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ABSTRACT Clostridioides difficile infection (CDI) is one of the most common health
care-associated infections, resulting in significant morbidity, mortality, and economic
burden. Diagnosis of CDI relies on the assessment of clinical presentation and labo-
ratory tests. We evaluated the clinical performance of ultrasensitive single-molecule
counting technology for detection of C. difficile toxins A and B. Stool specimens
from 298 patients with suspected CDI were tested with the nucleic acid amplifica-
tion test (NAAT; BD MAX Cdiff assay or Xpert C. difficile assay) and Singulex Clarity C.
diff toxins A/B assay. Specimens with discordant results were tested with the cell cy-
totoxicity neutralization assay (CCNA), and the results were correlated with disease
severity and outcome. There were 64 NAAT-positive and 234 NAAT-negative sam-
ples. Of the 32 NAAT*/Clarity~ and 4 NAAT /Clarity™ samples, there were 26
CCNA~ and 4 CCNA~ samples, respectively. CDI relapse was more common in
NAAT*/toxin* patients than in NAAT*/toxin~ and NAAT~/toxin— patients. The clini-
cal specificity of Clarity and NAAT was 97.4% and 89.0%, respectively, and overdiag-
nosis was more than three times more common in NAAT*/toxin~ than in NAAT*/
toxin™ patients. The Clarity assay was superior to NAATs for the diagnosis of CDI, by
reducing overdiagnosis and thereby increasing clinical specificity, and the presence
of toxins was associated with negative patient outcomes.
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lostridioides difficile (formerly Clostridium difficile) infection (CDI) is one of the most

common health care-associated infections, resulting in significant morbidity, mor-
tality, and economic burden (1). The clinical presentation of CDI ranges in severity from
mild diarrhea to fulminant colitis and death, but individuals can also be asymptomatic
carriers of C. difficile (2). While 2% to 3% of healthy adults in the general population are
colonized with C. difficile, the colonization rate in hospitalized patients can be up to
25% (2). Nosocomial diarrhea is common, and up to one-third of inpatients— or 80% of
high-risk groups such as transplant patients— develop diarrhea, mostly due to nonin-
fectious causes (3).

Accurate diagnosis of CDI relies on the assessment of clinical presentation and one
or multiple laboratory tests positive for either C. difficile toxins or toxigenic C. difficile.
Case definitions of CDI differ, and while the Infectious Diseases Society of America
(IDSA) and the Society for Healthcare Epidemiology of America (SHEA) guidelines define
CDI by the presence of symptoms (usually diarrhea) and a stool test positive for either
toxins or toxigenic C. difficile (4), the European Society of Clinical Microbiology and
Infectious Diseases (ESCMID) guidelines do not agree on using nucleic acid amplifica-
tion tests (NAATSs) alone for diagnosis and also require the exclusion of non-CDl-related
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causes of diarrhea (5, 6). Given the high prevalence of both colonization and diarrheal
symptoms in an inpatient setting, the detection of toxigenic organisms, either with
NAATSs or toxigenic culture (TC), has led to overdiagnosis and overtreatment (7, 8). The
presence of toxins better correlates with disease than the presence of toxin genes (7,
8), but toxin tests have either poor sensitivity (enzyme immunoassays [EIAs]) or a long
turnaround time (cell cytotoxicity neutralization assay [CCNA]) (9, 10).

In this study, we evaluated the clinical performance of an ultrasensitive single-
molecule counting technology for the detection of C. difficile toxins and compared it to
NAAT, CCNA, clinical outcome, and diagnosis.

MATERIALS AND METHODS

Singulex Clarity C. diff toxins A/B assay. The Singulex Clarity C. diff toxins A/B assay (Clarity;
Singulex, Inc., Alameda, CA, USA) measures C. difficile toxin A (TcdA) and B (TcdB) in stool on the
automated Singulex Clarity system, an in vitro diagnostic platform, and was described previously (11).
Briefly, the system is based upon a paramagnetic microparticle-based immunoassay powered by
single-molecule counting technology that uses single-photon fluorescence detection for analyte quan-
titation. The quantitative limits of detection for TcdA and TcdB combined are 0.8 and 0.3 pg/ml in buffer,
and 2.0 and 0.7 pg/ml in stool, respectively (11), and the cutoff for the assay is set at 12.0 pg/ml in
undiluted stool (12). An unformed stool sample volume of 100 ul, or 0.1 g of semisolid stool sample, is
diluted 1:20 with 1.9 ml of sample buffer and briefly vortexed. The sample is then centrifuged at
14,000 X g for 10 min, and 300 ul of the supernatant is transferred to a sample tube and loaded onto the
Clarity instrument. The instrument automatically performs the immunoassay with a 1:1 mixture of
paramagnetic microparticles precoated with anti-TcdA and anti-TcdB monoclonal antibodies (capture
reagent) and toxin-specific antibodies labeled with the fluorophore, Alexa Fluor 647 (detection reagent).
The Clarity software interpolates the data, using the fluorescent signal, into a combined TcdA/TcdB
concentration reported in units of picograms per milliliter stool. The time to the first result after loading
is 32 min, and the system can process 1 to 48 samples in an assay run.

Study design. Unpreserved stool specimens from 298 patients with suspected CDI were collected at
MultiCare Health System in Tacoma, WA, USA, from August to December 2018 and tested by the onsite
standard of care using NAATSs for detection of tcdB, either with the BD MAX Cdiff assay (Becton, Dickinson
and Company, Franklin Lakes, NJ, USA) or Xpert C. difficile assay (Cepheid Inc., Sunnyvale, CA, USA),
chosen based on workflow considerations. Samples were stored at —80°C and shipped to Singulex
(Alameda, CA, USA) for testing with the Clarity assay. Specimens with discordant results were tested with
CCNA (C. difficile Tox-B test, TechLab; tested at ARUP Laboratories, Salt Lake City, UT, USA), and results
were correlated with clinical outcome parameters, including antibiotic history within 30 days, adminis-
tration of laxatives 48 h prior to testing, comorbidities, medical chart-confirmed presence of clinically
significant diarrhea (=3 loose stools in 24 h), fever (temperature of >100.4°F or 38.0°C), white blood cell
(WBC) count, creatinine, CDI severity classification (4), CDI treatment, admittance to an intensive care unit
(ICU), length of stay, resolution of symptoms within 14 days, and 30-day CDI relapse. Non-CDI causes of
diarrhea were assessed in NAAT* patients, including the presence of other gastrointestinal infections,
inflammatory bowel disease (IBD) flare-ups, gastrointestinal mechanical or vascular impairment,
medication-induced symptoms, and chronic diarrhea of unknown origin.

The study was approved by the MultiCare Health System Institutional Review Board (number
2018/07/3).

Statistical methods. Patients were classified into mutually exclusive groups based upon their stool
C. difficile NAAT and Clarity test results (NAAT*/toxin™, NAAT*/toxin—, NAAT—/toxin—, or NAAT~/toxin™).
Categorical CDI outcomes, clinical symptoms, clinical history, and demographics were compared to
NAAT/toxin C. difficile test results using the x? test for differences between two groups or Fisher’s exact
test for differences between two groups with limited expected cell frequencies. Differences in length of
stay were compared using the Wilcoxon test. Statistical differences in C. difficile toxin concentrations
were assessed by a Mann Whitney U test. All analyses were performed as two-sided tests, and a P value
of <0.05 was considered a significant finding. Statistical analysis was performed with SAS v9.4 and
GraphPad Prism 8.2.0.

RESULTS

The patients’ mean age was 51.4 years (standard deviation, 22.7 years), and there
were 172 (57.7%) women. There were 64 (21.5%) NAAT-positive and 234 (78.5%)
NAAT-negative patient samples in the study, of which, 146 (49.0%) were from inpa-
tients. Among the 64 NAAT-positive samples, 32 (50.0%) tested negative with Clarity
and 26/32 (81.3%) of the Clarity-negative samples were CCNA negative. Among the
NAAT-negative samples, 230 (98.2%) were Clarity-negative and the four Clarity-positive
samples were negative by CCNA. The median C. difficile toxin concentrations in NAAT*
and NAAT~ samples were 14.2 pg/ml (interquartile range [IQR], 4.3 to 966.1 pg/ml) and
3.7 pg/ml (IQR, 3.0 to 4.6 pg/ml), respectively (Fig. 1).
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FIG 1 C. difficile toxin concentrations in NAAT* and NAAT~ samples. The median concentrations in
NAAT* and NAAT- samples were 14.2 pg/ml (IQR, 4.3 to 966.1 pg/ml) and 3.7 pg/ml (IQR, 3.0 to 4.6
pg/ml), respectively (P < 0.0001).

Clinical presentation, management, and outcome. Clinical and laboratory character-
istics by different test results are shown in Table 1. There was no difference between the
groups in terms of presence of clinically significant diarrhea, elevated WBC, or creatinine,
and hence estimated CDI severity. Two patients (0.7%) had received laxatives prior to
testing, and 13 (4.4%) presented with fever. The only patient presenting with ileus was toxin
positive with a high toxin level (55,526 pg/ml). NAAT*/toxin* patients had a longer mean
length of stay (14.2 days) than NAAT*/toxin~ patients (7.6 days), although this difference
was not statistically significant (P = 0.7424). Six patients were admitted to the ICU, of which
two were NAAT*/toxin* and four were NAAT~/toxin—. CDI treatment was initiated in
96.9% of NAAT™ patients. Consequently, the groups were similar in terms of symptom
resolution within 14 days. Four NAAT*/toxin™ patients but no patients in the other groups
experienced CDI relapse (12.5%, P < 0.0389 compared to NAAT*/toxin— patients).

Antibiotic exposure and CDI history. Eighty patients had received antibiotics
30 days prior to testing. A trend was observed that a higher proportion of NAAT*/
toxin* patients had received antibiotics (43.8%) than NAAT*/toxin— (37.5%) and

TABLE 1 Clinical and laboratory characteristics by different test results?

Value Value

NAAT*/toxin* NAAT*/toxin— NAAT*/toxin— NAAT—/toxin—
Variable (n = 32) (n =32) P value® (n = 32) (n = 230) P valuec
Antibiotics within 30 days (n [%]) 14 (43.8) 12 (37.5) 0.6107 12 (37.5) 53 (23.0) 0.0761
History of CDI (n [%]) 6 (18.8) 5 (15.6) 0.7404 5(15.6) 10 (4.4) 0.0101
Clinically significant diarrhea? (n [%]) 27/27 (100) 27/27 (100) >0.9999 27/27 (100) 167/185 (90.3) 0.0902
WBC >15,000/ml< (n [%]) 7/28 (25.0) 5/24 (20.8) 0.7222 5/24 (20.8) 23/186 (12.4) 0.2556
Creatinine >1.5 mg/dI¢ (n [%]) 7/28 (25.0) 6/24 (25.0) 0.4791 6/24 (25.0) 28/187 (15.0) 0.6910
Length of stay, inpatients (days) (mean [SD]) 142 (16.9), n=15 7.6 (4.8), n=14 0.7424 7.6 (48),n=14 75(9.2),n=123 0.1900
Resolution of symptoms within 14 daysc (n [%]) 21/24 (87.5) 17/23 (73.9) 0.3606 17/23 (73.9) 133/160 (83.1) 0.4990
30-day CDI relapse (n [%]) 4 (12.5) 0 (0) 0.0389 0 (0) 0 (0) >0.9999

aNAAT, nucleic acid amplification test; CDI, C. difficile infection; WBC, white blood cell count.

bTest for comparison between the NAAT+/toxin™ and NAAT*/toxin~ groups.

Test for comparison between the NAAT*/toxin— and NAAT~/toxin— groups.

dTesting for WBC and creatinine was not performed on 58 and 57 patients, respectively. There was no information available on symptom resolution and medical

chart-confirmed presence of clinically significant diarrhea in 87 and 57 patients, respectively. Percentages are reported as proportions of patients in each group with
data available.
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TABLE 2 Presence of non-CDI-related causes of diarrhea by different test result?

Journal of Clinical Microbiology

No. (%)
Variable NAAT*/toxin* (n = 32) NAAT*/toxin— (n = 32) P value
Gastrointestinal infection other than CDI 0 (0) 7 (21.9) 0.0108
Inflammatory bowel disease flare-up 5(15.6) 6 (18.8) 0.7424
Gastrointestinal mechanical or vascular impairment 1 (3.1) 4 (12.5) 0.3547
Medication-induced diarrhea 0 (0) 3 (9.4) 0.2381
Chronic diarrhea, unknown origin 1(3.1) 2 (6.3) 1.0000
Total, non-CDI-related causes of diarrhea 7 (21.9) 22 (68.8) <0.0004

aNAAT, nucleic acid amplification test; CDI, C. difficile infection.

NAAT~/toxin~ (23.0%) patients, but this was not statistically significant. The NAAT*/
toxin™ group had a similar proportion of patients with a history of CDI (18.8%) as the
NAAT */toxin— group (15.6%; P = 0.7404), while more NAAT */toxin~ patients had a CID
history than NAAT~/toxin— (4.4%) patients (P = 0.0101).

Clinical specificity. In the study, 68.8% (22 of 32) of NAAT */toxin— patients and 21.9%
(7 of 32) of NAAT/toxin™ patients had a non-CDl-related cause of diarrhea (P = 0.0004)
(Table 2). Using the guideline CDI case definition (5), 35/64 NAAT+ and 25/32 NAAT*/
toxin™ patients were classified as having CDI. If used in clinical practice, Clarity would have
achieved 97.4% (95% confidence interval [Cl], 94.6 to 98.9%) clinical specificity and 78.1%
positive predictive value (PPV; 95% Cl, 59.6 to 90.1%), and NAAT had 89.0% (95% Cl, 84.4
to 92.4%) clinical specificity and 54.7% PPV (95% Cl, 41.8 to 67.0%), assuming all NAAT~
patients were CDI negative. If the 4 NAAT~/toxin™ patients were regarded as negative for
CDI, the Clarity specificity was 96.0%. The proportion of overdiagnosis was more than three
times higher in the NAAT*/toxin~ group than in the NAAT*/toxin* group (Table 2).
Among the 29 NAAT* patients not classified as CDI, 5 (17.2%) had WBC of >15,000/ml, 6
(20.7%) had creatinine of >1.5mg/dl, and 17 (58.6%) were inpatients. Among the ten
NAAT™* /toxin— patients where CDI could not be ruled out based on available medical chart
data, eight presented as outpatients or at the emergency department and were not
admitted, one did not receive treatment, and none had known severe outcomes, indicating
that these patients may have had a low likelihood of severe CDI.

DISCUSSION

This study evaluates the diagnostic accuracy of ultrasensitive C. difficile toxin detection
using single-molecule counting technology for the diagnosis of CDI compared to the
detection of C. difficile toxin genes using NAAT. We show that the ultrasensitive toxin assay
has the potential to significantly reduce the number of colonized patients being diagnosed
as and treated for CDI, without delaying or withholding treatment in severe CDI cases.

CDI represents a significant burden to health care providers and organizations, and
colonized patients may suffer from overtreatment when NAAT is utilized for diagnosis (1,
13). Colonization with C. difficile is common and treatment of carriers is not recommended
(4, 5). It has been shown that the detection of toxigenic organisms, with NAAT or TC, leads
to overdiagnosis (7, 8), but free-toxin tests are insensitive or take days to perform, leading
to missed cases or delayed diagnosis (9). ESCMID guidelines recommend the exclusion of
non-CDI-related causes of diarrhea for CDI diagnosis, although the conditions are not
mutually exclusive (5). In this study, more than two-thirds of NAAT*/toxin~ patients had a
non-CDI-related cause of diarrhea, indicating that NAAT utilization leads to significant
overdiagnosis. Clarity and NAAT had 97.4% and 89.0% clinical specificity, respectively, but
among the NAAT*/toxin~ patients where CDI could not be ruled out based on available
medical charts, none presented with signs of severe disease, indicating these might not
have been CDI cases and the specificity could potentially be revised. Non-CDI-related
causes of diarrhea were also present in NAAT*/toxin™ patients, but the proportion was
more than three times higher in the NAAT*+/toxin— group. CDI is a clinical diagnosis and
toxins are essential but not sufficient for disease, and while carriers can have toxins present
(14-16), factors related to host immunity are known to impact disease progression (17, 18).
Colonized patients with low levels of toxin A IgG have a much greater risk of CDI than
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carriers with high antibody levels (17), and an antibody response to toxin A, during an initial
episode of CDI is associated with protection against recurrence (18).

In this study, only toxin-positive patients experienced CDI relapse. NAAT+/toxin™
patients may have had a longer length of stay than NAAT*/toxin~ patients, although
this difference was not statistically significant at this sample size. This is in line with
previous findings showing that the presence of toxin better correlates with severity and
outcome than presence of toxigenic organism only (7, 8). CDI is a toxin-mediated
disease, and only 50% of NAAT™ patients in this study had detectable toxins, which is
in line with other studies using an ultrasensitive toxin assay (11, 19, 20). Toxin gene
expression is regulated by multiple different factors, including quorum signaling,
temperature, and metabolism changes (21, 22), and the presence of toxin gene(s) does
not equal presence of toxins (23).

There were four patients with NAAT ~/Clarity "/CCNA~ samples. The NAATs used in
this study detect the presence of tcdB and CCNA primarily detects the function of TcdB
(9), while Clarity detects both TcdA and TcdB. It has been shown, using ultrasensitive
toxin assays, that some C. difficile strains primarily produce TcdA (24, 25).

Studies have shown that testing patients with high clinical probability of CDI prevents
the false-positive results obtained with NAAT (26, 27), and according to the recent IDSA/
SHEA guidelines, NAAT alone can be used for CDI diagnosis when there are preagreed
institutional criteria for patient stool submission (4). We recently described the implemen-
tation of a computerized support tool coupled with education to enforce preanalytical
screening for C. difficile testing (28). As a direct result, in this study, only 0.7% of the patients
had prior laxative use and 92.5% had clinically significant diarrhea, although the later
proportion most likely is higher, given that this parameter is not always recorded in the
medical chart but is a requirement for ordering a C. difficile test in the electronic system.
However, although rigorous stool submission criteria were in place, more than two-thirds
of NAAT*+/toxin~ patients had other causes of diarrhea, thereby not fulfilling the ESCMID
definition of a CDI case. In this study, 96.9% of NAAT™ patients were treated, indicating that
almost all patients are treated based on a NAAT result, which is in line with previous reports
(16, 28-30). Clinical and laboratory parameters related to disease severity had limited value
in distinguishing carriers from CDI patients, and there was no difference in WBC or
creatinine levels. Factors related to immune and renal status impact levels of WBC and
creatinine, and although difference in CDI severity has been assessed using these parameters
(7, 8), their role in treatment guidance may be questioned.

This study has limitations. First, testing with fresh samples might have been pre-
ferred over frozen samples to avoid the risk of potential toxin degradation. Studies have
shown, however, that toxins are stable in refrigerated or frozen conditions (11, 31-33).
Second, more than 50% of the patients were outpatients, which reduced the ability to
assess differences in some clinical outcome parameters, such as length of stay. Lastly,
this was a single-center study, and the results need to be confirmed in a larger patient
cohort and in different geographical regions.

In summary, presence of toxins, as measured with single-molecule counting tech-
nology, correlated with CDI relapse. The use of ultrasensitive toxin detection signifi-
cantly reduced CDI overdiagnosis and thereby improved clinical specificity compared
with that of NAAT.
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