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The currently available diagnostics for Clostridium difficile infection (CDI) have major limitations. Despite mounting evidence
that toxin detection is paramount for diagnosis, conventional toxin immunoassays are insufficiently sensitive and cytotoxicity
assays too complex; assays that detect toxigenic organisms (toxigenic culture [TC] and nucleic acid amplification testing
[NAAT]) are confounded by asymptomatic colonization by toxigenic C. difficile. We developed ultrasensitive digital enzyme-
linked immunosorbent assays (ELISAs) for toxins A and B using single-molecule array technology and validated the assays using
(i) culture filtrates from a panel of clinical C. difficile isolates and (ii) 149 adult stool specimens already tested routinely by
NAAT. The digital ELISAs detected toxins A and B in stool with limits of detection of 0.45 and 1.5 pg/ml, respectively, quantified
toxins across a 4-log range, and detected toxins from all clinical strains studied. Using specimens that were negative by cytotoxic-
ity assay/TC/NAAT, clinical cutoffs were set at 29.4 pg/ml (toxin A) and 23.3 pg/ml (toxin B); the resulting clinical specificities
were 96% and 98%, respectively. The toxin B digital ELISA was 100% sensitive versus cytotoxicity assay. Twenty-five percent and
22% of the samples positive by NAAT and TC, respectively, were negative by the toxin B digital ELISA, consistent with the pres-
ence of organism but minimal or no toxin. The mean toxin levels by digital ELISA were 1.5- to 1.7-fold higher in five patients
with CDI-attributable severe outcomes, versus 68 patients without, but this difference was not statistically significant. Ultrasen-
sitive digital ELISAs for the detection and quantification of toxins A and B in stool can provide a rapid and simple tool for the
diagnosis of CDI with both high analytical sensitivity and high clinical specificity.

The recent increases in the global incidence and severity of Clos-
tridium difficile infection (CDI) (1–3) are of major concern,

and CDI now consumes substantial resources for diagnosis, treat-
ment, and infection control (2, 4). A recent U.S. prevalence survey
of health care-associated infections (HAI) (5) found that C. diffi-
cile was the most commonly reported pathogen, causing 12.1% of
HAI. Despite available therapies, treatment failure and recurrence
are common (1, 2, 6). The emergence of epidemic strains capable
of toxin hyperproduction and increased disease severity/mortality
(2, 7, 8) has further increased the urgency to improve methods for
diagnosis and treatment. Accurate diagnosis remains the corner-
stone of effective management.

Disease caused by C. difficile infection is due to the effects of
two large protein exotoxins, toxins A and B (9, 10). While the
presence of toxin is necessary to cause disease, the optimal method
for diagnosing CDI remains controversial. Appropriate patient
selection can improve diagnostic accuracy for all assays (2, 11).
The classic gold standard stool assay, toxigenic culture (TC), is
complex, lengthy, and unstandardized; furthermore, it is increas-
ingly recognized that detection of a toxigenic organism, rather
than the toxin itself, is suboptimal. Another classical method, the
cell culture cytotoxicity assay, has also been used as a gold stan-
dard in comparisons of diagnostic assays (12). The cytotoxicity
assay primarily detects toxin B, which is a far more potent cyto-
toxin than toxin A (13). Despite arguments that the detection of
toxin in stool has highest clinical specificity and predictive value
(2, 11, 12, 14), nucleic acid amplification testing (NAAT) for ul-
trasensitive detection of toxigenic organisms is increasingly em-

ployed for diagnosis. However, studies have repeatedly reported
on NAAT-positive individuals who clinically would not be diag-
nosed with CDI (12, 15–18). Thus, by detecting C. difficile organ-
isms, rather than toxins A and B, NAAT may lack specificity for
clinical disease (2).

Despite the importance of toxin detection for CDI diagnosis,
the current methods for toxin detection remain inadequate. While
a cell cytotoxicity assay can have good analytical sensitivity (limit
of detection [LOD], 1 to 10 pg/ml for toxin B spiked into buffer
[19]), this assay (like TC) is laborious, slow, and unstandardized.
Conventional qualitative toxin immunoassays are widely used (2)
but have high LODs (e.g., �0.8 to 2.5 ng/ml) (20, 21) and poor
sensitivity (52 to 75% versus TC and 72 to 83% versus cytotoxicity
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assay [22, 23]). Given these limitations, the field is poised for the
development of a simple toxin detection test that combines
high analytical sensitivity with the clinical specificity of toxin
detection. Disease severity has been correlated with fecal toxin
levels in some preliminary studies (24, 25); hence, a sensitive
and quantitative toxin assay may be ideal for both diagnosis
and the identification of those with more severe disease who
need aggressive therapy.

We describe here the development and validation of ultrasen-
sitive and quantitative digital ELISAs for the detection of toxins A
and B based on single-molecule array (Simoa) technology (26,
27). Simoa technology is based on the high-efficiency capture and
labeling of single protein molecules on paramagnetic beads and
their detection in arrays of femtoliter-sized wells (26, 27). The
ability to isolate and detect single protein molecules leads to dra-
matic improvements in sensitivity such that concentrations of
proteins in femtograms per milliliter can be detected, typically
1,000-fold more sensitive than conventional ELISA. Digital ELI-
SAs have been shown to be highly robust and reproducible for the
detection of low levels of proteins in highly complex matrices,
including cell culture supernatant, serum, plasma, and cerebro-
spinal fluid (CSF) (e.g., 26–29). Our assays represent the first ap-
plication of Simoa for the measurement of proteins in stool spec-
imens. These assays may provide clinical sensitivity equal to that
of NAAT and TC, with higher clinical specificity, and thus offer
the potential for improved approaches to diagnosis and manage-
ment.

MATERIALS AND METHODS
Experimental design. The objectives of this research project were to de-
velop digital ELISAs for C. difficile toxins A and B with an analytical LOD
of �1 pg/ml in stool and to clinically validate those digital ELISAs using
clinical specimens originally submitted for C. difficile testing by NAAT,
comparing digital ELISA results to the results of NAAT, toxigenic culture,
and cytotoxicity assay. A second exploratory objective was to evaluate
correlations between stool toxin concentrations and disease severity and
outcomes.

Toxigenic culture (TC) is the most widely recognized laboratory gold
standard for the diagnosis of CDI (2, 4), and thus our sample size calcu-
lations were built around the TC results. Our goal was to estimate digital
ELISA sensitivities and specificities with a margin of error (determined by
95% confidence interval) for each of �10%. The target sensitivity and
specificity for each digital ELISA were determined to be �95% for both,
matching the reported sensitivity (90 to 95%) and specificity (94 to 96%)
of NAAT compared to toxigenic culture (30–32). Assuming sensitivity in
the range of �95% for each optimized digital ELISA, we determined that
a sample size of 70 positive samples would give us a margin of error of
�5%, and 50 samples would give a margin of error of �6%. However, we
recognized that it was probable that toxigenic culture would overestimate
actual toxin production in the host, and thus that the actual sensitivity of
digital ELISA versus toxigenic culture might be lower. If the sensitivity of
digital ELISA versus toxigenic culture were instead 85%, 70 true-positive
samples would still give us a margin of error of �8%. The same calcula-
tions applied to the needed numbers of negative specimens. The number
of samples required for testing was further adjusted based on the expected
yield of toxigenic culture in NAAT-positive versus NAAT-negative spec-
imens.

The handling of outliers and numbers of replicates performed are
described below and in the Results. Operators performing digital ELISAs,
cytotoxicity assays, and TC were blinded to all other assay results for the
stool specimens; those reviewing clinical data were blinded to all assay
results other than the clinical result (NAAT).

Conventional ELISA. Conventional plate- and bead-based ELISAs
were used to screen antibodies for assay development and to test culture
filtrates (CF). We ultimately selected one pair of monoclonal antibodies
against toxin A (Meridian Life Sciences, Memphis, TN) and another pair
against toxin B (bioMérieux, Lyon, France). For the bead-based ELISA,
paramagnetic beads (5 � 106/ml) coated in capture antibodies were incu-
bated with buffer containing purified native toxin A or B (prepared from
C. difficile strain VPI 10463 in C.P.K’s laboratory using established meth-
ods [33]) or CF in the wells of a microtiter plate for 2 h at room temper-
ature. Captured toxin proteins were labeled with a biotinylated detection
antibody (0.1 �g/ml) and an enzyme conjugate (0.5 nM streptavidin-�-
galactosidase). Following washes, enzyme substrate was added to the mi-
crotiter plate wells, and fluorescent signals were measured using a Tecan
plate reader.

Simoa assays (digital ELISAs). Frozen aliquots of stool specimens
were completely thawed at room temperature and mixed thoroughly ei-
ther by vortexing or using a wooden applicator stick. Stool samples were
then diluted and filtered to remove particulates before testing by digital
ELISA.

Details of the Simoa technology used to develop and perform digital
ELISAs have been described previously (26, 27). Antibody-coated capture
beads and biotinylated detection antibodies were prepared using standard
methods (26, 27). Digital ELISAs were performed on the Simoa HD-1
analyzer (Quanterix Corporation) (34) by automating the following steps.
Capture beads (2.5 � 106/ml for both toxin A and B assays) were incu-
bated with diluted stool samples for 15 min at 23°C. The beads were
washed three times with 5� phosphate-buffered saline (PBS) plus 0.1%
Tween 20. Captured toxin proteins were labeled with a biotinylated de-
tection antibody (0.4 �g/ml for the A assay and 0.2 �g/ml for the B assay)
and an enzyme conjugate (250 pM streptavidin-�-galactosidase). Follow-
ing the addition of enzyme substrate, beads were loaded into arrays of
femtoliter-sized wells for the isolation and detection of bound molecules.
The total assay time was 69 min.

Simoa signals were quantified as the average enzymes per bead (AEB)
(26, 27). Signals from the digital ELISAs were calibrated by spiking a series
of known concentrations of purified native toxin A or B (prepared as
previously described [33]) into either buffer or NAAT-negative stool sam-
ples processed as described above. Calibration curves were used to calcu-
late toxin concentrations (in picograms per milliliter) in stool specimens.
For each digital ELISA, all calibrators and samples were assayed in tripli-
cate. For the calibrators, the average AEB, standard deviation (SD), and
percent coefficient of variation (%CV) were calculated. For samples, the
average, SD, and %CV were calculated for both AEB and measured toxin
concentrations.

To evaluate assay accuracy, NAAT-negative stool samples were
spiked (after dilution) with or without a known concentration of pu-
rified native toxin A or B, processed as described above, and tested by
digital ELISA. The percent recovery of spiked toxins was calculated as
follows: (measured concentration in spiked stool � measured concentra-
tion in nonspiked stool)/expected concentration of spiked toxins � 100.

Interfering factor analysis. A panel of potential interfering substances
was evaluated to determine the effect of their presence in stool specimens
on the detection of toxin A or B using digital ELISA. Briefly, each of the
potential interfering substances was individually spiked into diluted stool
samples at targeted concentrations. These stool samples were then pro-
cessed, and the concentration of toxin A or B was measured and compared
to that of controls without added interferent. The tested substances in-
cluded (concentrations noted are maximum final concentrations tested)
vancomycin (100 mg/ml), metronidazole (40 mg/ml), loperamide HCl,
salicylate, bismuth subsalicylate, Imodium (tablets or liquid; McNeil-
PPC), Pepto-Bismol (tablets or liquid; Proctor & Gamble), barium sul-
fate, and 50% (vol/vol) human whole blood.

Culture filtrates. A panel of clinical strains previously typed by restric-
tion endonuclease analysis (REA) (provided by D.N.G.) were each cul-
tured in chopped meat broth for 24 h. CFs were prepared by centrifuga-
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tion at 3,000 � g to obtain supernatant, followed by passage through a
0.2-�m syringe filter. CFs were tested by a conventional bead-based
ELISA, as described above.

Clinical stool specimens. Clinical stool specimens (each collected
from the patient �72 h prior and stored at 4°C) that had been tested for
toxigenic C. difficile by NAAT (illumigene; Meridian Bioscience, Inc.)
were aliquoted and frozen at �80°C. This study was approved by the Beth
Israel Deaconess Medical Center (BIDMC) institutional review board
(IRB) with a waiver of informed consent. Samples were obtained from
adult inpatients and outpatients of both genders and were collected based
on specimen volume/age and NAAT result. Fifty-two samples (11 NAAT
positive and 41 NAAT negative) were used for assay development, and 149
additional samples (65 NAAT positive and 84 NAAT negative) were col-
lected for assay validation. Stool consistency was scored at the time of
collection by study staff as solid (n 	 22), semisolid (n 	 35), or liquid
(n 	 92). Separate aliquots of each validation specimen were subsequently
thawed and tested by digital ELISA, cytotoxicity assay, and toxigenic cul-
ture (TC). Relevant clinical and laboratory data corresponding to each
sample were collected by chart review. The presence or absence of diar-
rhea as documented at the time of sample collection was determined using
the following definition: three or more unformed bowel movements dur-
ing any 24-h period during the 48 h before the time of stool collection, or
diarrhea specifically mentioned in medical doctor/registered nurse (MD/
RN) progress notes as being present in the 48 h before stool collection.
CDI was in turn defined as diarrhea plus positive results from one or more
of the assays evaluated in this study: NAAT, toxin B digital ELISA, cyto-
toxicity assay, or toxigenic culture. A severe outcome potentially attribut-
able to CDI was defined as intensive care unit (ICU) admission, colec-
tomy, or death within 40 days of stool testing.

Cytotoxicity assay. Cytotoxicity assays were performed using stan-
dard methods (19) in C.P.K.’s laboratory using stool samples diluted
1:100 in PBS, which were added to NIH 3T3 fibroblast cell monolayers
and incubated for 24 h. A positive result required a typical cell rounding
effect in 
50% of the cells that was inhibited using specific antiserum to
toxins A and B.

Toxigenic culture. Toxigenic culture was performed using standard
well-established methods (35) in D.N.G.’s laboratory. Stool samples
were directly inoculated onto selective taurocholate-cefoxitin-cyclos-
erine-fructose-agar (TCCFA) plates (36). If initial TCCFA culture
failed to yield colonies with characteristic C. difficile morphology, an
alcohol shock protocol (37) was performed on the stool sample to en-
hance the recovery of C. difficile spores. All C. difficile isolates were evalu-
ated for their ability to produce toxin in vitro by culturing in brain heart
infusion (BHI) medium for 48 to 72 h and testing supernatants in the
Bartels cell cytotoxicity assay (MarDx Diagnostics, Inc., Carlsbad, CA).

Samples that yielded a C. difficile isolate that did not produce toxin were
scored as TC negative. All C. difficile isolates recovered from C. difficile
culture were REA typed in D.N.G.’s laboratory using established methods
(38, 39).

Statistical analysis. During sample analysis, measured toxin levels for
stool specimens were extrapolated from the calibration curve based upon
a 4-parameter logistic (4PL) nonlinear regression model (1/y2 weighted).
The analytical LOD, an interpolated toxin concentration corresponding
to the Simoa signal (AEB) for blank (buffer) plus 3 SD, was reported as the
toxin level for samples that were not detectable by Simoa assays. For sam-
ples that gave saturated Simoa signals (out of the dynamic range of the
assay), a toxin concentration of 12,000 pg/ml (postdilution correction)
corresponding to the upper dynamic range of both assays was reported.
Clinical sensitivity was determined by measuring the percentage of posi-
tives by a reference method (TC, cytotoxicity assay, or NAAT) that were
identified as positive by Simoa assays, and clinical specificity was deter-
mined by measuring the percentage of negatives by a reference method
(TC, cytotoxicity assay, or NAAT) that were identified as negative by
Simoa assays. A 95% confidence interval (CI) was also calculated for each
estimation using this equation: P � 1.96 [P � (1 � P)/N]1/2, where P is
sensitivity (or specificity) measured as a proportion, and N is the number
of true-positive or -negative samples by a given reference method. Statis-
tical analysis for clinical correlation was performed using Stata (version
12; StataCorp LP, TX, USA). Continuous variables were expressed as the
mean � standard deviation (SD). Mean toxin levels ([toxin A], [toxin B],
or [toxin A � B]) in subjects with CDI-attributable severe outcomes were
compared to mean toxin levels in subjects without CDI-attributable se-
vere outcomes by Student’s t test.

RESULTS
Digital ELISA development and limits of detection in buffer. We
first screened a panel of antibodies by ELISA to find pairs that
detected purified native toxin A or B with highest analytical sen-
sitivity and specificity (optimal signal/background). We then used
culture filtrates (CF) prepared (see Materials and Methods) from
a panel of 12 clinical C. difficile isolates representing the major
strains in circulation (provided by D.N.G.) to confirm that our
toxin A and B monoclonal antibody pairs were able to detect the
toxins produced by all 12 isolates (Table 1). After optimization of
the digital ELISAs, the typical limit of detection (LOD) for native
toxin spiked into calibration buffer was 0.028 pg/ml for toxin A
and 0.061 pg/ml for toxin B (Fig. 1).

Limits of detection in stool. To measure the LOD in stool, we

TABLE 1 Detection of C. difficile toxins A and B by conventional bead-based ELISA in culture filtrates prepared from a panel of C. difficile isolates

Culture
filtrate

REA type/strain
informationa

Expected toxin
production

Toxin A detection by
bead-based ELISA

Toxin B detection by
bead-based ELISA

1 B1 A�/B� � �
2 J9 A�/B� � �
3 K14 A�/B� � �
4 Y2 A�/B� � �
5 CF2 A�/B� NDb �
6 ATCC BAA-1801 None ND ND
7 Medium None ND ND
8 VPI10463 A�/B� � �
9 R23 Sequenced A�/B� strain � �
10 BI1 (historic NAP1) A�/B�/binary� � �
11 BI6 (epidemic NAP1) A�/B�/binary� � �
12 BI17 (epidemic NAP1) A�/B�/binary� � �
13 BK1 (ribotype 078) A�/B�/binary� � �
a REA, restriction endonuclease analysis.
b ND, not detected.
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spiked native purified toxins A and B into clinical stool samples
that had tested negative by NAAT (illumigene; Meridian Biosci-
ence) during routine clinical testing. Stool samples were diluted
prior to spiking and then processed as described in Materials and
Methods. The LOD in stool was defined as an interpolated con-
centration corresponding to an average AEB from NAAT-nega-
tive stools plus 3 SD, corrected for the dilution factor. Our assays
detected native toxins in stool with LODs of 0.45 pg/ml (toxin A)
and 1.50 pg/ml (toxin B), respectively. The percent recovery
ranged from 50 to 125% (mean, 84%). The mean %CV of Simoa
signal (AEB) was 8%; this imprecision translated into a mean im-
precision of 15% in measured toxin concentrations for all stool
specimens analyzed during this study, including those close to the
LOD that have intrinsically higher imprecision. Of note, in �6%
of the samples, we observed aggregation of the paramagnetic
beads (after incubation in the stool samples) that prevented
measurement using Simoa. This limitation was overcome by
using a modified dilution buffer for those samples that caused
aggregation.

Potential interfering factors. A panel of potential interfering
substances (at concentrations at or above those tested for com-
mercial enzyme immunoassays [EIAs] [see, e.g., references 40,
41]) was tested in our assay (see Materials and Methods). We saw
no evidence of interference from excess levels of vancomycin,
metronidazole, loperamide HCl, salicylate, bismuth subsalicylate,
Imodium (tablets or liquid), Pepto-Bismol (tablets or liquid), bar-
ium sulfate, or 50% (vol/vol) whole blood.

Clinical validation. One hundred forty-nine clinical speci-
mens (�72 h old) that had tested either positive (n 	 65) or
negative (n 	 84) by NAAT during routine clinical testing were
tested with the two digital ELISAs (each run in triplicate and av-

eraged), cytotoxicity assay, and TC (with TC followed by REA
typing of all C. difficile isolates). Of the 149 patients providing
these samples, 71 were male and 78 were female; age ranged from
19 to 97 years (mean, 58 years; median, 58 years), and 109 (73%)
were inpatients.

A clinical cutoff for a positive result for each digital ELISA was
calculated by averaging the Simoa signal (AEB) for true-negative
stool samples (n 	 80; negative by NAAT, TC, and cytotoxicity
assay; Fig. 2A and B) plus 3 standard deviations (SD) of that mean,
and then converting AEB into picograms per milliliter using a
comprehensive calibration curve. We excluded one of the 80 true-
negative samples from our calculation of the cutoff because it was
an extreme outlier on the toxin A assay (Fig. 2A, marked with
arrow) and substantially distorted the mean for that assay. Using
the remaining 79 true negatives, the calculated cutoff for a positive
result was 29.4 pg/ml for the toxin A assay and 23.3 pg/ml for the
toxin B assay; with these cutoffs, the toxin A and B digital ELISA
specificities in the true-negative group were 96% and 98%, respec-
tively.

Toxin concentrations (in picograms per milliliter) measured
by digital ELISA spanned a 
4-log dynamic range (Fig. 2A and B).
Plots of the toxin A and B digital ELISA results for groups of
samples testing positive versus negative on other assays (i.e.,
NAAT positive versus NAAT negative, TC positive versus TC neg-
ative, and cytotoxicity positive versus cytotoxicity negative) are
shown in Fig. 2A and B. As expected, for the toxin B digital ELISA,
16/65 (25%) samples that were positive by NAAT and 14/63
(22%) samples that were positive by TC were negative by the toxin
B digital ELISA, consistent with the presence of organism (but
minimal or no toxin) (Fig. 2B). In contrast, 34/34 (100%) samples
positive by the cytotoxicity assay were positive by the toxin B dig-

FIG 1 Representative calibration curves for toxin A and B assays. The LOD, defined as a concentration corresponding to the average enzymes per bead (AEB)
from the zero calibrator plus 3 SD, was 0.028 pg/ml for toxin A (left) and 0.061 pg/ml for toxin B (right) from the presented curves, respectively, using a 10% CV
for the zero calibrator.
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ital ELISA. As expected based on the LODs, we noted some over-
lap between the toxin B digital ELISA signals in cytotoxicity-pos-
itive versus cytotoxicity-negative samples in the range of �102 to
2,078 pg/ml (Fig. 2B). The results from the toxin A digital ELISA
(Fig. 2A) revealed four samples for which the cytotoxicity assay

and TC were positive but toxin A digital ELISA was negative. REA
typing of isolates obtained from TC confirmed that all four iso-
lates were REA type CF, a group of isolates that produce toxin B
but not toxin A. TC and the cytotoxicity assay were used as alter-
native laboratory gold standards for calculations of digital ELISA

FIG 2 Toxin A and B digital ELISA results. Toxin A (A) and toxin B (B) digital ELISA results for groups of samples testing positive versus negative on other assays
(i.e., NAAT positive versus NAAT negative, TC positive versus TC negative, and cytotoxicity positive versus cytotoxicity negative). The mean signals in each
group are indicated by horizontal lines. The calculated clinical cutoffs for each digital ELISA (29.4 pg/ml for the toxin A assay and 23.3 pg/ml for the toxin B assay)
are shown as dotted lines spanning each figure. (A) Arrow indicates a sample that was excluded from calculation of the cutoff because it was an extreme outlier
and substantially distorted the mean for that assay. NAAT, nucleic acid amplification testing; TC, toxigenic culture.
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sensitivity and specificity (Table 2); for comparison, we also cal-
culated the sensitivity and specificity of each digital ELISA versus
NAAT (Table 2).

Correlation of toxin detection with disease and disease sever-
ity. Among the 73 patients whose stool tested positive by any of
the assays used (toxin A and B digital ELISAs, NAAT, TC, or
cytotoxicity assay), there were 8 subjects who had a severe out-
come potentially attributable to CDI, as defined by ICU admis-
sion, colectomy, or death within 40 days of stool testing. A
detailed chart review (by two clinicians blinded to stool assay
results other than NAAT) indicated that 5/8 severe outcomes (3
ICU admissions, 1 colectomy, and 1 death) were likely attrib-
utable to CDI. Mean toxin levels ([toxin A], [toxin B], or [toxin
A � B]) in the 5 subjects with CDI-attributable severe out-
comes were higher (1.7-fold, 1.5-fold, and 1.6-fold, respec-
tively) than the mean toxin levels in the 68 subjects without
CDI-attributable severe outcomes, although these trends did
not reach statistical significance (P 	 0.10, 0.18, and 0.08, re-
spectively). No significant correlations between toxin concen-
tration and peak white blood cell (WBC) count (P 	 0.965) or
peak creatinine (Cr) level (P 	 0.966) (each measured as peak
in the window from 5 days before to 2 days after stool sample
collection date) were observed.

DISCUSSION

Within the controversial, complex, and rapidly shifting C. difficile
diagnostic landscape, one major theme is emerging: that detection
of toxins, rather than of bacteria capable of producing those tox-
ins, is central to the accurate diagnosis of CDI (2, 12, 14, 42).
Qualitative enzyme immunoassays (EIAs) that detect C. difficile
toxins in stool were, for many years, the mainstay of diagnosis,
used by 
90% of laboratories in the United States (2). Compared
to TC, however, these assays show limited sensitivity (52 to 75%
[22, 23]); consistent with this finding, the analytical LODs in stool
for some of the highest-performing EIAs (23) are �1 ng/ml (0.8 to
2.5 ng/ml) (20, 21). Ryder et al. (25) described a cell-based assay
(that has not progressed to clinical use) for the quantification of
toxin in stool and calculated stool toxin concentrations as low as
30 pg/ml. Their data indicated that almost half of the toxin-posi-
tive specimens would not be detected by EIAs with LODs of �1
ng/ml. However, EIAs have been shown to have high specificity
versus TC (96 to 98% [22, 23]) and high clinical specificity
(42, 43).

The cell culture cytotoxicity assay for the direct detection of
toxin in stool is reemerging as a reference assay that is favored over
TC (12). Cytotoxicity assays have LODs below those of EIA (e.g.,
1.5 pg/ml for toxin B in buffer [19]) but are complex and lengthy,
making them unsuitable for routine diagnostic use. Moreover, in
contrast to its low LOD in buffer, we observed that the cytotoxicity
assay appeared to have varied sensitivity for the detection of toxin

B in stool (Fig. 2B). It is possible that toxins in the samples, while
detectable by digital ELISA, may not have been biologically active
at the time of testing (further, we acknowledge that the clinical
significance of toxin detection by the digital ELISA in cytotoxicity
assay-negative samples is unknown). One large comparison study
found the cytotoxicity assay to be approximately 86% sensitive
compared to TC (23), and the question has been raised as to
whether this difference is due to the lower sensitivity of the cyto-
toxicity assay or the detection, by TC, of C. difficile organisms in
the absence of toxin production (14). Consistent with the second
possibility, it was reported recently that C. difficile toxin produc-
tion is regulated by quorum sensing, whereby toxin synthesis may
be absent at low bacterial concentrations (44). Hence, highly sen-
sitive methods to detect C. difficile spores and DNA may yield
positive results in the absence of toxin production. A recent
United Kingdom-based study (12) compared TC with cytotoxic-
ity testing on 
12,000 specimens and correlated the results with
clinical data. While positive cytotoxicity assay results correlated
with increased mortality, TC-positive/cytotoxicity assay-negative
results did not, indicating that the presence of appreciable
amounts of toxin (and not just the presence of toxigenic C. diffi-
cile) was of primary importance. The authors concluded that the
“detection of toxin is an essential step in the diagnosis of C. difficile
infection” (12).

Given the limitations of the existing toxin detection assays,
there has been a shift toward diagnosis by NAAT for the tcdA
and tcdB genes, with its potential for high sensitivity and rapid
turnaround time (but with higher expense). Frustratingly, de-
spite high sensitivity and specificity versus TC (90 to 95% and
94 to 96%, respectively [30–32]), NAAT is confounded by its
inability to distinguish disease from colonization or even tran-
sient contamination with environmental spores (14). The pos-
itive predictive values for the commercial NAATs (even versus
TC) are low (71 to 79% for prevalence �20% [32, 45]), in
contrast to their high negative predictive values (98 to 99% in
the same studies). The problem remains that, like TC, NAAT
indicates the presence of C. difficile organisms capable of pro-
ducing toxin but not the presence of actual fecal toxin. Impor-
tantly, a strain’s capacity for toxin production in vitro may not
reflect that strain’s production of toxins in the highly variable
in vivo environment. Akerlund et al. (24) demonstrated no
correlation between fecal toxin levels and toxin yields in vitro
for given isolates or between in vitro yields and disease severity.
Moreover, the toxin genes are under complex regulatory con-
trol, and the expression of toxin proteins is impacted by nu-
merous environmental factors, including temperature, carbon
source/amino acid availability, and antibiotic concentration
(46, 47). While the detection of toxigenic organisms may be
appropriate for determining the need for infection control
measures (45), it is not necessarily optimal for deciding

TABLE 2 Sensitivity and specificity of the toxin A and B digital ELISAs as compared to three alternative reference standardsa

Digital ELISA
for toxin:

Sensitivity vs reference standard shown Specificity vs reference standard shown

Toxigenic culture Cytotoxicity assay NAAT Toxigenic culture Cytotoxicity assay NAATb

A 75 � 10.7 88 � 10.9 71 � 11.0 95 � 4.6 84 � 6.9 94 � 4.2
B 78 � 10.2 100 � 0.0 75 � 10.5 97 � 3.6 87 � 6.3 96 � 4.2
a Data are presented as % � 95% CI.
b NAAT, nucleic acid amplification testing.
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whether or not toxigenic C. difficile is the cause of a patient’s
symptoms (16). Notably, multiple studies have reported
NAAT-positive individuals who clinically did not have CDI
(12, 15–18).

Until now, no highly sensitive assay existed that could rap-
idly detect and quantify both toxins A and B in stool samples at
the time of diagnosis. Our assays have high analytical sensitiv-
ity and specificity and, given that we are detecting toxin di-
rectly, high clinical specificity— cumulative advantages that
may provide higher diagnostic, and even prognostic, accuracy
over that of existing assays. As expected, our analytical sensi-
tivity (�1 pg/ml, determined using NAAT-negative samples
with uniformly low background) was lower than our final clin-
ical cutoffs (�20 pg/ml, determined using a large number of
NAAT-negative samples with varied background, i.e., more
representative of “real-life” sample quality). Using our clinical
cutoff, our toxin B assay has 100% sensitivity versus cytotoxic-
ity assay, 97% specificity versus TC, and 98% specificity in
samples negative by NAAT, TC, and cytotoxicity assay. As ex-
pected, 22 to 25% of NAAT-positive and TC-positive samples
were negative for toxin B by our ultrasensitive digital ELISA,
suggesting that these samples contained toxigenic organisms
but minimal or no toxin (see Table 2). These patients would
potentially fall into the category of “C. difficile excretor” sug-
gested by Planche et al. (12); however, our study design was
such that we cannot prove that these patients (NAAT posi-
tive/TC positive and digital ELISA negative) did not have CDI.
Future studies should focus on determining the clinical diag-
nostic and prognostic value of ultrasensitive detection and
quantification of stool toxin (by digital ELISA) in symptomatic
patients as well as the clinical significance of NAAT or TC
positivity in the absence of detectable toxin.

A final advantage of these assays over existing methods is the
ability to separately detect and quantify both toxins A and B.
While each toxin has been shown to be independently capable of
causing disease, their relative contributions remain unclear (e.g. 9,
10, 48, 49). Our results indicate a trend for patients with severe
CDI to have higher stool toxin levels. However, our study was not
designed or powered to draw firm conclusions on this issue; larger
studies are needed to answer this important question. If toxin
levels are shown to correlate with disease severity, response to
treatment, and/or risk for recurrence, the quantification of toxin
might provide critical information to guide management deci-
sions.

In conclusion, we have successfully developed ultrasensitive
and quantitative digital ELISAs for C. difficile toxins A and B. Our
assays detect native toxins A and B in stool with analytical LODs
that are �1,000-fold more sensitive than those of current EIAs,
can quantify toxin across a 4-log range, and detect toxins from all
major clinical isolates tested. This is the first application of Simoa
technology to the measurement of proteins in stool specimens;
our results indicate that this novel technology is likely to prove
valuable for other applications involving the measurement of fecal
proteins. Many complex and important questions remain regard-
ing these toxins and the overall pathogenesis of CDI, and our
assays provide a new tool with which to address these questions.
Moreover, our assays offer the potential for a future paradigm
shift in how CDI is diagnosed and managed.
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