ¼
0.006). For Fusarium cases, the posterior demonstrated a 99.7% belief for natamycin
treatment, whereas non-Fusarium cases had a 57.3% belief.

CONCLUSIONS. The Bayesian analysis suggests that natamycin is superior to voriconazole when
filamentous cases are analyzed as a group. Subgroup analysis of Fusarium cases found
improvement with natamycin compared with voriconazole, whereas there was almost no
difference between treatments for non-Fusarium cases. These results were consistent with,
though smaller in effect size than, the MUTT I primary outcome by frequentist analysis. The
accordance between analyses further validates the trial results. (ClinicalTrials.gov number,
NCT00996736.)

Keywords: fungal keratitis, corneal ulceration, clinical trial, Bayesian, statistics

Infectious keratitis is one of the leading causes of monocular
blindness worldwide.1 In South India, approximately half of

all infectious corneal ulcers are of fungal etiology.2 For fungal
keratitis, poor outcomes frequently result despite commonly
used treatments, such as natamycin.2,3 The 2006 outbreak of
Fusarium keratitis in the United States and Asia resulted in
heightened concern over how to best treat fungal keratitis.4–6

Recently, our group completed the first of two Mycotic Ulcer
Treatment Trials (MUTT I) to address this question. MUTT I is a
multicenter, randomized, double-masked clinical trial investi-
gating the efficacy of topical natamycin compared with topical
voriconazole with regard to visual acuity in culture-positive
fungal corneal ulcers.7

Although frequentist paradigms dominate statistical analysis
of clinical trials, useful insight may be gained from Bayesian
analysis, which permits the use of prior information derived
from either expert beliefs (subjective prior) or observational
results (objective prior).8,9 Currently, the clinical interpretation

of data generated from randomized controlled trials often poses
a challenge. The frequentist approach offers an estimate of the
probability that, were there no difference between the two
arms, we would have seen a difference at least as large as that
observed (P value). This approach does not reveal how likely it
is that one treatment is clinically better, whereas Bayesian
analysis allows one to estimate the probability of clinical
superiority.10,11 Since clinicians routinely use multiple sources
of evidence when interpreting diagnostic tests in practice, the
‘‘Bayesian’’ approach of incorporating prior knowledge and
addressing which treatment is superior may be more intuitive
for clinicians.10,12–14

In this study, we obtained a subjective prior by using a
questionnaire to elicit the beliefs of expert clinicians before the
MUTT I results were available. As a comparison, we used results
from the earlier Mycotic Ulcer Therapeutic Exploratory Trial to
generate an objective prior.15 Using the subjective and
objective prior distributions, we performed separate Bayesian
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analyses of the MUTT I study, thus allowing for comparison of
the subjective and objective posteriors.

METHODS

Trial Methods

The Mycotic Ulcer Treatment Trials (MUTT) are multicenter,
randomized, double-masked clinical trials studying the optimal
antimicrobial treatment of filamentous fungal keratitis. MUTT I
investigated the efficacy of topical natamycin compared with
topical voriconazole on 3-month best spectacle-corrected visual
acuity (BSCVA).7 MUTT II evaluates the efficacy of topical
voriconazole with oral voriconazole compared with topical
voriconazole with oral placebo, and is not analyzed here.

Detailed methods for MUTT I have been reported.7 Briefly,
323 fungal ulcer cases with enrollment visual acuity of 20/40
(0.3 logarithm of the minimum angle of resolution [logMAR])
to 20/400 (1.3 logMAR), presenting to the Aravind Eye Care
System (Madurai, Pondicherry, and Coimbatore) in India, were
randomized to receive 5% topical natamycin (Natacyn; Alcon,
Fort Worth, TX) or 1% topical voriconazole (VFEND IV; Pfizer,
New York, NY). The primary outcome for MUTT I was 3-month
BSCVA in logMAR, using linear regression with baseline acuity
and treatment arm as covariates. Complete details on baseline
characteristics have been reported previously.7

The MUTT I trial was compliant with the Health Insurance
Portability and Accountability Act of 1996, adhered to the
Declaration of Helsinki, and received approval from the
Institutional Review Boards (IRBs) at Aravind, Dartmouth,
and University of California, San Francisco (UCSF). The
questionnaire received IRB exemption at UCSF. Informed
consent was obtained from all participants.

Prior Elicitation

Subjective Prior. The subjective prior distributions were
obtained by eliciting the opinions of international corneal
experts through an online questionnaire (see Supplementary
Material for questionnaire). Emails were sent to 14 corneal
experts in the United States, United Kingdom, Australia, and
India in August 2012. The emails stated the objective of the
study and contained a link to the questionnaire. Experts were
determined in one of two ways: well-known specialist in the
field of fungal keratitis or corresponding author of one of the
most commonly cited ‘‘fungal keratitis or fungal corneal ulcer’’
papers (search on 7/25/2012 on Web of Science, available in
the public domain at http://www.isiknowledge.com). Partici-
pation was voluntary and all responses were anonymous. The
online questionnaire was conducted through SurveyMonkey
(SurveyMonkey.com, LLC, Palo Alto, CA).

The questionnaire elicited perceived best treatment of
filamentous fungal keratitis and of Fusarium keratitis. Fusar-

ium species are a subgroup of filamentous fungi and are the
most common cause of fungal keratitis in South India.15,16 Two
different methods were used to obtain a prior belief.
Participants were asked to: (1) specify their estimated best
effect and their 95% credible interval (CrI) (credible interval
method) and (2) allocate percentage points of probability to
discrete intervals (histogram method).12,17 We also asked
participants to qualitatively select their belief (natamycin,
voriconazole, or no difference) and used this response to verify
the direction (natamycin or voriconazole better) of the
credible interval and histogram methods.

For each individual response to the credible interval
method, we created a prior distribution by minimizing the
Fisher information that produced the desired mean and 95%

CrI. The individual prior distributions were then summed and
normalized to create a group prior distribution. Individual
responses from the histogram method were also summed and
normalized to obtain a group prior distribution. Other studies
have used similar methods for eliciting and pooling subjective
priors.12,14,17 For each expert, a non-Fusarium subjective prior
was determined from the individual’s prior beliefs for all
filamentous and Fusarium cases (assuming 40% of all
filamentous cases were Fusarium species as specified in the
questionnaire). We also performed a sensitivity analysis for the
credible interval method by excluding the most enthusiastic
respondent (N ¼ 1) for natamycin or voriconazole, based on
mean belief.12,17,18 This allowed us to examine if our outcome
had been biased by outliers.

Objective Prior. For comparison, we determined the
objective prior distribution from the results of the Mycotic
Ulcer Therapeutic Exploratory Trial, performed in preparation
for MUTT.15 The therapeutic exploratory study included 120
patients, of which 55 patients had enrollment BSCVA of 20/40
to 20/400. The study was also performed at the Aravind Eye
Care System (Madurai and Pondicherry) in India, used the same
personnel and drug dosing, and a similar study protocol. The
primary outcome for the therapeutic exploratory study was
also 3-month BSCVA. To standardize results, the therapeutic
exploratory study data were reanalyzed using MUTT I methods
for this study.7 We created an objective prior from the
therapeutic exploratory study results by assuming a non-
informative prior (a flat, improper prior). With this non-
informative prior and a likelihood obtained from the
therapeutic exploratory study’s primary outcome, we derived
a posterior using Bayes’ theorem.19 This posterior then became
the objective prior used in our analysis.

Descriptive Statistical Analysis

To describe the questionnaire responses, we performed
frequentist statistics. The number of ulcers treated and the
mean effect size were evaluated by the Student’s t-test.
Comparison of the credible interval and histogram group prior
distributions was analyzed by a paired t-test. Conversion
between Snellen line equivalents and logMAR units was
approximated by 1 Snellen line ¼ 0.1 logMAR. A negative
change in logMAR indicates improvement in visual acuity and a
positive logMAR indicates worsening. Statistical tests were
performed using a commercial software package (Stata 10.0;
StataCorp, College Station, TX).

Bayesian Analysis

Using Bayes’ theorem, the posterior distribution was calculated
by multiplying the likelihood of having obtained the MUTT I
results by the prior distribution for each effect size and
normalizing the result.19 The posterior distribution represents
the updated belief or probability distribution, given the new
experimental data (likelihood) and the prior distribution. To
calculate the subjective posterior distribution, we used the
credible interval prior since it was a continuous distribution.
All graphics, prior distribution calculations, and posterior
distribution calculations were performed using technical
computing software (Mathematica 8; Wolfram Research,
Champaign, IL).

RESULTS

Questionnaire

Of the 14 respondents, 11 completed the questionnaire. Only
the completed responses were analyzed. Two respondents had
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incomplete questionnaires, and another one indicated knowl-
edge of the trial results; per the comment box, it was clear this
respondent was referring to knowledge of already published
Mycotic Ulcer Therapeutic Exploratory Trial results. All 11
respondents who completed the questionnaire were ophthal-
mologists and 10 (91%) were corneal specialists. Seven (64%)
of the respondents had treated fewer than 100 ulcers in the
past year, and four (36%) had treated more than 100 ulcers.

We examined the effect of reported number of ulcers
treated on an individual’s response to the credible interval
method. There was no significant association between the
mean estimated best effect for all filamentous cases and the
number of ulcers treated (P ¼ 0.15). Similarly, there was no
significant association between an individual’s uncertainty,
measured by the width of the 95% CrI, and the number of
ulcers treated (P ¼ 0.30).

The individual responses to the questionnaire are portrayed
in Figures 1A–C. For all filamentous cases (Fig. 1A), seven
respondents (64%) expected no difference in 3-month BSCVA
between the antifungals, three respondents (27%) expected an
improvement in visual acuity with voriconazole, and one (9%)
with natamycin. For Fusarium cases (Fig. 1B), only two
respondents expected an alternate best treatment; of the 11
respondents, five (46%) expected no difference in acuity
between the antifungals, four (36%) expected an improvement
with voriconazole, and two (18%) with natamycin. Only one
individual had discordant direction of belief between the
qualitative and histogram methods.

Group Prior Belief

Filamentous, Fusarium, and non-Fusarium cases (Figs. 1A–C)
all had group prior distributions, with slight skewness of belief
toward voriconazole. Using the credible interval response,
natamycin treatment, compared with voriconazole treatment,
was estimated to have approximately 0.5-line worse 3-month
BSCVA for all filamentous (0.05 logMAR, 95% CrI �0.16 to
0.39), Fusarium (0.04 logMAR, 95% CrI �0.25 to 0.39), and
non-Fusarium cases (0.05 logMAR, 95% CrI �0.14 to 0.39).
Comparison of the credible interval and histogram group prior
distributions showed no significant mean difference for all
filamentous (P ¼ 0.77), Fusarium (P ¼ 0.90), and non-
Fusarium cases (P ¼ 0.29).

Bayesian Analysis

Filamentous Cases. We generated a subjective posterior
distribution using the credible interval response prior and the

primary outcome of MUTT I (Fig. 2A). Frequentist analysis
results for MUTT I and the therapeutic exploratory trial are
shown in Table 1, with Bayesian analysis results listed in Table
2. For the subjective posterior distribution, there was a 98.4%
belief (area under the curve to the right of 0) that natamycin
improved 3-month BSCVA. The posterior distribution’s mean
was 1.1-line improvement with natamycin compared with
voriconazole (Table 2), a smaller effect than the MUTT I
frequentist estimate of 1.8-line improvement with natamycin
(Table 1). Figure 2B shows the objective posterior distribution,
which has a 97.6% probability (area under the curve to the
right of 0) that natamycin improved 3-month BSCVA. In the
sensitivity analysis, exclusion of the most enthusiastic respon-
dent for natamycin or voriconazole from the group prior
resulted in a subjective posterior distribution with a 97.4% or
98.4% belief, respectively, that natamycin improved 3-month
BSCVA, similar to the 98.4% belief using all respondents.

Fusarium Cases. Subjective analysis of Fusarium cases
shows a 99.7% belief that natamycin improved 3-month BSCVA
(Fig. 2C). In Figure 2D, the objective posterior for Fusarium

cases shows a 99.97% probability that natamycin improved
visual acuity.

Non-Fusarium Cases. Figures 2E, 2F present the subjec-
tive and objective posterior distributions for non-Fusarium

cases. The subjective posterior shows a 57.3% belief that
natamycin improved BSCVA at 3 months, whereas the
objective posterior shows a 38.9% probability. The mean
BSCVA for both subjective and objective posterior distributions
suggests essentially no difference between natamycin and
voriconazole (Table 2).

DISCUSSION

MUTT I evaluated the efficacy of natamycin or voriconazole
for treating filamentous fungal keratitis. The frequentist
analysis found a significant improvement in 3-month visual
acuity with natamycin compared with voriconazole.7 Here,
we elicited the expert opinions of corneal specialists on
treating filamentous ulcers, to perform a Bayesian analysis of
MUTT I’s primary outcome. Experts believed a priori that
natamycin-treated cases would perform slightly worse than
voriconazole-treated cases. However, subjective Bayesian
analysis using the group prior distribution found a 98.4%
belief that natamycin improved 3-month BSCVA for filamen-
tous cases as a group compared with voriconazole. For
Fusarium cases, the subjective posterior demonstrated a
99.7% belief in favor of natamycin treatment, whereas non-

TABLE 1. MUTT I and Mycotic Ulcer Therapeutic Exploratory Trial Primary Outcome Results by Frequentist Analysis

Trial No. of Patients

3-Month Visual Acuity for Natamycin (vs. Voriconazole)*

Coefficient

(95% CI), logMAR P Value

MUTT I

Filamentous† 284 �0.18 (�0.30 to �0.05) 0.006

Fusarium† 112 �0.41 (�0.61 to �0.20) <0.001

Non-Fusarium 172 �0.02 (�0.17 to 0.13) 0.81

Exploratory Trial‡

Filamentous 54 0.17 (�0.10 to 0.45) 0.21

Fusarium 22 �0.06 (�0.42 to 0.30) 0.73

Non-Fusarium 32 0.29 (�0.12 to 0.70) 0.16

* Multiple linear regression with baseline acuity and treatment arm as covariates.
† Results reported in Prajna et al. (2012).7

‡ Therapeutic Exploratory Trial groups included only patients with presentation visual acuity of 20/40 to 20/400 (logMAR 0.3–1.3) to match
MUTT I results.

Bayesian Analysis of Mycotic Ulcer Treatment Trial I IOVS j June 2013 j Vol. 54 j No. 6 j 4169



Fusarium cases had a largely neutral subjective posterior of

57.3% belief. Objective Bayesian analysis, using the Mycotic

Ulcer Therapeutic Exploratory Trial results to form a prior,

found similar results.

Bayesian analysis can be used as an alternative method to

evaluate clinical trials. In brief, prior information is combined

with experimental data to derive a posterior probability using

Bayes’ theorem.8,9,19 Compared with traditional frequentist

FIGURE 1. Plot of the individual and group expert prior distributions for the difference in 3-month visual acuity between topical natamycin and
voriconazole for all filamentous (A), Fusarium (B), and non-Fusarium cases (C). Individual prior distributions were constructed from each
individual’s reported mean and 95% CrI (gray line). For display purposes, identical individual prior distributions were displaced slightly vertically in
the figure. The group prior distribution was constructed by adding and then normalizing the 11 individual prior distributions using both the CrI
method (red) and the histogram method (green). Individual prior distributions using the histogram method are not shown in the figure.
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TABLE 2. Subjective and Objective Bayesian Analysis Results

Group

3-Month Visual Acuity for Natamycin (vs. Voriconazole)

Subjective Bayesian Posterior Objective Bayesian Posterior

Mean (95% CrI), logMAR Belief of Improvement, %* Mean (95% CrI), logMAR Probability of Improvement, %*

Filamentous �0.11 (�0.21 to �0.01) 98.4% �0.11 (�0.23 to �0.001) 97.6%

Fusarium �0.24 (�0.33 to �0.07) 99.7% �0.31 (�0.49 to �0.13) 99.97%

Non-Fusarium �0.01 (�0.11 to 0.11) 57.3% 0.02 (�0.12 to 0.16) 38.9%

* Calculated by taking the area under the curve to the right of 0.

FIGURE 2. Plots of the prior distribution (red), the likelihood of MUTT I results (blue), and the posterior distribution (gold) for filamentous (A, B),
Fusarium (C, D), and non-Fusarium (E, F) cases. The posterior distributions were calculated using Bayes’ theorem by multiplying the prior
distribution by the likelihood and normalizing. The subjective Bayesian analysis used the group prior distributions (A, C, E). The objective Bayesian
analysis used priors derived from the Mycotic Ulcer Therapeutic Exploratory Trial results (B, D, F).
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statistics, Bayesian methods have the advantage of incorporat-
ing prior information and estimating the probability that one
treatment is more effective than another.10–12 Frequentist
analysis tests the hypothesis that the two treatment arms have
the same efficacy; it offers an estimate of the probability of
finding results as skewed or more skewed between the arms, if
there was in truth no difference between them (P value). This
finding is not directly related to the probability of treatment
superiority. Using Bayesian analysis, we can directly estimate
the probability that natamycin or voriconazole is more
effective in treating fungal ulcers. However, Bayesian analysis
can be highly dependent on the prior distribution and, in this
way, has been deemed ‘‘subjective.’’10 In this study, the prior
distribution reflects the initial beliefs of fungal keratitis experts
regarding treatment effect. If we had surveyed an alternate
group of individuals, we would likely have a different prior
distribution that may result in a different posterior distribution.
Thus, the validity and reliability of prior elicitation are crucial.

For this reason, we elicited the subjective prior using two
different methods: credible interval (mean and 95% CrI) and
histogram. The two methods did not have a significant mean
difference, although the distributions were inherently differ-
ent—the histogram method used discrete intervals, whereas
the credible interval was continuous. To have a standard of
comparison for the subjective posterior, we used the
therapeutic exploratory study to generate an objective
posterior.15 We found both posteriors to be similar, although
the objective suggested more uncertainty.

Overall, the Bayesian analysis results were consistent with,
though more conservative than, the frequentist results. A
Bayesian posterior consistent with the frequentist result can
serve to confirm it, whereas substantial disagreement between
Bayesian and frequentist results implies that previous knowl-
edge and outcome are incompatible, and both should be
reexamined.17 Our Bayesian analysis result suggested a similar,
but smaller effect size than that of the frequentist result. This
finding often occurs in Bayesian analysis: as the sample size of a
study increases, the likelihood dominates the prior and the
Bayesian posterior will asymptotically approach the likeli-
hood.20,21 Although the 323-patient MUTT I study had similar
frequentist and Bayesian results, the MUTT I frequentist
analysis may have exaggerated the difference between
treatment groups, and the more conservative Bayesian analysis
may be more realistic in its estimate of effect size.

In our elicitation of the prior, we demonstrated that fungal
keratitis experts marginally preferred voriconazole over
natamycin, with a variation in belief consistent with commu-
nity equipoise. Another recent survey of corneal specialists
found that voriconazole was the preferred topical treatment
over natamycin.22 Experts were likely optimistic about
voriconazole use for several reasons. First, in vitro studies
suggested that voriconazole could be effective for fungal
keratitis in general and Fusarium and Aspergillus species in
particular.23–25 Second, voriconazole had been shown to have
better penetration through the corneal epithelium than
natamycin.26–28 Third, voriconazole was a newer azole, with
broad systemic coverage of invasive filamentous fungi and
candidiasis.29,30 Finally, results from the Mycotic Ulcer
Therapeutic Exploratory Trial found that voriconazole-treated
patients had 1-line improvement in 3-month visual acuity
compared with natamycin-treated patients (�0.098 logMAR,
95% confidence interval [CI] �0.28 to 0.083, P ¼ 0.29).15

However, MUTT I frequentist and Bayesian analysis results
were not consistent with prior beliefs or in vitro and
exploratory study results.

There are limitations to in vitro susceptibility testing and
exploratory studies, which may account for the discrepancy
between prior studies and MUTT I results. Susceptibility

testing is only one of several factors that predict treatment
success.31,32 Exploratory studies are often small and are
preliminary in nature. The 120-patient Mycotic Ulcer Thera-
peutic Exploratory Trial also did not limit enrollment by
presentation visual acuity, whereas MUTT I enrolled only
patients with visual acuity of 20/40 to 20/400. As described in
our MUTT I primary paper, the success of natamycin treatment
is largely attributable to improvement in Fusarium cases.7

When we examined the 22 Fusarium cases in the therapeutic
exploratory trial with presentation visual acuity of 20/40 to 20/
400, the natamycin-treated cases had marginally better acuity
than that of voriconazole-treated cases, although not signifi-
cantly so (�0.06 logMAR, 95% CI �0.42 to 0.30, P ¼ 0.73).

There are several limitations to our elicitation method. First,
our sample of 11 experts may not reflect the broad range of
opinions of our target population. Although we included
corneal experts from four different continents, most practiced
in an academic environment. Although our questionnaire
sample size was comparable to that of other Bayesian priors in
the literature,14 further studies may require larger and more
diverse sample populations. Second, since MUTT enrolled
patients only in South India, the incidence of fungal keratitis
and patient characteristics may differ from that of other
regions. To address these differences in our questionnaire, we
restricted the types of organisms and their relative proportions
only to those found in South India. Third, our questionnaire
may be susceptible to anchoring bias since we presented data
in examples in an attempt to facilitate better understanding of
statistical concepts. Anchoring bias occurs when a respon-
dent’s belief is influenced by how the data are presented. To
limit anchoring bias, we used symmetric examples and three
different methods (qualitative, credible interval, and histo-
gram) to ask similar questions. Although there were more
responses indicating no difference between antifungals, we
found that all of the responses, except for one, were consistent
among the three methods. This finding likely suggests that
anchoring bias was limited.

In summary, we found that natamycin improved 3-month
visual acuity using both Bayesian and frequentist analyses for
all filamentous ulcers. For Fusarium ulcers, natamycin also
performed better than voriconazole, but for non-Fusarium

ulcers, there was equipoise regarding treatment. The Bayesian
analysis suggested a smaller treatment effect than the
frequentist result. Overall, Bayesian analysis may offer more
intuitive results than frequentist analysis and could be
considered as a supplement to the frequentist ap-
proach.10,12–14
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