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Abstract 

Innovative Microbial Outcomes in Randomized Control Trials 

By Kathryn J. Ray 

 

Randomized Control Trials (RCTs) in infectious disease can use a clinical outcome or a 

microbiological surrogate outcome. While caregivers are more interested in the clinical outcome, the 

microbiological outcome may be far more sensitive. Here I consider uncommon microbial outcomes 

to assess impacts of interventions in 4 different RCTs, ranging from presence of organism to 

microbiome diversity. 

 In chapter one, I design and analyze an experiment to compare community microbiome 

diversity estimates derived from 16s rRNA sequencing of 1) individually sequenced specimens versus 

2) pooled specimens collected from a community.  I then compare the gamma-estimates using 

Pearson’s correlation as well as conducting Bland & Altman agreement analysis. In chapter 2, I assess 

whether dominant genera of microbiome samples are associated with treatment or clinical outcomes in 

a probiotic RCT performed in cystic fibrosis pediatric patients. In chapters 3 and 4 I determine if 

results from a repeated fungal culture are predictive of clinical outcomes in two separate corneal ulcer 

RCTs. 

The estimates of community level microbiome diversity from pooled samples correlated well with 

estimates from individual samples. Additionally, all pooled samples fell within the 95% limits of 

agreement. Pooling microbiome samples to estimate community level diversity as a microbiological 
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surrogate outcome is a viable method and measure to consider in population-level association research 

studies.  Distinct gut microbiota compositions, dominated by a particular genera, were associated with 

clinical outcomes in cystic fibrosis patients. These findings add to the growing body of scientific 

evidence that distinct gut microbiota states are associated with severity of clinical outcomes. Repeat 

culture positivity was strongly associated with primary clinical outcomes in two separate fungal corneal 

ulcer trials. Not only was repeated culture shown to be a possible surrogate outcome for corneal ulcer 

trials, but it also established a new standard of a care for some clinicians managing patients with fungal 

keratitis. 
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 Pooling Microbiome Specimens to estimate gamma diversity 
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INTRODUCTION 

Antibiotics given to an individual have been shown in longitudinal studies and a randomized 

controlled trial to decrease alpha-diversity in the gut microbiota.1 Likewise, community-based 

interventions, such as mass distributions of antibiotics, may impact the gamma-diversity of a 

community. Cluster randomized control trials (CRTs) are often more concerned with the collective 

effect of the intervention on the entire cluster rather than the effect at the individual level. Thus 

gamma-diversity of a community is a plausible metric in the CRT setting. Gamma-diversity is 

typically estimated using established ecological methods requiring taxa identification at the level of 

the individual host, (eg animal or person). Individual processing combines results from different 

amplifications which could introduce bias. Moreover, individual processing is resource-intensive for 

microbiome studies.2,3 One way to estimate an intervention’s impact on diversity in a community 

may be to pool samples taken from many individuals prior to sequencing rather than sequence each 

individual’s sample first.  

Pooling of samples has long been used for screening for infection, although individual from any 

positive pool specimen would then need processed to identify the infected person. Pooling has been 

used to assess community-level prevalence without the need to retest positive pool. The prevalence 

in the community most likely to have resulted in the results from the pools can easily be estimated.4 

5-7 Human genetic researchers have pooled samples to identify changes in gene expression profiles, 

identify SNPs, estimate allele frequencies, or genetic variants in GWAS studies.8,9 Here, we estimate 

gamma-diversity of a community using laboratory pooled specimens. While, pooling may seem 

intuitive, variability may be introduced in several steps including collection of specimens, aliquot 

measurement, DNA amplification, and microbiota profiling.10,11 We compare gamma-diversity 
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estimates using the established method of collecting and sequencing individual samples to pooling 

samples prior to sequencing, and assess whether pooling may be efficient outcome for CRTs.  

METHODS 

Collection of samples. This study used fecal specimens from a previously described RCT in Niger of 

which children age 1-60 months were assigned to receive oral azithromycin or placebo 5 days prior 

to their fecal specimen collection.1  A total of 103 swabs were obtained by trained field workers in 

the small community of Sarkin Yara Koira, Niger: 40 rectal swabs from children treated with 

azithromycin, 40 rectal swabs from children treated with placebo, 8 negative-control air swabs and 

15 positive-control duplicate rectal swabs. The health worker wore clean gloves each time he/she 

collected a rectal swab and placed it in a tube with Norgen Stool Nucliec Acid Preservative. The 

samples were stored as directed according to the manufacturer (Norgen Biotek Corp., Canada) for 

high-throughput sequencing 

Sample preparation. Rectal samples were randomized prior to DNA extraction and all lab personnel 

were masked to experimental characteristics associated with them including treatment assignment 

and/or pooling status. DNA isolation from swabs was done using Norgen Stool DNA Isolation Kit 

(Norgen Biotek Corp, Canada) as described previously.1 Extracted DNA was quantified using 

QuBit and normalized. Samples for individuals were again randomized in order and relabeled with a 

new sample id prior to 16S rRNA gene deep sequencing at SeqMatic LLC (Fremont, CA).  

DNA-Sample construction. We considered 4 different methods for preparing samples from field 

specimens in our experiment. 1) Individual samples were constructed by extracting equal amounts of 

DNA from each of the 80 fecal specimens. 2) Eight 10-Pools were constructed by extracting equal 

amounts of DNA using qubit from 10 fecal specimens and then combined into a pooled sample. 3) 
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Four 20-Pools were constructed by extracting equal amounts of DNA from 20 fecal specimens and 

then combined into a pooled sample and 4) Four 40-Pools were constructed by extracting equal 

amounts of DNA from 40 fecal specimens and combined into a pooled sample. All samples were 

pooled together by treatment arm and component samples were randomly chosen for each of the 3 

different pooling sizes. Once isolation of the DNA was completed and pooled-samples were 

constructed, all samples were again randomized in order and relabeled with a new sample id prior to 

16S rRNA gene deep sequencing at SeqMatic LLC (Fremont, CA). 

16S rRNA gene deep sequencing. The gut microbiome was assessed by high-throughput sequencing 

of the V3-V4 hypervariable region of the 16S rRNA gene. Library preparation was performed per 

Illumina 16S metagenomic sequencing library preparation protocol and subjected to paired end 

Ilumina sequencing on the MiSeq using paired 250 base-pair reads and MiSeq v3 reagents. Standard 

16S metagenomic analysis was performed using Illumina’s BaseSpace software which mapped the 

16S reads against the GreenGenes database according to species or genus. 

Data Analysis. We estimated diversity using a general class of diversity measures of order q equal to 

0, 1, or 2 based on the Renyi entropy or Hill-number (generalized diversity):  

𝐷𝐷 𝑞𝑞 = ��𝑝𝑝𝑖𝑖
𝑞𝑞

𝑆𝑆

𝑖𝑖=1

�

1 (1−𝑞𝑞)⁄

 

where 𝑆𝑆 is the number of species, 𝑝𝑝𝑖𝑖 is the relative abundance of the species found in the sample.[1-

4] In particular we estimated diversity number equivalents using generalization of the classic species-

neutral ecology diversity measures: species richness ( 𝐷𝐷) 
0 , the exponential of Shannon entropy 

(lim
𝑞𝑞→1

( 𝐷𝐷) 
1 ) and the inverse Simpson concentration ( 𝐷𝐷) 

2 .[1, 2, 5] We considered estimation of 
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gamma diversity using 4 different methods for preparing samples, individuals, 10-pools, 20-pools 

and 40-pools. We used the mean gamma-estimates when possible which included: duplicate runs of 

individual specimens, repeated 40-pool construction, and combining 20- and 10-pool estimates by 

arm. We performed multiple rarefication using the minimum sequencing depth from all 80 

individual samples and n times this minimum sampling depth for the pooled samples, where n is the 

number of individual specimens contained in each pool. This ensured taxon relative abundances 

were equivalent, thus removing potential sample size biases which affect species richness and 

Shannon’s diversity estimates.[6] All diversities were expressed in terms of the effective number, or 

the number of equal proportion taxa that would be equivalent to the same diversity as that observed 

in the unequal proportions of our sample.[2] 

We define gamma from pools here as the alpha-diversity of the pooled sample. We compare gamma from 

pools to the traditional estimation of gamma-diversity using individual samples.[2] Correlation 

coefficients and p-values were calculated for all possible combinations of pools. Because gamma-

estimates using individual or pooled each produce some error in their measures, we  check their 

agreement across ranges of diversity using the Bland and Altman limits of agreement using 

BlandAltmanLeh package in R.[7] All diversity calculations were conducted using the vegetarian 

package in R, version 3.3.3. Correlation of estimates of a communities 𝛾𝛾-diversity based on pooled-

samples versus individual samples for was calculated using Stata 13. Taxa for individual samples 

were rarefied using R.  

RESULTS 

Richness (q=0). Table 1.1 displays the gamma-diversity estimates by arm and sample preparation 

methods. The gamma-diversity in the placebo-arm was 350 genera among the samples sequenced 
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from individual specimens (N=80), 322 genera among the specimens pooled into groups of 10 

(N=4), 321 genera among the specimens grouped into pools of 20 (n=2), and 342 genera among the 

samples grouped into pools of 40 (N=1). For those children treated with azithromycin, average 

community richness was 332, 238, 265, and 305 among the individual, 10-pooled, 20-pooled, 40-

pooled samples respectively (Table 1.1).  

Shannon’s (q=1). The estimated Shannon’s gamma-diversity in the placebo-arm was 36.0, 27.6, 27.3 

and 30.1 in the individual, 10-pooled, 20-pooled, and 40-pooled samples respectively. The estimated 

Shannon’s 𝛾𝛾-diversity in the azithromycin-arm was 21.54, 14.35, 19.83, and 19.76 in the individual, 

10-pooled, 20-pooled, and 40-pooled samples respectively (Table 1.1).  

Simpson’s (q=2). Using Simpson’s gamma-diversity, the sequenced taxa from the placebo arm 

produced 18.3, 13.4, 12.4, and 13.3 from the individual, 10-pooled, 20-pooled, and 40-pooled 

samples respectively. Likewise, the estimated Simpson’s gamma-diversity in the azithromycin-arm 

was estimated to be 9.8, 7.3, 8.4, and 7.7 from the individual, 10-pooled, 20-pooled, and 40-pooled 

samples respectively (Table 1.1). 

The correlation coefficients between the gamma-diversity estimates by arm and sample preparation 

methods ranged from 0.68 to 0.99, with most being statistically significantly correlated. All 

correlations between all diversity estimates are significant in the 10-pool data, most likely because 

our sample size (number of pooled samples) is greater. It should be noted that a Bonferroni multiple 

comparisons correction would require a p-value less than 0.006, which means only Shannon’s 10-

pools and 40-pools are significant after correcting for multiple comparisons. As a sensitivity analysis, 

non-rarefied reads were compared as well. Simpson’s diversity measure is unbiased by sample size, 
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so as expected the estimates, correlation coefficients, and p-values remain essentially unchanged 

between the rarefied data and then non-rarefied data. 

Comparisons of the two gamma-diversity estimates across ranges of diversities is displayed in a 

Bland and Altman plot (Figure 2.2).  The mean difference in the two estimation methods for 

richness was -31 genera (95% CI: -71 to 9), for Shannon’s gamma-diversity was -4.2 (95% CI: -5.6  

to -6.3), and Simpson’s diversity was -3.0 (95% CI: -7.8 to 1.7). Pools comprised of 40 specimens are 

closest to the line of agreement, but all pooled samples and individual samples are within the 95% 

limits of agreement. 

Principal coordinates analysis (PCoA) plots for community-diversity estimates using individual 

samples (triangles), pooled samples (big circles) and individual samples (small circles) demonstrate 

the community level microbiome as characterized by the different types of samples (Figure 2.3). In  

PCoA plots, points that are closer together represent microbial communities that are more similar in 

sequence composition. It is clear from Figure 2.3 that the gamma-estimates are close and that they 

are estimating the alpha-diversity of the individuals in the community. 

DISCUSSION 

Pooling with nucleic acid amplification testing (NAAT) has been used in a number of ways including 

targeted PCR to detect rare species, estimate overall community infection prevalence, SNP discover 

or allele frequency.[8, 9] [10] Here we estimate gamma-diversity from pooled specimens for 

community level association studies using microbiome diversity. We found this pooling method 

provides estimates of the community level diversity that are highly correlated with gamma-diversity 

estimates using individually sequenced samples. This method since has been used in practice to 
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assess the effect of mass antibiotic treatment on community-level gamma-diversity between 

treatment groups in a large cluster RCT. (reference MORDOR,Thuy, here).  

In any estimate there will be bias. Here we consider the main sources of bias one should consider 

when pooling microbiome specimens to estimate gamma-diversity, extracting equal amounts of 

DNA, PCR amplification of a pooled sample versus individual samples, number of samples to pool. 

Prior to this experiment we believed obtaining equal aliquots of DNA from component specimens 

might introduce too much bias to estimate gamma diversity as it’s been traditionally estimated. PCR 

amplification bias will also be introduced to the pooled sample estimation compared to the 

individual sample estimation differently. Arguably, pooling might be a better estimation of gamma-

diversity because PCR amplification bias is introduced once versus 10, 20, or 40 different times for 

individually processed samples.  Finally, it should be noted that more individual specimens 

combined into a pooled sample reduces the estimation bias because as this number increases, alpha 

of a pool estimate approaches gamma of the individuals.  

Limitations of our study include that we only considered bacterial microorganisms, our sample size 

was small, and our population was an antibiotic naïve community with likely low heterogeneity 

among children’s microbiome’s compared to other communities. Pooling may not be a good 

strategy when microbiome sample heterogeneity is high, depending on your research question and 

the power of your study.[11]  

Gamma-diversity is a relevant metric in cluster randomized control trials. As previously shown the 

microbiome changes daily and is dependent on the environment or one’s surrounding community. 

Pooling microbiome samples prior to DNA amplification to estimate community level diversity is a 

viable and valuable measure to consider in population-level association research studies.  
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Table 1.1 Estimates of community gamma-diversity using 4 different methods for preparing 
samples from field specimens. 

Treatment Arm Method 
Number of 
samples 
sequenced 

Richness 
(q=0) 

Shannon's 
(q=1) 

Simpson's 
(q=2) 

Placebo 

Individuals* 40 350 36.0 18.3 
10-Pools 4 322 27.6 13.4 
20-Pools 2 321 27.3 12.4 
40-Pool* 1 342 30.1 13.3 

Antibiotics 

Individuals* 40 332 21.5 9.8 
10-Pools 4 238 14.4 7.3 
20-Pools 2 265 16.1 8.4 
40-Pool* 1 305 16.3 7.7 

*Second aliquots were constructed for repeatability comparisons. Gamma estimates here are the 
average of the two different aliquots taken from the same specimens. 
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Figure 1.1 Comparing Gamma: The gut microbial composition of each study arm. Each bar 
represents gamma-diversity abundances captured by either sequencing 40 individuals separately or 
by pooling 40 samples and then sequencing. 
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Figure 1.2 PCoA plots for community-diversity estimates using individual samples (triangles), 
pooled samples (circles). Also plotted are individual samples (stars). 
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 Distinct Gut Microbiota Compositions associate with clinical outcomes in 

children with Cystic Fibrosis  
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INTRODUCTION 

Cystic Fibrosis is an autosomal multi-organ disease in which abnormal cellular mechanisms thicken 

mucus in the pulmonary airways, gastrointestinal tract, and pancreatic ducts. Patients with CF 

experience frequent pulmonary exacerbations, infections, inflammation, and reduced pulmonary 

function as well as gastrointestinal inflammation due to this thickened mucus. CF is difficult to treat, 

often requiring aggressive antibiotic therapy which is known to alter the intestinal micro-ecology and 

may eliminate subsets of beneficial bacteria.[1-4]  Because presence of commensal bacteria in the gut 

is essential to biosynthesize anti-inflammatory compounds which help in regulating immune 

responses, CF antibiotic therapy likely contributes to inflammatory responses, causing a ‘vicious’ 

circular effect. [5-8]  

The relationship between bacterial colonization of the GI tract and the immune response has been 

well established across different inflammatory and autoimmune diseases or disorders such as asthma, 

atopy, Chrohn’s disease, celiac disease, Inflammatory Bowel Syndrome (IBS), Necrotizing 

Enterocolitis (NEC), Rheumatoid Arthritis, and Lupus.[9-16]  Recent studies in adults with CF 

demonstrated dysbiosis in the gut microbiota as well as measureable changes in functionality of the 

gut microbiota compared to non-CF controls.[17, 18] A direct association between the gut-

microbiota and lung function or other clinical outcomes in CF patients has not been shown. There is 

evidence that altering the gut-microbiota affects lung function in allergic or asthmatic illnesses.[9] In 

particular, mouse experiments have shown that increases in dietary fermentable fiber change the 

intestinal microbiota, which in turn shape the immunological environment in the lung lessening the 

severity of inflammation.[19]  In neonates distinct gut microbiota states were differentially related to 

risk of childhood atopy and asthma.[20]   
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Conflicting results from studies indicate that Lactobacillus GG (LGG) supplementation treatment is 

effective in reducing clinical outcomes in CF patients. [21-26]  At the cellular level it’s been shown 

that LGG supplementation affects the expression of genes related to immune response and 

inflammation in humans.[27]  Within Cystic Fibrosis research, it’s been reported that probiotic 

supplementation improves intestinal inflammation and function[22, 23, 28], and reduces the rate of 

pulmonary exacerbations[24-26], but there has been inconsistent findings for other clinical outcomes 

such as pulmonary function, hospitalizations, or days of prescribed antibiotics. [24, 26, 29] A recent 

randomized clinical trial found a lack of evidence that Lactobacillus rhamnosus strain GG (LGG) 

probiotic supplementation was effective in reducing pulmonary exacerbations and hospital 

admissions in children with Cystic Fibrosis overall. [21]  This study had a treatment intervention 

lasting 12 months which may have caused non-adherence or deviation from placebo in a time when 

probiotics is being promoted commercially. LGG may be associated with changes in the gut 

microbiota in some but not all children, for reasons such as presence of fungi, lack of adherence to 

treatment, diet, or other environmental factors.  

Here, we hypothesized that the gut microbiota composition is altered by LGG supplementation in 

some children and that this alteration may be associated with improvements in clinical outcomes in 

CF patients. Using samples collected from a multi-center, double-masked, randomized placebo-

controlled trial, we assess whether daily probiotic supplementation change the gut microbiota of CF 

pediatric patients, and how this relates to their primary and secondary clinical outcomes.  

METHODS 

Study Design. The methods for the randomized clinical trial have been discussed in detail 

previously.[21] Briefly, children aged 2 to 16 years with a confirmed diagnosis of CF were enrolled 
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and randomized to receive daily oral supplementation of either LGG or placebo, and were followed 

for 12 months. Clinical outcomes and stool samples were obtained at the time of randomization as 

well as 6 months, and 12 months after treatment was started. Clinical outcomes assessed included 

number of pulmonary exacerbations, pulmonary function measured by the patients first forced 

expiratory volume (FEV1), intestinal inflammation marked by fecal calprotectin levels, and 

hospitalizations within the last 6-months (yes/no). 

Sample collection and processing. Stool swabs were transported in a nucleic acid preservative (RNALater, 

Ambion, CA) from Italy to UCSF, Lynch Labratory. DNA was extracted from stool samples suing 

the MoBio fecal extraction kit (MoBIO, CA). The 16S rRNA gene was amplified (using extracted 

DNA as template) with universal bacterial primers Bact-27F 5’-AGAGTTTGATCCTGGCTCAG-

3’ and Bact-1492R 5’-GGTTACCTTGTTACGAC TT-3’ and the high fidelity Takara Taq 

polymerase (Takara Mirus Bio Inc., WI). Reaction mixtures (50 microliters final volume) contained 5 

microliters 10x PCR buffer, 5 microliters dNTPs (10mM), 5 microliters forward primer and reverse 

primer (25 pmol), 1 micro liter l Takara Taq polymerase (5 U/microliter) and 100 ng of template 

DNA. PCR was performed using an Eppendorf MasterCycler gradient PCR machine (Eppendorf, 

NY). Amplified products from samples were pooled using using the QIAquick gel extraction kit 

(Qiagen, CA) and DNA concentration determined by gel electrophoresis using the Invitrogen Low 

Mass Ladder (Invitrogen, CA). Following quantification and standardization of sample 

concentrations, each sample will be spiked with known concentrations of control oligonucleotides 

(ranging from 5.02 x 108 and 7.29 x 1010 molecules) that act as internal standards for normalization.  

Statistical Analysis. Continuous baseline characteristics were compared between the two treatment 

groups using Wilcoxon rank-sum and Fishers exact tests for categorical methods in StataIC (ver. 13). 
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Richness (number of OTU’s), evenness (Pielou’s), and Phylogenetic (Faith’s)  diversity indices were 

chosen to measure alpha diversity by arm and visit. Beta Diversity was measured using weighted 

unifrac, unweighted unifrac,  Bray Curtis, and Canberra indices. All diversity indices were 

constructed as distance matrices using QIIME (14). Relationships between bacterial community 

composition (beta diversity matrices) and clinical outcomes, dominant genus, family, order, and 

treatment were assessed using adonis found in the R-package, vegan. Taxonomic groups which were 

found to significantly predict the variance in the community composition were assessed by 

comparing the relative taxon abundance between the two groups using previously established 

methods.[30]  To assess if dominant genus was associated with the clinical outcomes reported at 

baseline and 12-month visits, we used a robust mixed effect model (negative binomial for count 

data, linear for continuous data, and logistic for binary data), clustering by patient, and controlling 

for age, gender, and sputum organisms. A zero-inflated negative binomial model was chosen for 

modeling the counts of exacerbations due to over dispersion and excess of zeros, while negative 

binomial was chosen for days of prescribed antibiotics. 

RESULTS 

Study cohort characteristics. At the baseline visit, 50 patients had fecal samples collected and profiled for 

bacterial microbiota. Of these 44% were randomized to LGG treatment (N=22) and 56% to 

placebo (N=28), Figure 2.1; enrollment sites included Firenze (N=17, 34%), Milano (N=19, 38%), 

and Napoli (N=14, 28%), Italy. Baseline demographic, clinical and microbiological characteristic are 

outlined in Table 2.1; no significant difference was identified at baseline between those who were 

randomized to the LGG or placebo arms of the trial. Amongst those enrolled 26 were male, 24 were 

female, with a mean age of 8.4 years and a mean BMI of 17.3 kg/m2. Clinical culture identified 
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Staphylococcus aureus, Pseudomonas aeruginosa and Stenotrophomonas maltophilia as the predominant bacterial 

pathogens cultured from sputum, however at baseline, no significant difference in the frequency of 

culture-positivity for these pathogens was observed between treatment groups.   

Of the 95 CF patients enrolled in the trial, samples for stool microbiota analyses included 50 at 

baseline, 28 at 12-months of which 25 represented paired repeated measures from individual 

patients. Alpha diversity indices, including richness (number of observed operational taxonomic 

units; OTUs), Pielou’s evenness (distribution of OTUs within a sample) and Faith’s phylogenetic 

diversity (which incorporates community richness, evenness and phylogenetic relatedness) were 

calculated for each sample and compared between the treatment groups cross-sectionally using all 

samples available and longitudinally, using the sub-set of paired samples (Table 2.2). No significant 

differences in fecal alpha diversity was observed between treatment groups when all samples were 

considered, or when paired samples were examined by linear mixed effect model testing (Fig 2.2). 

However, we noted that, even in this small study, LGG-treated children exhibited a trend towards 

increased fecal microbiota alpha diversity over time (Figure 2.2). 

Since the effect of LGG supplementation has recently been shown to impact only a small 

proportion of bacterial taxa in the early-life gut microbiota[31], we hypothesized that this may also 

be true in pediatric CF patient populations. To address this hypothesis, we examined fecal bacterial 

beta-diversity to determine using Permanova and a Weighted UniFrac distance matrix, whether 

significant compositional differences in gut microbiota existed in LGG or placebo-supplemented 

patients. At baseline, we found no significant association between microbiota composition and 

treatment arm or any measured clinical factors, but did note that the dominant bacterial genus 

present explained a large proportion of variance in community composition (Permanova, R2=0.62, 
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p=0.001; Table 2.3 and Figure 2.3). At the 12-month visit a number of clinical outcomes were 

significantly associated with bacterial beta-diversity, including the number of exacerbations (R2=0.18, 

P=0.003), hospitalization (R2=0.13; P=0.02), fecal calprotectin concentration (μg/g feces)  (R2=0.09; 

p=.048), and days of prescribed antibiotic coverage (R2=0.19; P=0.001), as well as dominant 

bacterial genus (R2=0.53; P<0.001;Table 2.3).   

Since dominant bacterial genus explained the largest proportion of variance in CF fecal community 

composition and composition was related to clinical outcomes at the end of the intervention period, 

we next determined which bacterial genera dominated these gut microbiota. Amongst baseline and 

12-month fecal samples profiled (N=78), the majority were dominated by Bifidobacterium (29%; 

N=22) or Bacteroides (20%, N=22). The rate of pulmonary exacerbations among those patients with 

fecal microbiota dominated by Bifidobacterium was 0.54 less than those dominated with Bacteroides 

(IRR=0.45; 95% CI: 0.25 to 0.82; P=0.01). Similarly, the patients with fecal samples dominated by 

Bifidobacterium had 20.0 higher FEV1 (%) compared to those dominanted by Bacteroides (Coef=20.00; 

95% CI: 8.05 to 31.92;P=0.001). Patients having samples dominated with Bifidobacterium also had 

significantly lower calprotectin (-16.53; -26.80 to -6.26; P=0.002), and a lower chance of 

hospitalization (OR=0.21; 95% CI: 0.02 to 2.37; P=0.21). The taxon relative abundance 

comparisons which were made across patient groups stratified based on 5 clinical outcomes. 

Notably, patients who were experienced pulmonary exacerbations were enriched in two distinct 

taxa from the Enterococcus genus (OTU_14: N=467, Q=0.05; OTU_1292: N=17, Q=0.05), 

Parabacteroides genus (OTU_38: N=200.2, Q=0.048), Lactobacillus (OTU_186: N=17, Q<0.01), and 

Catenibacterium (OTU_38: 128: N=9, Q<0.01) while depleted in Lactobacillus (OTU_20: N=410, 

Q<0.01), 2 distinct taxa from the Bifidobacterium genus (OTU_526: N=11, Q<0.02; OTU_402: N=9, 
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Q<0.01), 3 distinct taxa from the Clostridiaceae family (OTU_101: N=78, Q=0.05; OTU_131: N=43, 

Q<0.01; OTU_748: N=15; Q=0.06), and Collinsella genus (OTU_138: N=23; Q<0.01). Patients who 

had low pulmonary function (FEV1 < 85.5) were enriched in Prevotella (OTU_222: N=14; 

Q<0.001) and Streptococcus (OTU_818: N=10; Q=0.09) while depleted in 2 distinct taxa from the 

Faecalibacterium genus (OTU_16: N=275.2, Q=0.004; OTU_1547: N=10, Q=0.01), Turicibacter 

(OTU_56: N=39, Q=0.02), Lachnospira (OTU_119: N=18, Q=0.01). Those children who 

experienced high inflammation measured by calprotectin (ug/g of feces) > 100, were enriched in 2 

distinct taxa in the Parabacteroides genus (OTU_1250: N=151,  Q<0.01; OTU_1837: N=5; Q<0.01), 

2 distinct taxa in the Coriobacteriaceae family (OTU_43: N=176, Q=0.05; OTU_1270: N=6; Q=0.08), 

2 distinct taxa in the Lachnospiraceaea family (OTU_49: N=118, Q<0.01; OTU_275: N=5, Q=0.04), 

multiple distinct taxa in the Ruminococcus genus (OTU_1653: N=29, Q<0.01; OTU_203: N=7, 

Q<0.01), and Eubacterium (OTU_91: N=28, Q=0.08)  while depleted in 9 distinct taxa in the 

Clostridium family (N >270) and Haemophilus genus (OTU_4: N=20, Q=0.04). Patients who were 

hospitalized were enriched in 3 distinct Parabacteroides genus (OTU_1250: N=160, Q=0.07; 

OTU_38: N =119;Q=0.03; OTU_970: N =8;Q=0.03) and 2 distinct Clostridiaceae family (OTU_101: 

N =73, Q<0.01; OTU_50: N =71;Q=0.10) while depleted in Streptococcus genus(OTU_50: N =58, 

Q=0.02) and Coriobacteriaceae family (OTU_143: N=28, Q<0.01). Taxon relative abundance 

comparisons in the 12-month samples showed that patients who were in the Placebo group were 

enriched in Proteus (OTU_29: N=400; Q=0.01) and 2 distinct taxa in the Bacteroides genus 

(OTU_206: N=16, Q=0.06; OTU_118: N=5, Q<0.01) and the patients who received LGG were 

enriched in 2 distinct taxa from Lactobacillus genus (OTU_65: N=129, Q=0.03; OTU_1907: N=6, 

Q<0.01) and Collinsella (OTU_65: N=84.6; Q=0.03) and 2 distinct taxa in Bifidobacterium genus 

(OTU_687: N=20, Q=0.02; OTU_402: N=15, Q=0.01).  
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There were 13 patients who had both baseline and 12-month samples in which a dominant genus 

was identified, of which 7 were treated with LGG and 6 with Placebo. Figure 2.4 shows the 

transition of composition microbial states in these patient’s at Baseline to 12-months. Those treated 

with LGG transitioned to either Bifidobacterium-dominated (N=4), Faecalibacerium-dominated (N=2), 

or Collinsella-dominated (N=1) after 12-months, while the majority of patients treated with Placebo 

transitioned to Bacteroides-dominated (N=5) and remaining 4 patients to either Lactobacillus (N=1), 

Parabaceroides (N=1), Ruminococcus (N=1), or Proteus (N=1).  

DISCUSSION 

Our analysis of the gut microbiota of 50 children aged 2-16 with cystic fibrosis who underwent daily 

probiotic supplementation indicate that while the treatment did not overall predict a significant 

change in alpha or beta diversity, it was associated with change in the subgroup of patients who had 

Bifidobacteria or Bacteroide dominance.  In this subgroup of dominated samples, LGG was associated 

with what appears to be one of the beneficial genera, Bifidobacterium, whereas Placebo was associated 

with Bacteroides. These distinct community states differ in exacerbation frequency, pulmonary 

function, intestinal inflammation, need for antibiotic treatment, and hospitalizations, with the 

Bifidobacteria-dominated communities associated with decreases in these outcomes. 

Although, not statistically significant, LGG treatment increased alpha diversity over a period of 12 

months. This is the first RCT that treated patients daily with LGG for an extended time period of 1 

year. Sample size was limited at 12 months, which may have been a contributing factor to non-

significance.  

Beta-diversity variance could be explained by several of the clinical outcomes as well as the 

dominant genus found in the samples. Previous studies have shown that distinct bacterial 
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community states, each dominated by different bacteria, drive clinical outcomes. Here we strengthen 

that argument, showing that children with Bifidobacteria-dominated guts are having fewer 

exacerbations and hospitalizations, needing less antibiotic coverage, and decreased inflammation in 

the gut.  

A limitations of this study is that it contains subgroup analyses which both limit the number of 

samples as well as generalizability of findings. 
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Table 2.2  Paired Data: Alpha diversity indices representing Richness (observed OTU's), Evenness 
(Peilou's) and Phylogenetic (Faith's diversity of fecal microbiome samples between treated and 
placebo for patients who had samples at both baseline and the 12-months visit.  

LGG(N=12) Placebo (N =13) P 1

mean (min,max) mean (min,max)

Baseline 175 (12, 319) 193 (40, 268) 0.73
12 months 204 (128, 290) 186 (133, 265) 0.28
Baseline 0.39 (0.07 to 0.48) 0.41 (0.18 to 0.50) 0.84

12 months 0.43 (0.36 to 0.49) 0.42 (0.29 to 0.48) 0.29
Baseline 17.4 (6.4 to 30.6) 20.0 (9.6, 27.5) 0.97

12 months 20.1 (14.5, 29.2) 19.9(16.0, 28.2) 0.26
1Paired T-test
2Interaction term testing change in alpha diversity over time by treatment group

Richness 0.24

Visit 
Interaction 

P 2

Evenness 0.42

Phylogenetic 
Diversity

0.28
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Table 2.3 Beta Diversity:  Permutation Analysis of Variance (PERMANOVA) results using Adonis 
in the R environment to determine factors that significantly (P<0.05) explained variation in 
microbiota beta diversity. 

 

  

Baseline N R2 P- value
Dominant Genus* (category) 51 0.62 0.0001
Treatment (LGG or Placebo) 51 0.03 0.75
12-Month Visit N R2 P- value
Dominant Genus* (category) 28 0.53 0.0001
Exacerbations, (N ) 19 0.18 0.003
Hospitalization (yes/no) 19 0.13 0.02
Calprotectin (μg/g of feces) 23 0.09 0.048
Days Prescribed Antibiotic Coverage (N ) 19 0.19 0.001
Treatment (LGG or Placebo) 28 0.03 0.71
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Table 2.4 Comparison of clinical outcomes in those patients who had gut dominated by 
Bifidobacterium vs.Bacteroides genera using mixed effect models correcting for age, gender, sputum 
organisms (except for FEV1) and clustering by patient. Data includes dominant genus and clinical 
outcomes reported at baseline and 12-month visits.   

   

IRR = 0.45 (0.25 to 0.82) 0.01
Coef = 20.00 (8.05 to 31.92) 0.001

Coef = -16.53 (-26.80 to -6.26) 0.002
IRR=0.47 (0.22 to 0.97) 0.04
OR=0.21 (0.02 to 2.37) 0.21

Pulmonary Exacerbations (N )
FEV1 (percentage of predicted value)
Calprotectin (µg/g of feces)
Days of prescribed antibiotics (N )
Hospitalization (yes/no)

Clinical Outcomes Bifidobacterium vs. Bacteroides 
(95% CI)

P
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Figure 2.1 Study Flow Chart 
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Figure 2.2 Alpha Diversity by treatment group over a 12 month period. 
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Figure 2.3 PCoA showing weighted UniFrac beta diversity for all baseline and 12-month samples 
that were either dominated by Bacteroides or Bifidobacterium. 
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Figure 2.4 Heat maps showing enriched or depleted genera (at the OTU level).  Differences in taxa 
here is N>25 and Q<0.20 
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Figure 2.5 Transitions from composition states at baseline and 12-months after treatement. 
Treatment is color coded by blue for LGG and red for Placebo.  
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 The Utility of Repeat Culture in Fungal Corneal Ulcer Management  
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INTRODUCTION 

Fungal keratitis represents up to 50% of corneal infections in the tropics and remains one of the 

most challenging categories of ocular infection to treat.[1, 2] Although corneal cultures are still the 

gold standard for diagnosis of keratitis, their use for assessing treatment response and clinical 

prognosis may prove to be valuable.[3] Monitoring response to therapy is often complicated by 

toxicity of topical drops, and/or host immune/inflammatory response, which may appear to worsen 

the corneal opacity, although they are controlling the infection.[4-6] Typical characteristics of ulcer 

healing such as epithelialization do not always indicate that a fungal ulcer is responding; and in fact 

may even hinder the penetration of topical fungicide.[7] 

Clinicians also look for ways to determine which patients are at highest risk of a poor outcome and 

need closer monitoring, particularly in resource poor settings.[4] One study of both suspected fungal 

and bacterial corneal ulcers found that baseline smear-negative and culture-negative microbial 

keratitis had a decreased risk of requiring surgical intervention compared with culture-positive 

keratitis. In the Steroids for Corneal Ulcer Trial (SCUT), baseline culture positivity in bacterial ulcers 

despite prior appropriate antibiotic treatment was associated with worse visual acuity outcomes.[8-

12] Here, we investigate the utility of repeat culture for determining prognosis and management of 

fungal ulcers.  

METHODS 

The methods for the MUTT-I have been discussed in detail previously.[13] Briefly, patients 

presenting to the Aravind Eye Hospital or the University of California San Francisco Eye Clinics 

with a smear-positive fungal corneal ulcer and baseline vision of 20/40 to 20/400 were enrolled and 

randomized to receive either topical natamycin 5% (Natacyn; preserved with benzalkonium chloride, 
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0.01%) or topical voriconazole, 1% (Vfend IV; reconstituted in sterile water for injection with 

benzalkonium chloride, 0.01%, by Aurolab). Baseline and 6-day scraping and cultures were obtained 

and detailed methods for the handling of microbiological specimens have been outlined in a prior 

publication.[13] Ethical approval was obtained from the Aravind Eye Care System Institutional 

Review Board, the University of California, San Francisco Committee on Human Research, and the 

Dart-mouth-Hitchcock Medical Center Committee for the Protection of Human Subjects. Informed 

written consent was obtained from all participants, and the trial conformed to the Declaration of 

Helsinki. MUTT-I was registered at clinicaltrials.gov under NCT00996736.  

OUTCOME MEASURES: The primary outcome for this non- pre-specified secondary analysis was 

best spectacle-corrected visual acuity (BSCVA) at 3 months. Secondary outcomes included 

infiltrate/scar size at 3 months, the occurrence of corneal perforation and/or the need for 

therapeutic penetrating keratoplasty (TPK) and rate of re-epithelialization.  

STATISTICAL ANALYSIS: Patients enrolled in MUTT-I who did not have a repeat corneal 

scraping and culture were excluded from the analysis. Baseline characteristics were compared using 

Fisher’s exact test for categorical variables and Wilcoxon rank-sum test for continuous variables.  

Multiple linear regression predicting patient’s 3-month BSCVA with covariates including 6-day 

culture-positivity (yes/no), treatment arm, and baseline BSCVA was performed. The geometric 

mean of the longest diameter and the longest perpendicular was used to assess infiltrate/scar size 

and epithelial defect size. Multiple linear regression was fit predicting patient’s 3-month 

infiltrate/scar size using 6-day culture positivity, treatment arm, and enrollment infiltrate/scar size as 

covariates.  Time to re-epithelialization was analyzed using a Cox proportional hazards model with 

6-day culture positivity, treatment arm, and enrollment epithelial defect size as covariates.  A logistic 
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regression model with covariates for 6-day culture positivity, treatment arm, and baseline infiltrate 

depth was used to assess the odds of corneal perforation and/or TPK. Separate sensitivity analyses 

of the models were performed by controlling for baseline culture positivity (yes/no), bacterial 

organism and baseline clinical characteristics including BSCVA, infiltrate/scar size, epithelial defect 

size, presence of hypopyon, and depth of ulcer. 

RESULTS 

Six days after trial enrollment, 299 of the 323 patients were scraped and cultured again, resulting in a 

repeated culture positivity of 31% (92/299). Table 3.1 compares the baseline characteristics of study 

participants who were repeat culture positive versus repeat culture negative. There were 130 males 

(43.5%) with a median age was 47 (IQR 38, 56). Median baseline visual acuity was logMAR 0.66 

(IQR 0.38, 0.90), and median baseline infiltrate/scar size was 3.19 (IQR 2.50, 4.00). Those who did 

not have a negative culture by day 6 were slightly younger and somewhat less likely to have been on 

topical antifungals at presentation. They also had overall slightly worse baseline clinical features such 

as decreased visual acuity, increased scar size, increased epithelial defect and more likely to have a 

hypopyon than those who were culture negative at 6 days.  

Table 3.2 outlines the infectious organisms isolated in the 299 patients undergoing repeat culture, 

which included 122 (40.8%) Fusarium, 49 (16.4%) Aspergillus and 72 (24.1%) other filamentous 

fungi. Fifty-six (18.7%) patients tested fungal culture negative both at baseline and repeat culture. 

Baseline cultures did not predict 3-month visual acuity (P = 0.11), 3-month infiltrate/scar size (P = 

0.30), rate of re-epithelialization (P=0.08) or rate of corneal perforation or the need for TPK (P = 

0.07) after correcting for baseline values and treatment arm (Table 3.3 & 3.4).  
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Study participants with positive 6-day cultures had on average 0.42 LogMAR lines worse BSCVA at 

3-month after correcting for baseline visual acuity and treatment arm (95% CI: 0.28 to 0.56; 

P<0.001; Table 3.3). They also had 0.39 mm larger 3-month scar-size (95% CI: 0.09 to 0. 70; 

P=0.01), had 7.15 times the odds of full thickness corneal perforation or the need for therapeutic 

penetrating keratoplasty (95% CI: 3.38 to 15.13; P<0.001; Table 3.4). Finally, they were also slower 

to re-epithelialize after correcting for baseline values and treatment arm than those with a negative 6-

day culture result (HR: 0.32; 95% CI: 0.22 to 0.47; P<0.001; Figure 3.1).  

Enrollment culture results showed a higher percentage of positivity (79%; 252/323) as compared to 

day-6 cultures 31% (92/299) and culture-positivity between baseline and 6-days was significantly 

correlated (R=0.22; P<0.001).  Sensitivity of  our models were tested by adjusting for enrollment 

culture-positivity, microorganism, and baseline clinical characteristics (BSCVA, infiltrate/scar size, 

epithelial defect size, presence of hypopyon, and depth of ulcer). Sensitivity models produced very 

similar results and culture-positivity remained statistically significant. 

Day 6 smear-positive results were highly correlated with day-6 culture-positive results (R=0.48; 

P<0.001). Smear positive patients had on average 0.35 LogMAR lines worse BSCVA at 3-month 

(95% CI: 0.22 to 0.48; P<0.001, Table 3.3), 0.49 mm larger 3-month scar-size (95% CI: (0.20 to 

0.77); P=0.001), were slower to re-epithelialize (HR: 0.40; 95% CI: 0.28 to 0.57; P<0.001), and had 

4.36 times the odds of full thickness corneal perforation or the need for therapeutic penetrating 

keratoplasty (95% CI: 2.21 to 8.60; P<0.001) after correcting for baseline values and treatment arm 

than those with a negative 6-day smear result. (Table 3.4). 
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DISCUSSION 

The importance of corneal cultures in the diagnosis of infectious keratitis has been well established. 

Here, we demonstrate that there is a potential role for corneal cultures in assessing treatment 

response and determining clinical prognosis as well. In our study, corneal ulcers that did not have 

negative cultures results by day 6 had worse 3-month visual acuity, larger scar size, increased risk of 

corneal perforation and slower rates of re-epithelialization. Although our ultimate goal in treatment 

of corneal ulcers is ulcer healing, our immediate objective of therapy is to eliminate the infection. 

Baseline culture positivity despite antibiotic therapy has been associated with poor outcomes in 

bacterial and fungal keratitis[8, 9],[12] Similarly, positive fungal donor rim cultures have also been 

shown to predict increased risk of fungal endophthalmitis after corneal transplant.[14] By contrast in 

our fungal smear positive population, baseline culture status did not predict clinical outcomes.  

 

Obtaining repeat cultures allows clinicians to directly assess treatment response. If the patient has a 

positive repeated culture, clinicians could then consider augmenting current therapy by adding 

another medication topically, starting oral antifungal, or using innovative treatment techniques such 

as collagen cross-linking or intrastromal antifungal injection. In addition to altering therapy, positive 

repeat cultures identify patients who are at greatest risk of a negative outcome such as corneal 

perforation or the need for TPK and would benefit from closer monitoring. This is particularly 

important in resource poor settings where these types of infections are most prevalent. Remarkably, 

a simple smear was also highly correlated with clinical outcomes in our study making it a quick and 

inexpensive alternative to full corneal cultures. 
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The potential for repeat culture status to be used as surrogate markers in clinical trials is also 

noteworthy. The use of surrogate endpoints has become increasingly common in clinical trials, 

particularly in the fields of oncology and infectious disease.[15] Advantages of surrogate trial 

endpoints include smaller sample sizes and faster trial completion as they allow detection of 

response to treatment at an early stage. The fact that repeat culture is easily obtained at an early stage 

of treatment and so highly correlated with all clinical outcomes of interest make it an excellent 

choice. 

Limitations to this study include the fact that all patients in the study were enrolled in south India 

therefore organisms in this region may not be representative of infectious organisms in other regions 

or countries. Although all organisms in this study were filamentous fungi, a variety of species were 

represented, making it difficult to draw conclusions about the significance of culture positivity for 

each organism subtype.  

Microbiological positivity on repeat culture appears to be a clinically useful tool for assessing 

treatment response and risk of poor clinical outcome. This simple measure also may serve as a 

valuable surrogate endpoint for corneal ulcer clinical trials given how highly it is correlated with 

clinical outcomes of interest.[16, 17] 
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Table 3.1 Baseline Characteristics of Patients by Repeated Culture Results. Patient characteristics are 
stratified by their day-6 culture results. 

 

  

Repeated 
Fungal Culture 

Positive on Day 
6 (N= 85)

Repeated 
Fungal Culture 

Negative on 
Day 6 (N= 151)

Total      
(N= 236) P 5,6

Gender, N Male 48 92 140
 Female 37 59 96

45 (37, 55) 48 (38, 58) 46 (38, 56) 0.13
Occupation, N Agriculture 34 85 119

 Non-Agriculture1 51 66 117

Medication use at enrollment2, N Topical ocular antifungals 34 66 100 0.68
Other topical ocular 
drops3 46 95 141 0.21

Systemic antifungals 1 7 8 0.26
Other systemic 26 41 67 0.65

Trauma/Injury, N Vegetative Matter/Wood 22 30 52 0.33
Metal/Other4 32 56 88 1
Unknown Object 3 11 14 0.39
Contact Lens 0 0 0 1

Affected Eye, N Right 66 98 164
 Left 95 64 159

0.70 (0.50, 1.00) 0.62 (0.34, 0.88) 0.66 (0.38, 0.90) 0.08
3.39(2.94, 4.10) 3.14(2.45, 3.97) 3.18(2.50, 4.00) 0.11

Hypopyon no 45 106 151
 <0.5mm 19 21 40
 >0.5mm 21 24 45

Depth >0-33% 45 80 125
 >33-67% 33 57 90
 >67-100% 7 13 20

3.00 (2.12, 3.80) 2.45 (1.41, 3.39) 2.5(1.79, 3.45) 0.09
5 (4,10) 5 (3,10) 5 (3,10) 0.60

1 7 8 0.26
1Includes unemployed, retired, etc.
2Some patients were on more than one medication at enrollment
3Includes topical antibiotics, dilating drops, glaucoma medication, lubricating drops
4Includes dust, finger, kerosene, cement, fingernail, chili powder, sand, cow’s tail, insect
5Fisher’s exact test; 6Wilcoxon rank sum test

Epithelial Defect (mm1), median (IQR)
Duration of Symptoms, days, median (IQR)
Systemic disease, N

Age (years), median (IQR)

1.00

0.58

0.02

0.001

0.03

Baseline Characteristic

Infiltrate/Scar Size (mm1), median  (IQR)
Visual Acuity (logMAR), median (IQR)
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Table 3.2 Microbiological Fungal Culture Results. Fungal microorganisms identified in isolates 
obtained from patients for cultures performed at enrollment and 6 days after enrollment. 

 

 

 

 

 
aNot included are 56 patients who tested positive for fungal smear (inclusion criterion for trial 
enrollment) but tested negative for fungal culture at enrollment and 6 days after enrollment.  

  

Fungal Culture Results 
 

Fusarium          
(N=122) 

Aspergillus 
(N=49) 

Other 
(N=49) 

Day 0 Day 6 N  (%) N (%) N (%) 

+ + 41 (34%) 28 (23%) 16 (13%) 

+ - 79 (20%) 20 (16%) 52 (43%) 

- + 2 (1%) 1 (1%) 4 (3%) 
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Table 3.3 Multiple Linear Regression assessing Best Spectacle-Corrected Visual Acuity.  

Predictor N 3-month BSCVAa 
(logMAR) 

95% CI P 

Enrollment Culture Positivity  292 0.12 (-0.03 to 0.27) 0.11 

Day-6 Culture Positivity  274 0.42 (.28 to 0.56) <0.001 

Day-6 Smear Positivity  275 0.35 (0.22 to 0.48) <0.001 
aBest Spectacle-Corrected Visual Acuity. 
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Table 3.4 Regression Models assessing secondary outcomes: 3-month infiltrate/scar and corneal 
perforation (or need for Therapeutic Penetrating Keratoplasty). 
 

Multiple linear regression a 
predicting 3-month infiltrate/scar 
(mm) 

Logistic regressionb predicting 
perforation or need for TPK,c 

Predictor N Coef. 95% CI P  N HR  95% CI P 

Enrollment 
Culture Positivity  

290 0.17 (-0.15 to 0.48) 0.30 299 2.35 (0.94 to 5.89) 0.07 

Day-6 Culture 
Positivity  

282 0.39 (0.09 to 0.70) 0.01 299 7.15 (3.38  to 15.13) <0.001 

Day-6 Smear 
Positivity  

273 0.49 (0.20 to 0.77) 0.001 300 4.36 (2.21 to 8.60) <0.001 

aModel included baseline infiltrate/scar size and treatment arm as covariates 
bModel included baseline depth and treatment arm as covariates 
c Therapeutic Penetrating Keratoplasty 
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Figure 3.1 Kaplan-Meier Survival Curve for Corneal Re-Epithelialization comparing the probability 
of corneal re-epithelialization between patients enrolled in the Mycotic Ulcer Treatment Trial–I who 
had culture-positive results after 6 days of treatment (red) compared to those who had culture-
negative results (blue). 
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 The Significance of Repeat Cultures in the Treatment of Severe Fungal Keratitis 
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INTRODUCTION 

Studies have suggested that in addition to providing an initial diagnosis, repeated culture can be used to 

assess response to treatment and potentially even have prognostic value.1-4 A secondary analysis of 

the Mycotic Ulcer Treatment Trial–I (MUTT-I) demonstrated that fungal ulcers that were culture 

positive after starting antifungal therapy had worse 3-month visual acuity, scar size and, rate of 

perforation and/or need for therapeutic penetrating keratoplasty (TPK).1 This association remained 

significant even after accounting for baseline characteristics known to correlate with outcomes.1,5 

Here, we evaluate the utility of baseline and repeat cultures to predict clinical outcomes in Mycotic 

Ulcer Treatment Trial – II (MUTT II), a new and independent dataset comprised of patients with 

more severe fungal corneal ulcers. 

METHODS 

The methods of MUTT-II have been described in detail previously.6 Briefly, patients presenting with 

smear-positive filamentous fungal ulcers and visual acuity of 20/400 or worse were randomized to oral 

voriconazole versus placebo; all patients were treated with topical antifungals.6 Scrapings and cultures 

were obtained from the corneal ulcers at baseline and 6 days (+/-1 day) after enrollment. Fungal 

cultures were defined as positive if any growth occurred on any 2 media or moderate to heavy growth 

on 1 medium.7 The primary outcome for the trial was rate of corneal perforation and/or the need for 

TPK. Secondary outcomes included 3-month best spectacle corrected visual acuity (BSCVA), 3-month 

infiltrate/scar-size, and rate of re-epithelialization. 

The primary analysis for this study used a backward stepwise elimination procedure with Cox 

regression to estimate the hazard of perforation or need for therapeutic penetrating keratoplasty (TPK) 
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assessing 6-day culture positivity as the predictor of interest.  In our initial model we included co-

variates for multiple clinical baseline factors, including culture positivity, visual acuity, infiltrate/scar-

size, ulcer depth, epithelial defect size, presence of hypopyon, treatment arm and organism categorized 

as Fusarium, Aspergillus, or other filamentous fungus. The stepwise elimination rule was pre-specified 

and had a significance level for removal of terms from the model of P>0.20. A corrected p-value for 

the repeat-positivity was determined using 10,000 Monte-Carlo simulations of the backward step-wise 

subroutine, permuting repeat-positivity, and including all covariates in each initial model. For each 

permutation of repeat-culture, the backward stepwise regression subroutine sequentially removed 

variables from the model until the significance of each term satisfied P<0.20. 

Secondary analyses were performed using backward stepwise procedures with linear regression to 

estimate BSCVA and infiltrate/scar-size assessing repeat culture-positivity, while controlling for 

enrollment clinical factors (as above), organism, and study treatment arm. Likewise, the stepwise 

procedure with Cox regression to estimate time to re-epithelialize with the same covariates listed above 

was performed. Each of the secondary models used a pre-specified significance level for removal of 

terms from the model set to P>0.20. We obtained a corrected p-value for the repeat-positivity using 

Monte-Carlo simulations permuting 6-day culture positivity 10,000 times. We also performed a 

sensitivity analysis of our results by adjusting for day-6 clinical characteristics (BSCVA, infiltrate/scar 

size, epithelial defect size, presence of hypopyon, and depth of ulcer) instead of enrollment clinical 

characteristics.  

Ethical approval was obtained from the Aravind Eye Care System Institutional Review Board, the 

University of California, San Francisco Committee on Human Research, and the Dartmouth-

Hitchcock Medical Center Committee for the Protection of Human Subjects. Informed written 
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consent was obtained from all participants, and the trial conformed to the Declaration of Helsinki. 

Mutt-II was a registered at clinitcaltrials.gov under NCT00997035. 

RESULTS 

A total of 208/237 (87.8%) corneas were scraped and samples cultured 6 days after enrollment and 

initiation of medical therapy. Repeat cultures were positive in 48.0% (100/208) of cases. Table 4.1 

compares the baseline characteristics of study participants who underwent repeat cultures at day 6. 

There were 106 males (51.0%), with a mean age of 52.2 (SD 13.0), and 110 (52.8%) reported topical 

antifungal use prior to enrollment. Mean baseline visual acuity was logMAR 1.54 (SD 0.38) and mean 

baseline infiltrate/scar size was 5.55 (SD 1.59). Those who had a positive culture at day 6 had larger 

epithelial defect size at baseline as well as slightly decreased visual acuity, increased scar size, and were 

more likely to have a hypopyon than those who were culture negative at day 6. Table 4.2 outlines the 

infectious organisms isolated in the 208 patients undergoing both enrollment and repeat cultures, 

which included 67 (32.2%) Fusarium, 59 (28.4%) Aspergillus, and 52 (25.0%) other filamentous fungi. 

Thirty (14.4%) patients tested fungal culture negative both at baseline and repeat culture. 

In multiple regression analysis, study participants who tested positive at their 6-day culture had 1.99 

times the hazard of experiencing a corneal perforation or the need for therapeutic penetrating 

keratoplasty (95% CI: 1.29 to 3.08; P<0.002; Table 4.3). Variables remaining in the final stepwise 

regression model included enrollment infiltrate/scar-size (HR: 1.31; 95%CI 1.14 to1.51: P<0.001 ), 

ulcer depth (HR 1.50; 95% CI: 1.09 to 2.05; P=0.11), species (Aspergillus vs. Fusarium HR 0.63; 95% 

CI: 0.39 to 1.04; P=0.07), presence of hypopyon (HR: 1.56; 95% CI: 0.92 to 2.64; P=0.10), and 

treatment (oral Voriconazole vs oral placebo HR 0.75; 95% CI: 0.50 to 1.24; P=0.16). Variables that 
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dropped out of the stepwise procedure for this primary analysis included baseline culture positivity, 

visual acuity, and epithelial defect size.   

Those with positive 6-day cultures had on average 0.26 LogMAR lines worse BSCVA at 3-months 

(95% CI: 0.10 to 0.42; P=0.001; Table 4.3) after controlling for baseline BSCVA, infiltrate/scar size, 

depth of ulcer and presence of hypopyon. Culture positivity at day 6 was not a statistically significant 

predictor of 3-month infiltrate/scar-size (-0.24 mm1; 95% CI -0.86 to 0.38; P=0.45) or time to re-

epithelialization (HR=.81; 95% CI: 0.46 to 1.28; P=0.31).  

Variables selected from the stepwise procedure are shown in Table 4.3 for each of the secondary 

outcomes. For BSCVA at 3-months, selected variables included enrollment BSCVA (0.56 LogMAR; 

95% CI: 0.30 to 0.81; P<0.001), infiltrate/scar-size (0.11 LogMAR; 95% CI: 0.06 to 0.17; P<0.001), 

depth of ulcer (-0.23 LogMAR; 95% CI: -0.39 to -0.07; P=0.01), and presence of hypopyon (0.15 

LogMAR; 95% CI: -0.04 to 0.34; P=0.12). Predictors remaining for 3-month infiltrate/scar-size 

included baseline infiltrate/scar-size (0.11 mm1; 95% CI: 0.06 to 0.17; P<0.001), presence of 

hypopyon (0.15 mm1; 95% CI: -0.04 to 0.34; P=0.12) and treatment arm (0.75 mm1; 0.50 to 1.24; 

P=0.16). Finally, variables selected from the stepwise procedure predicting hazard to re-

epithelialization included epithelial defect size (HR 0.59; 0.50 to 0.71; P<0.001), ulcer depth (HR 0.73; 

95%CI 0.50 to 1.06; P=0.10), and species (Other vs. Fusarium HR 0.67; 0.40 to 1.14; P=0.14). 

Permutation p-values for day 6 culture positivity in each of the stepwise regression techniques yielded 

adjusted p-values (Padj) of 0.013, 0.004, 0.46 and 0.38 for hazard of corneal perforation or need for 

TPK, 3-month BSCVA, 3-month Infiltrate/Scar, and time to re-epithelialization, respectively (Table 

4.3, column 5). Sensitivity analysis adjusting for day 6 clinical characteristics (infiltrate/scar size, 
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epithelial defect size, presence of hypopyon, and depth of ulcer) found a 1.97 times the hazard of 

experiencing a corneal perforation/TPK (Coef 1.97, 95% CI: 1.21 to 3.23, P=0.007) and 3-lines worse 

3-month visual acuity (Coef 0.30, 95% CI 0.03 to 0.58, P=0.03). 

DISCUSSION 

In this study, we found that repeat culture positivity is an important predictor of clinical outcome in 

severe fungal ulcers. Those who were culture positive at 6 days despite appropriate medical treatment 

had a 2-fold risk of corneal perforation and/or the need for TPK and more than 2.5 lines worse 

BSCVA at 3 months, even after adjusting for other baseline clinical features such as treatment arm and 

infectious organism. Although at baseline these patients were clinically indistinguishable by day 6 those 

who were repeat culture positive had larger epithelial defects and infiltrate/scar size, deeper ulcers, and 

more often had a hypopyon. However, 6-day culture positivity continued to predict a 2-fold increase in 

corneal perforation and/or TPK and 3 lines worse 3-month visual acuity even after controlling for 

other 6-day characteristics suggesting that it is a uniquely valuable clinical tool and an objective 

measure of treatment response. Given the high correlation with clinical outcomes, culture status may 

also have potential as an early surrogate outcome for clinical trials.  

Culture positivity despite treatment has previously been found to be an important predictor of clinical 

outcome in bacterial keratitis and in less severe fungal ulcers in MUTT I.1-3 This study validates the 

importance of repeat culture positivity in fungal ulcers in a second independent dataset of more severe 

ulcers with few overlapping baseline characteristics compared with MUTT I. Fungal organisms can 

represent 60-70% of infectious keratitis cases in tropical regions and fungal keratitis often carries a 

worse prognosis than bacterial keratitis.8-11 Corneal opacity from prior infectious keratitis is an 
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important cause of blindness worldwide.12,13 In MUTT II, which found no benefit to adding oral 

voriconazole for severe fungal ulcers, had a rate of perforation and/or the need for TPK that was over 

50%.14 Baseline ulcer characteristics such as hypopyon, large infiltrate size and infiltrates involving the 

posterior 1/3rd of the stroma have previously been identified as risk factors for full thickness corneal 

perforation or the need for TPK.15 Although these clinical characteristics are helpful, they are also 

somewhat subjective, for example the association between hypopyon and culture positivity (P=0.004) 

showed hypopyon presence in culture positive ulcers around 70% and in culture negative ulcers 50% 

of the time.  

The utility of repeat culture positivity to identify patients at greatest risk has significant implications for 

clinical practice. It is an indication to follow patients more closely and to consider an increase in 

therapy. Although current treatments in fungal keratitis are limited, intrastromal injection of 

voriconazole and corneal cross-linking are potential treatments that might be considered in these 

cases.16-19 Repeat culture positivity along with the presence of hypopyon, or large, deep ulcers at 

baseline may also select patients who might benefit from early surgical intervention to eliminate 

infection such as TPK or therapeutic deep anterior lamellar keratoplasty.20-22 

Strengths of our study include the prospective nature of our data collection and our rigorous statistical 

methods. Because stepwise regression sometimes introduces bias due to multiple comparisons, here, 

we validate statistical significance of day-6 culture positivity by performing a permutation analysis and 

providing adjusted p-values. Limitations include the fact that all ulcers were enrolled in South East 

Asia where infectious organisms may not be representative of other countries. For example the study 

did not include any non-filamentous fungal keratitis cases such as Candida, which is of particular 

importance for clinicians practicing in the northern United States, or parts of the world that are further 
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from the equator. Most of the infections in this study were related to agricultural exposure rather than 

contact lens wear, as in developed countries. Our recruitment rate for eligible study participants was 

26%. This was attributed to the fact that many patients travel long distances to obtain their eye care 

and were unable or unwilling to commit to hospitalization or follow up and did not appear to be 

related to severity of disease or fungal organism.  

Here we definitively identify a uniquely valuable clinical tool, day 6 culture results, which establishes a 

new standard of care in fungal keratitis management. Risk stratification based on repeat culture 

positivity is an objective way to assess response to medical therapy and identify patients who are at 

high risk of a poor clinical outcome.   
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Table 4.1 Baseline characteristic data for patients with a repeated fungal culture performed 6 days after 
enrollment in the MUTT-II trial. 

 

Fungal Culture 
Positive on Day 6 

(N= 100)

Fungal Culture 
Negative on Day 6 

(N= 108)
P 5

Sex, N Male 47 59
Female 44 43

51.4 (12.8) 52.9 (12.8) 0.41
Occupation, N Agriculture 38 35

Non-Agriculture1 55 67

Medication use at enrollment2, N Topical ocular antifungals 56 54 0.32

Other topical drops3 47 50 0.89
Systemic antifungals 6 8 0.78
Other systemic 21 20 0.73

Trauma/Injury, N Vegetative Matter/Wood 26 39 0.14
Metal/Other4 27 24 0.52
Unknown Object 2 0 0.23
Contact Lens 0 0 1
Right 55 55
Left 38 47

1.57 (0.36) 1.53 (0.37) 0.21
5.69 (1.49) 5.41 (1.67) 0.22

Presence of Hypopyon no 25 30
yes 67 70

Depth >0-33% 19 33
>33-67% 44 46
>67-100% 36 28

4.92 (1.80) 4.44 (1.82) 0.06
10(5,15) 9 (7,15) 0.79

Fungal Culture 
Positive on Day 6 

(N=91)

Fungal Culture 
Negative on Day 6 

(N= 97)
P 5

5.72 (1.58) 5.21 (1.75) 0.04
no 27 48
yes 64 47

Depth >0-33% 16 33
 >33-67% 38 32
 >67-100% 37 32

4.45 3.8 0.02
1Includes unemployed, retired, etc.
2Some patients were on more than one medication at enrollment
3Includes topical antibiotics, dilating drops, glaucoma medication, lubricating drops
4Includes dust, finger, kerosene, cement, fingernail, chili powder, sand, cow’s tail, insect

Epithelial Defect (mm1), mean (sd)

Age (years), mean (sd)

Presence of Hypopyon

Day 6 Clinical Characteristics

Visual Acuity (logMAR), mean (sd)
Infiltrate/Scar Size (mm1), mean (sd)

Epithelial Defect (mm1), mean (sd)
Duration of Symptoms, days, median (IQR)

Infiltrate/Scar Size (mm1), mean (sd)

0.004

0.03

0.10

0.47

0.37

0.47

0.75

Baseline Characteristic

Affected Eye, N 
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Table 4.2 Results from MUTT-II patients who had isolates cultured at enrollment and 6-days after 
enrollment (N=208). 

 

  

Day 0 Day 6 N (%) N (%) N (%) N (%)

+ + 27 40% 41 69% 25 48% 93 45%
+ - 37 55% 16 27% 26 50% 79 38%
- + 3 4% 2 3% 1 2% 6 3%
- - na na na na na na 30 14%

67 32.2% 59 28.4% 52 25.0% 208 100%

**Other Species includes Alternaria, Biopolaris, Curvularias, Exserohilum, 
 

*Patients with negative culture at enrollment tested positive in a fungal smear 
Total

Fungal 
Culture 

Other 
Species**

Asperg illusFusarium          All
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Table 4.3 Backward stepwise elimination mixed effect models predicting MUTT-II pre-specified 
outcomes with day-6 culture positivity (yes/no), controlling for treatment arm, organism, and 
enrollment clinical characteristics. Covariates listed are what remained in the best fit model. 

Covariate Coefficient 95% Confidence 
Interval

P P adj

  Culture positive at day 6  (vs. negative) 1.99 (1.28 to 3.08) 0.002 0.013
  Enrollment Infiltrate/scar-size 1.31 (1.14 to 1.51) <0.001
  Enrollment Depth 1.50 (1.09 to 2.05) 0.01
  Organism (Aspergillus vs. Fusarium) 0.63 (0.39 to 1.04) 0.07
  Enrollment Hypopyon (yes vs. no) 1.56 (0.92 to 2.64) 0.10
  Oral Voriconazole (vs. Oral Placebo) 0.75 (0.50 to 1.24) 0.16

 
  Culture positive at day 6  (vs. negative) 0.26 (0.10 to 0.42) 0.001 0.004
  Enrollment BSCVA 0.56 (0.30 to 0.81) <0.001
  Enrollment Infiltrate/scar-size 0.11 (0.06 to 0.17) <0.001
  Enrollment Depth -0.23 (-0.39 to -0.07) 0.01
  Enrollment Hypopyon (yes vs. no) 0.15 (-0.04 to 0.34) 0.12

  Culture positive at day 6  (vs. negative) -0.24 (-0.86 to 0.38) 0.45 0.46
  Enrollment Infiltrate/scar-size 0.73 (0.54 to 0.91) <0.001
  Enrollment Hypopyon (yes vs. no) 0.74 (0.08 to 1.39) 0.03
  Oral Voriconazole (vs. Oral Placebo) -0.57 (-1.15 to 0.01) 0.054

  Culture positive at day 6  (vs. negative) 0.77 (0.46 to 1.28) 0.31 0.38
  Baseline epithelial defect size 0.59 (0.50 to 0.71) <0.001
  Enrollment Depth 0.73 (0.50 to 1.06) 0.10
  Organism ( Other species vs. Fusarium) 0.67 (0.40 to 1.14) 0.14

Multiple linear regression predicting 3-month BSCVA (logMAR), N =162

Multiple linear regression predicting 3-month infiltrate/scar (mm), N =170

Cox proportional hazards model predicting  time to reepithelialization, N =190

Cox proportional hazards model predicting perforation or need for TPK, N =190
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