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Background. Clinical studies have demonstrated inferior cure rates when metronidazole (MTZ) is used to treat Clostridioides 
difficile infection (CDI). We hypothesized that a newly identified, heme-inducible form of reduced MTZ susceptibility in C. difficile 
leads to higher odds of initial clinical failure in patients with CDI treated with MTZ.

Methods. This multicenter cohort study included adults diagnosed with CDI between 2017 and 2018. C. difficile isolated from 
stool samples underwent agar dilution MTZ susceptibility testing with incorporation of fresh heme. Blinded investigators reviewed 
medical records for initial clinical failure and other relevant clinical variables. Classification and regression tree (CART) analysis was 
used to identify the MTZ minimum inhibitory concentration (MIC) breakpoint that was predictive of initial clinical failure. Results 
were confirmed using univariate and multivariable logistic regression analyses to account for potential confounders.

Results. Of the 356 patients included, 72% received MTZ-based therapy and 27% experienced initial clinical failure. CART anal-
ysis identified an MTZ MIC ≥1 µg/mL above which patients had a higher rate of initial clinical failure. MTZ MICs ranged from 0.25 
to 8 µg/mL (MIC50/90 = 0.25/2 µg/mL), and approximately 18% of isolates had MTZ MICs ≥1 µg/mL. In multivariable analysis, an 
MTZ MIC ≥1 µg/mL was an independent predictor of initial clinical failure in patients receiving an MTZ-based treatment regimen 
(odds ratio, 2.27 [95% confidence interval, 1.18–4.34]).

Conclusions. Using a reproducible method to determine C. difficile MICs to MTZ, a breakpoint of ≥1 µg/mL identified patients 
at higher risk of initial clinical failure. 
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Clostridioides difficile infection (CDI) is a major public health 
threat in the United States, causing 450 000 infections and 15 000–
30  000 associated deaths annually [1–3]. Despite a lack of US 
Food and Drug Administration approval for CDI, metronidazole 
(MTZ) has been a mainstay in the treatment of CDI since the 1970s 
[4–6]. However, recent randomized controlled trials (RCTs) dem-
onstrated higher rates of clinical failure among those treated with 
MTZ [7–10], eventually culminating in the recommendation from 
national guidelines to reserve MTZ for instances when fidaxomicin 
and vancomycin are unavailable [6].

The reasons for worse outcomes following MTZ treatment 
are unclear, although the leading hypothesis centers on subop-
timal pharmacokinetic/pharmacodynamic properties of MTZ 
in the colon. Mean MTZ fecal concentrations, which serve as 
a surrogate for colonic concentrations, range from <0.25 to 
9.5 µg/g with observed decreases in drug concentration as di-
arrhea and inflammation resolve [11, 12]. Furthermore, MTZ 
minimum inhibitory concentrations (MICs) have been grad-
ually increasing in recent decades and are consistently higher 
in the ribotype (RT) 027 epidemic strain than in nonepidemic 
strains [13–15]. With poor bioavailability of MTZ in feces and 
an increase in MTZ MICs, it is plausible that increased MICs to 
MTZ may be contributing to treatment failures.

Although the Clinical and Laboratory Standards Institute 
(CLSI) has established a breakpoint of ≥32  µg/mL to define 
MTZ resistance and the European Committee on Antimicrobial 
Susceptibility Testing uses an epidemiologic cutoff value of 
>2  µg/mL to denote reduced susceptibility to MTZ, neither 
have been informed by clinical outcomes data in patients with 
CDI [16, 17]. Additionally, C.  difficile susceptibility testing is 
not routinely done; thus, reports of clinical outcomes associated 

 

Received 11 June 2021; editorial decision 2 July 2021; accepted 7 July 2021.
Correspondence: Julian G. Hurdle, PhD, Center for Infectious and Inflammatory Diseases, 

Institute of Biosciences and Technology, Texas A&M Health Science Center, 2121 West 
Holcombe Blvd, Houston, TX 77030, USA (jhurdle@tamu.edu).

Open Forum Infectious Diseases®2021
© The Author(s) 2021. Published by Oxford University Press on behalf of Infectious Diseases 
Society of America. This is an Open Access article distributed under the terms of the Creative 
Commons Attribution-NonCommercial-NoDerivs licence (http://creativecommons.org/licenses/
by-nc-nd/4.0/), which permits non-commercial reproduction and distribution of the work, in any 
medium, provided the original work is not altered or transformed in any way, and that the 
work is properly cited. For commercial re-use, please contact journals.permissions@oup.com
https://doi.org/10.1093/ofid/ofab365

mailto:jhurdle@tamu.edu?subject=
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1093/ofid/ofab365


2 • ofid • Gonzales-Luna et al

with MIC are lacking. Further complicating matters, studies 
show that MTZ-resistant phenotypes are unstable [18–20], 
MICs are not reproducible when using standard susceptibility 
testing methods [13, 21–23], and MTZ resistance appears to be 
heterogenous [24–26]. This has presented a quandary in deter-
mining the correlation between reduced susceptibility to MTZ 
and clinical outcomes.

A recent discovery by our research group demonstrated 
that fresh heme incorporation in agar medium was able to 
reproducibly detect MTZ resistance in C. difficile [27]. While 
the central mechanism for heme-associated resistance is un-
clear, this observation has also been independently reported 
by another research group [28]. This provided the opportu-
nity to evaluate clinical outcomes of patients with CDI treated 
with MTZ-based compared to non-MTZ-based regimens. We 
hypothesized that reduced susceptibility identified via this 
new method would be associated with higher rates of initial 
clinical failure.

METHODS

Study Population

This was a multicenter, cohort study of adults admitted to 1 of 
14 hospitals, including 2 university-affiliated tertiary care re-
ferral centers, in Houston, Texas. Patients with a C.  difficile–
positive stool specimen collected between September 2017 
and April 2018 were included. This study was approved by 
the Committee for the Protection of Research Subjects at the 
University of Houston (CPHS 000128).

Sample Collection and Ribotyping

Leftover stool samples from patients diagnosed with CDI as a 
part of routine clinical care were collected and brought to a cen-
tralized research laboratory at the University of Houston for fur-
ther testing. All sites used a multiplex nucleic acid amplification 
test (NAAT) to test stool for C. difficile toxin B genes. Patients 
testing positive for gastrointestinal pathogens in addition to 
C.  difficile were excluded. Stool samples were enriched using 
brain-heart infusion (BHI) agar, then plated onto cefoxitin-
cycloserine-fructose agar plates and incubated under strict an-
aerobic conditions for 48–72 hours. Fluorescent ribotyping was 
performed as previously described [29].

MTZ Susceptibility

MTZ MICs were measured via agar dilution as described pre-
viously [27]. In brief, a C.  difficile innocula of approximately 
105 colony-forming units/mL was used on BHI agar plates that 
were supplemented with hemin (5 µg/mL) and protected from 
light. Agars contained doubling dilutions of MTZ from 0.25 to 
32 µg/mL. Another set of BHI agar plates with doubling dilu-
tions of MTZ were prepared but without heme supplementa-
tion to detect strains that exhibited heme-associated reduced 
susceptibility.

Definitions

Treatment regimens were categorized as MTZ-based if the pa-
tient received ≥1 dose of MTZ, alone or in combination with 
other antibiotic therapy (fidaxomicin or vancomycin), within 
48 hours of CDI diagnosis as recorded in the electronic med-
ication administration record. Non-MTZ-based regimens in-
cluded receipt of ≥1 dose of vancomycin or fidaxomicin and 
no concomitant MTZ. CDI severity was assigned as defined by 
the 2017 Infectious Diseases Society of America and Society 
for Healthcare Epidemiology of America CDI guideline and 
utilizing hemodynamic instability, white blood cell count, and 
serum creatinine values collected within 24 hours of diagnostic 
stool specimen collection [6]. This study used a composite def-
inition of “severe” disease that incorporated both “severe” and 
“fulminant” CDI. Patients were categorized as having “health-
care facility–onset” disease if the diagnostic stool specimen was 
collected from an inpatient location >3 days after admission in 
accordance with Centers for Disease Control and Prevention 
definitions [30].

Outcomes

The primary endpoint was initial clinical failure, which was 
defined as the presence of CDI-specific symptoms on day 6 of 
treatment or later, a change in CDI therapy due to lack of pa-
tient response before day 7, and/or CDI-contributable mortality 
within the first 7 days of treatment [10]. Patient electronic med-
ical records (EMRs) were retrospectively reviewed by clinicians 
blinded to ribotype and MTZ MIC to determine patient out-
come. If investigators were unable to determine initial clinical 
failure following a thorough review of the EMR, the patient was 
assumed to have experienced a successful treatment outcome.

Statistical Analysis

Classification and regression tree (CART) analysis was used to 
identify the MTZ MIC breakpoint predictive of initial clinical 
failure using the method suggested by Gumbo et al [31]. CART 
analysis uses a machine learning algorithm and binary recur-
sive partitioning to evaluate all MIC values and identifies the 
best breakpoint for classifying patients with or without initial 
clinical failure. The Gini criterion was used to split the node 
into a suggested breakpoint by maximizing the receiver oper-
ating characteristic curve (ROC). A 10-fold validation was per-
formed on the results. In the cross-validation, the dataset was 
randomly split into a learning and test database 10 times and 
CART analysis was performed each time. The ROC score for 
the test sample was reported.

For baseline characteristic comparison, binary and catego-
rical variables were compared using χ 2 or Fisher exact tests and 
continuous variables were compared using the Student t test or 
Wilcoxon rank-sum test, depending on the data distribution. 
For the primary endpoint analysis, the cohort was stratified 
by treatment regimen: MTZ-based and non-MTZ-based. To 
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account for potential confounders, a multivariable logistic re-
gression model was built that included the CART-derived MTZ 
MIC breakpoint and any identified confounders. Variables 
with a P value < .2 from the univariate analyses were chosen 
as initial candidates for the multivariable model. Then, a step-
wise backwards elimination procedure was performed by 
which variables with a P > .05 were removed 1 at a time. All 
variables with a P < .05 were included in the final model and 
defined as statistically significant. Odds ratios (ORs) and 95% 
confidence intervals (CIs) were calculated. All statistical ana-
lyses were performed using Minitab version 20.1.3 (Minitab 
LLC, State College, Pennsylvania), SPSS version 27.0.0.0 
(IBM Corporation, Armonk, New York) or Stata version 15.1 
(StataCorp LLC, College Station, Texas).

RESULTS

Patient Characteristics

The study cohort comprised 356 patients, who were ma-
jority white (62%) and female (59%) (Table 1). Around half 
(n = 194 [55%]) of the cohort had severe (n = 189) or ful-
minant (n = 5) CDI. Most patients (n = 255 [72%]) received 
MTZ-based treatment regimens, including 138 (54%) pa-
tients receiving MTZ monotherapy and 117 (46%) who re-
ceived MTZ in combination with either fidaxomicin or 
vancomycin. Of the 101 patients receiving non-MTZ-based 
regimens, 94 (93%) received vancomycin monotherapy, 
4 (4%) received fidaxomicin monotherapy, and 3 (3%) re-
ceived both vancomycin and fidaxomicin. Although those 
receiving MTZ-based regimens less often had healthcare fa-
cility–onset disease (41% vs 54%; P = .02), rates of severe/
fulminant disease were similar between the 2 cohorts.

C. difficile Strain Characteristics

Overall, MTZ MICs ranged from 0.25 to 8  µg/mL, and the 
MIC required to inhibit grow of 50% of organisms (MIC50) 
was 0.25 µg/mL while an MIC of 2 ug/mL was required to in-
hibit growth of 90% of the organisms (MIC90). (Figure 1). The 
CART analysis (Figure 2) showed that an MTZ MIC ≥1 µg/mL 
was the optimal breakpoint to identify patients at higher risk of 
initial clinical failure (ROC score, 0.53 [95% CI, .47–.61]; mis-
classification cost, 0.85). Furthermore, a CART analysis limited 
to patients receiving MTZ-based regimens also identified MTZ 
MIC ≥1 µg/mL as the optimal breakpoint to identify patients 
at higher risk of initial clinical failure (ROC score, 0.56 [95% 
CI, .48–.64]; misclassification cost, 0.83). A  total of 65 (18%) 
isolates had MTZ MICs ≥1 µg/mL and were classified as having 
reduced MTZ susceptibility. All strains demonstrating reduced 
MTZ susceptibility had at least a 4-fold increase in MIC in the 
presence of heme; MICs were 0.25–0.5  µg/mL without heme 
compared to 1–8  µg/mL with heme. Ribotyping results were 
obtainable for 316 (89%) isolates, of which 59 (19%) were RT 
014-020, 48 (15%) were RT 027, and 35 (11%) were RT 106. 
The proportion of infections caused by RT 027 was not signifi-
cantly different between those receiving MTZ-based regimens 
(n = 40/228 [15%]) and those receiving non-MTZ-based regi-
mens (n = 8/88 [9%]) (P = .06). The majority of strains with an 
MTZ MIC ≥1 µg/mL were RT 027 (n = 45/65 [69%]).

Clinical Outcomes

When analyzing the entire cohort, 95 (27%) patients experienced 
initial clinical failure: 39 (41%) had continued CDI-specific 
symptoms on or after day 6 of treatment, 21 (22%) required a 
change in CDI therapy due to a lack of response before day 7, 
5 (5%) experienced CDI-contributable mortality within 7 days 

Table 1. Patient Demographics, Comorbidities, Laboratory Parameters, and Disease Characteristics

Characteristic Overall (N = 356) MTZ-Based Treatment (n = 255) Non-MTZ-Based Treatment (n = 101) P Value

Age, y, mean (SD) 64.3 (17.0) 65.0 (17.0) 62.6 (17.1) .89

Female sex 209 (58.7) 147 (57.6) 62 (61.4) .52

Race/ethnicity    .57

 White, non-Hispanic 222 (62.4) 162 (63.5) 60 (59.4)  

 Black, non-Hispanic 67 (18.8) 48 (18.8) 19 (18.8)  

 Hispanic 43 (12.1) 29 (11.4) 14 (13.9)  

 Other/not reported 24 (6.7) 16 (6.3) 8 (7.9)  

CCI, median (IQR) 2 (1–4) 2 (1–3) 2 (1–4) .36

WBC count, cells/μL, mean (SD) 13 300 (10 500) 14 100 (11 700) 11 300 (5800) .43

Albumin, g/dL, mean (SD) 3.0 (0.7) 3.0 (0.7) 2.9 (0.8) .16

Severe/fulminant CDIa 194 (54.5) 138 (54.1) 56 (55.4) .82

ICU admission within 48 h 54 (15.2) 38 (14.9) 16 (15.8) .82

RT 027 infectionb 48 (15.2) 40 (17.5) 8 (9.1) .06

HO-CDIa 158 (44.4) 104 (40.8) 54 (53.5) .02

Data are presented as No. (%) unless otherwise indicated. Bolded values indicate those deemed significant with a P value < .05.

Abbreviations: CCI, Charlson Comorbidity Index; CDI, Clostridioides difficile infection; HO-CDI, healthcare facility–onset Clostridioides difficile infection; IQR, interquartile range; MTZ, met-
ronidazole; RT, ribotype; SD, standard deviation; WBC, white blood cell. 
aAs defined per Infectious Diseases Society of America 2017 guidelines. 
bShown as percentage of 316 isolates with ribotyping completed (228 MTZ-based treatment, 88 non-MTZ-based treatment).
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of treatment initiation, and 30 (32%) met the definition of ini-
tial clinical failure through 2 or more criteria. Overall, 14 (15%) 
patients experienced 7-day, CDI-contributable mortality. When 

stratified by the CART-derived MTZ MIC breakpoint, initial 
clinical failure occurred in 67 of the 291 (23%) patients infected 
with isolates with MTZ MICs <1 µg/mL and 28 of the 65 (43%) 

Study sample (N = 356)

Initial clinical failure
No = 261 (73%)
Yes = 95 (27%)

MTZ MIC <1 µg/mL (n = 291)

Initial clinical failure
No = 224 (77%)
Yes = 67 (23%)

MTZ MIC ≥1 µg/mL (n = 65)

Initial clinical failure
No = 37 (57%)
Yes = 28 (43%)

Study sample (N = 255)MTZ-Based therapies dateset

Full dateset

Initial clinical failure
No = 186 (73%)
Yes = 69 (27%)

MTZ MIC <1 µg/mL (n = 202)

Initial clinical failure
No = 156 (77%)
Yes = 46 (23%)

MTZ MIC ≥1 µg/mL (n = 53)

Initial clinical failure
No = 30 (57%)
Yes = 23 (43%)

Figure 2. Classification and regression tree (CART) analysis for initial clinical failure stratified by metronidazole (MTZ) minimum inhibitory concentration (MIC). The primary 
node, based on initial clinical failure, indicates that the MIC above which therapy fails is ≥1.0 µg/mL.
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patients infected with isolates with MTZ MICs ≥1 µg/mL, re-
gardless of treatment regimen (P = .001).

In the multivariable analysis, MTZ MIC ≥1 µg/mL was identi-
fied as an independent predictor of initial clinical failure regard-
less of treatment regimen (OR, 2.44 [95% CI, 1.36–4.36]) (Table 2). 
After stratifying based on MTZ receipt, MTZ MIC ≥1 µg/mL re-
mained an independent predictor of initial clinical failure in those 
receiving MTZ-based treatment (OR, 2.27 [95% CI, 1.18–4.34]), 
but not in those receiving non-MTZ-based therapies (OR, 3.15 
[95% CI, .83–11.9]) (Table 3). In those receiving MTZ-based treat-
ment, severe/fulminant CDI was also associated with increased 
odds of initial clinical failure, while age was associated with initial 
clinical failure in those receiving non-MTZ-based treatment.

DISCUSSION

Evidence over the past several decades has demonstrated a de-
creased clinical response rate to MTZ, leading major guide-
lines to remove it as a first-line treatment option for CDI [6]. 
A  clear explanation for this decreased response has yet to be 
described; however, recent reports of increased MTZ resistance 
have emerged, albeit without clear clinical implications [32–34]. 
In this current study, an MTZ MIC breakpoint of ≥1 µg/mL was 
associated with an increased risk of initial clinical failure. To the 
best of our knowledge, this is the first report to demonstrate 
an association between reduced MTZ susceptibility and higher 
rates of treatment failure in patients with CDI treated with an 
MTZ-based treatment regimen.

Our study has several unique strengths allowing us to dem-
onstrate these novel findings. First, the incorporation of fresh 
heme into our agar medium provided reproducible MICs to 
determine a resistance breakpoint, without which all isolates 
displayed an MTZ-susceptible phenotype. Only 1 other study 
incorporating fresh heme into their testing media has been con-
ducted, and noted an 8- to 24-fold increase in MTZ MIC when 
strains were tested on BHI supplemented with hemin com-
pared to BHI alone [28]. We found that almost one-fifth of sam-
ples from our multicenter cohort had MTZ MICs ≥1 µg/mL, 
implying that this phenomenon is not uncommon. It is partic-
ularly common among RT 027 isolates, which we omitted from 
our multivariate analyses due to multi-collinearity. Second, our 
sample size provided us with enough power to detect a differ-
ence in the rate of initial clinical failure between groups. Finally, 
the availability of clinical data allowed us to incorporate antibi-
otic treatment in the analysis to determine the effect of reduced 
MTZ MICs in patients treated with MTZ-based regimens.

Our findings contrast with those of 2 previous efforts to 
study the link between MTZ MICs and clinical outcomes, 
neither of which used fresh hemin to determine MIC values 
[19, 21]. The first study, conducted on patients diagnosed with 
CDI between 1982 and 1991, found a 2% clinical failure rate 
among 632 patients treated with MTZ [21]. Ten of these pa-
tients were compared to a control group of 20 patients success-
fully treated with MTZ, and their infecting isolates underwent 
susceptibility testing by E-test and agar dilution methods. No 
resistant isolates were identified and there was no difference in 

Table 2. Univariate and Multivariable Analyses for Predictors of Initial Clinical Failure

Predictor

Univariate Multivariable

Odds Ratio (95% CI) P Value Odds Ratio (95% CI) P Value

MTZ MIC ≥1 µg/mL 2.48 (1.42–4.35) .001 2.44 (1.36–4.36) .003

Age (per 1-year increase) 0.99 (.97–1.00) .007 0.98 (.97–.99) .006

CCI score (per 1-unit increase) 1.13 (1.01–1.26) .04 1.13 (1.01–1.28) .04

Severe/fulminant CDI 1.67 (1.03–2.70) .04 1.61 (.97–2.68) .07

Bolded values indicate those deemed significant with a P value < .05.

Abbreviations: CCI, Charlson Comorbidity Index; CDI, Clostridioides difficile infection; CI, confidence interval; MIC, minimum inhibitory concentration; MTZ, metronidazole. 

Table 3. Univariate and Multivariable Analyses for Predictors of Initial Clinical Failure, Stratified by Treatment Regimen

Predictor

MTZ-Based Treatment Regimen (n = 255) Non-MTZ-Based Treatment Regimen (n = 101)

Univariate Multivariable Univariate Multivariable

Odds Ratio (95% CI) P Value Odds Ratio (95% CI) P Value Odds Ratio (95% CI) P Value Odds Ratio (95% CI) P Value

MTZ MIC ≥1 µg/mL 2.60 (1.38–4.91) .003 2.27 (1.18–4.34) .014 2.18 (.63–7.55) .22 3.15 (.83–11.94) .09

Age (per 1-year increase) 0.99 (.98–1.01) .49 0.99 (.97–1.00) .15 0.97 (.94–.99) .017 0.96 (.93–.99) .004

CCI score (per 1-unit increase) 1.11 (.97–1.26) .14 1.01 (.94–1.26) .24 1.17 (.95–1.44) .13 1.25 (.99–1.57) .05

Severe/fulminant CDI 2.67 (1.47–4.84) .001 2.56 (1.33–4.44) .004 0.55 (.22–1.33) .18 0.54 (.20–1.49) .24

Bolded values indicate those deemed significant with a P value < .05.

Abbreviations: CCI, Charlson Comorbidity Index; CDI, Clostridioides difficile infection; CI, confidence interval; MIC, minimum inhibitory concentration; MTZ, metronidazole.
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the mean (E-test) or geometric mean (agar dilution) MTZ MIC 
between those with clinical failure or success by either method. 
MTZ MICs are known to have increased since the 1980s [15, 
35], which may account for the differences between our study 
findings. Notably, their reported failure rate of 2% is similar 
to the 5% rate seen in RCTs conducted before 2000 [36, 37]. 
The second prospective observational study, conducted on pa-
tients with CDI during the early 2000s, compared treatment 
outcomes between patients treated with MTZ vs vancomycin 
[19]. Of the 34 patients treated with MTZ, 10 (29%) had per-
sistent symptoms requiring a change to vancomycin therapy. 
All 10 of the infecting isolates had MTZ MICs ≤0.75 µg/mL by 
E-test, leading the authors to attribute these MTZ failures to 
host factors and slower response times. In addition to the po-
tential for E-tests to underestimate MICs in comparison to our 
methodology [13, 14, 23, 38, 39], their study was designed to 
test a different hypothesis and was limited by its small sample 
size. Since publication of these 2 prior studies, RCTs since 2000 
have shown failure rates >20% [7, 10], which is similar to our 
failure rate of 27%. Recent epidemiologic surveys have shown 
that endemic strains, including RT 027, have higher rates of 
MTZ nonsusceptibility [15, 32, 40], which may be due to the 
dissemination of a plasmid encoding MTZ resistance [25]. As 
previously mentioned, 45 of the 48 (94%) RT 027 isolates iden-
tified in our study had an MTZ MIC ≥1 µg/mL. Thus, although 
the association between MTZ MIC and initial clinical failure 
is a novel finding, we believe that the increasing prevalence of 
reduced MTZ susceptibility, our ability to detect it using a new 
methodology, and our large sample size allowed us to observe 
a true difference in the rate of initial clinical failure among pa-
tients treated with MTZ-based regimens who were infected by 
strains with reduced MTZ susceptibility.

This study has several limitations. First, we did not 
measure fecal concentrations of MTZ, which are known 
to vary widely from undetectable to approximately 10 µg/g 
stool [11, 12]. Future studies will be needed to investigate 
the pharmacokinetic/pharmacodynamic drug exposure 
threshold associated with treatment failure. Second, our 
susceptibility testing was conducted using BHI agar instead 
of supplemented Brucella agar or broth as recommended by 
the CLSI, although recent comparisons of the 2 methods 
have demonstrated similar MIC results [27, 28]. Third, our 
primary outcome of initial clinical failure relied on accu-
rate medical record documentation and investigator clas-
sification. Although misclassification bias is possible, we 
minimized this likelihood by blinding our investigators to 
C. difficile strain characteristics, including MTZ MIC, while 
collecting clinical outcomes and by conservatively assuming 
those without clear documentation of failure achieved clin-
ical success. Notably, we chose only outcomes that were 
reliably documented in the EMR and did not assess CDI 
recurrence or mortality after hospital discharge. Future 

studies will be needed to evaluate the impact of reduced 
MTZ susceptibility on these important outcomes. Fourth, 
all patients were diagnosed by a NAAT and some may have 
been asymptomatically colonized with an alternative expla-
nation for their symptoms. We attempted to minimize this 
possibility by excluding patients who tested positive for an-
other gastrointestinal pathogen. Additionally, the overall 
initial clinical failure rate of 26% in patients treated with 
MTZ-based regimens in our study is comparable to those 
seen with MTZ in recent RCTs [7, 10]. Fifth, we observed 
that reduced MTZ susceptibility appeared to have an effect 
on response rates to other antibiotic therapies, albeit to a 
lesser extent. Although resistance to MTZ mainly involves 
altering drug activation, detoxifying reactive species, or re-
pairing cellular damage, further research will be needed to 
better understand resistance mechanisms and their effect(s) 
on the host oxidative stress response underlying our find-
ings [41]. Furthermore, an investigation of the genetic 
mechanism(s) underlying the reduced susceptibility iden-
tified here, including the potential presence of the pCD-
METRO plasmid [25], will be an area of future study for 
our group. Given the difficulty of susceptibility testing in 
strictly anaerobic C. difficile, future research should seek to 
identify additional genetic marker(s) that can be more easily 
identified and serve as a surrogate for reduced MTZ sus-
ceptibility [28, 42]. Last, given the retrospective design, we 
cannot discount the possibility of unmeasured confounding 
variables. However, we did control for several relevant vari-
ables known to affect CDI outcomes.

In conclusion, this study represents the first to demonstrate 
higher initial clinical failure rates associated with reduced MTZ 
susceptibility in CDI. We observed more than doubled odds of 
initial clinical failure with MTZ MICs ≥1 µg/mL in patients re-
ceiving MTZ-based treatment regimens. As we observed MTZ 
MICs ≥1 µg/mL in 18% of our isolates, we believe this may be 
an increasingly common phenomenon and may help explain 
the declining response rates to MTZ in recent decades. Based 
on these findings, we recommend conducting more widespread 
testing for heme-inducible MTZ nonsusceptibility, as identifi-
cation of such may aid in identifying patients who still may ben-
efit from MTZ therapy.
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