
RESEARCH ARTICLE

An Evidenced-Based Scale of Disease Severity
following Human Challenge with
Enteroxigenic Escherichia coli
Chad K. Porter1*, Mark S. Riddle1, Ashley N. Alcala1, David A. Sack2, Clayton Harro2†,
Subhra Chakraborty2, Ramiro L. Gutierrez1, Stephen J. Savarino1, Michael Darsley3,
Robin McKenzie4, Barbara DeNearing2, Hans Steinsland5, David R. Tribble6, A.
Louis Bourgeois2,7

1 Enteric Disease Department, Infectious Disease Directorate, Naval Medical Research Center, Silver
Spring, MD, United States of America, 2 Bloomberg School of Public Health, Johns Hopkins University,
Baltimore, MD, United States of America, 3 MD Biologic, LTD, Cambridge, United Kingdom, 4 School of
Medicine, Johns Hopkins University, Baltimore, MD, United States of America, 5 Centre for Intervention
Science in Maternal and Child Health (CISMAC), Centre for International Health, and Department of
Biomedicine, University of Bergen, Bergen, Norway, 6 Infectious Disease Clinical Research Program,
Bethesda, MD, United States of America, 7 PATH, Washington, DC, United States of America

†Deceased.
* chad.k.porter2.civ@mail.mil

Abstract

Background

Experimental human challenge models have played a major role in enhancing our under-

standing of infectious diseases. Primary outcomes have typically utilized overly simplistic

outcomes that fail to entirely account for complex illness syndromes. We sought to charac-

terize clinical outcomes associated with experimental infection with enterotoxigenic Escher-
ichia coli (ETEC) and to develop a disease score.

Methods

Data were obtained from prior controlled human ETEC infection studies. Correlation and

univariate regression across sign and symptom severity was performed. A multiple corre-

spondence analysis was conducted. A 3-parameter disease score with construct validity

was developed in an iterative fashion, compared to standard outcome definitions and

applied to prior vaccine challenge trials.

Results

Data on 264 subjects receiving seven ETEC strains at doses from 1x105 to 1x1010 cfu were

used to construct a standardized dataset. The strongest observed correlation was between

vomiting and nausea (r = 0.65); however, stool output was poorly correlated with subjective

activity-impacting outcomes. Multiple correspondence analyses showed covariability in

multiple signs and symptoms, with severity being the strongest factor corresponding across
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outcomes. The developed disease score performed well compared to standard outcome

definitions and differentiated disease in vaccinated and unvaccinated subjects.

Conclusion

Frequency and volumetric definitions of diarrhea severity poorly characterize ETEC dis-

ease. These data support a disease severity score accounting for stool output and other

clinical signs and symptoms. Such a score could serve as the basis for better field trial out-

comes and gives an additional outcome measure to help select future vaccines that warrant

expanded testing in pivotal pre-licensure trials.

Introduction
Dating back to variolation, the controlled human challenge model has played a major role in
understanding disease pathogenesis, describing clinical and immunologic responses to infec-
tious agents and testing the effectiveness of disease mitigating interventions (e.g. vaccines and
prophylactics). Specifically, challenge models have been developed for vector-borne [1,2],
respiratory [3,4] and gastrointestinal infections [5–7]. While these studies provide an opportu-
nity to intently study a disease process in a well-controlled environment, their utility as a
research tool for guiding the development of new prevention and control methods have fre-
quently been met with several unique development challenges associated with variability in the
challenge doses or strains used, which treatment protocol was implemented and how clinical
outcomes were assessed [6].

In 1971 Dupont et al. published a seminal paper on the results of an experimental infection
study with enterotoxigenic Escherichia coli (ETEC) which definitively identified this organism
as a causative agent of acute infectious gastroenteritis [8]. Since that time, ETEC has become
appreciated as a leading cause of diarrhea in children living in developing regions of the world
and among adult travelers from developed areas to these same regions [9–11]. The epidemio-
logic burden associated with ETEC along with newly emerging markets for vaccine uptake has
led to increased interest in the utilization of the controlled human ETEC infection to inform
early vaccine development down-selection decisions. As the demand for these models
increases, there is a need to improve our understanding of the value and utility which these
models may provide and develop better outcome measures for discerning how interventions
may impact on this spectrum of clinical illness.

To date, ETEC-attributable outcomes in experimental infections have been focused on
defining diarrheal attack rates by counting and grading loose and liquid stools and calculating
the proportion of subjects meeting a priori defined stool output definitions based on the fre-
quency, volume and form of those stool specimens [6]. However, using only the frequency and
volume of loose stools to define the severity of clinical illness resulting from experimental infec-
tion with ETEC fails to consider common associated symptoms and signs impacting subject
well-being. To that end, we sought to describe the clinical outcomes associated with experi-
mental ETEC infections and the overlap of those outcomes to facilitate future model develop-
ment, refinement and utilization in the context of its anticipated future application to a rapidly
expanding ETEC vaccine development program.

Methods
Individual patient level data for this study were obtained from a series of previously published
or presented experimental infection studies conducted by the US Department of Defense,
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Johns Hopkins Bloomberg School of Public Health, PATH Enteric Vaccine Initiative and by
the University of Bergen/Haukeland University Hospital with a median year of conduct of
2006 [6,12,13]. To be included, subjects must not have received any investigational treatment
or been previously infected with ETEC as part of an assessment of homologous protection
prior to experimental infection with ETEC. These studies included the administration of 7 dif-
ferent ETEC strains (B7A, E24377A, H10407, LSN03-016011/A, WS0115A, DS26-1,
TW10598) at doses from 1x105 to 1x1010 colony forming units, and occurred over a 20 year
period. The study protocol was approved by the Naval Medical Research Center Institutional
Review Board in compliance with all applicable Federal regulations governing the protection of
human subjects. Informed consent was not obtained for this study as all data were anonymized
and de-identified prior to analysis.

In addition to data on the experimental challenge, strain, dose, time of antibiotic treatment
relative to the time of receipt of the experimental infection, utilization of intravenous fluids,
demographic information (age, gender, race/ethnicity) as well as detailed clinical information
on the signs and symptoms associated with their illness were extracted and compiled into a sin-
gle dataset. The following symptoms were documented as 0 –non-existent, 1 –mild (not inter-
fering with routine activities), 2 –moderate (interfering but not precluding routine activities) or
3 –severe (precluding routine activities): malaise, abdominal cramps, headache and lighthead-
edness. Additionally, every episode of vomiting was documented. Fever severity was based on
maximum measured temperature as follows: no fever (<38.0°C), mild (38.0–38.4°C), moderate
(38.5–38.9°C), severe (�39.0°C); while vomiting severity was coded as: no vomiting (0 epi-
sodes), mild (1 episodes), moderate (2 episodes), or severe (�3 episodes). Symptom severity
was based on the maximum observed severity during the course of the infection. While diar-
rhea was originally defined by each study independently, for standardization we re-defined
diarrhea severity based on the following definition: mild (1 loose/liquid stool of�300 g or�2
loose/liquid stools totaling�200 g and< = 400 g during in a 24 hour period), moderate (4 to 5
loose/liquid stools or>401 to 800 g in a 24 hour period), severe (6 or more loose/liquid stools
or�800 g in a 24 hour period). The total stool amount of loose/liquid stools (frequency and
weight) as well as the maximum number in a 24 hour period, the time to diarrhea onset and
the duration of diarrhea relative to experimental infection was also included in the database.
Stool output was re-analyzed based on the distribution of stool frequency and volume (1g = 1
ml).

The prevalence and severity of each of the signs and symptoms were reported based on the
original observed findings and the application of the definitions described herein. Spearman
correlations of ordinal severity of signs and symptoms were estimated using a Fisher’s Z trans-
formation [14,15]. Univariate, linear regression was utilized to describe the strength of the
association between stool output and other ETEC-attributable signs and symptoms. The distri-
bution of stool output was assessed and ordinal groups of stool output developed based on
median and the interquartile ranges of output. A multiple correspondence analysis was also
performed to describe the overlap of the severity of all signs and symptoms. Briefly, a multiple
correspondence analysis is a method by which the relationship between numerous nominal
and/or ordinal data can be described graphically [16]. First the data were converted to a Burt
table, or indicator matrix, effectively a K by K table of all possible pairwise tabulations of the
categorical data. When graphically displayed, the proximity of points, on a two dimensional
graph, represents the relationship between those variables among the observed data (i.e., the
more proximal variables in a two-dimensional plane, the more similar their distribution).

Results from the multiple correspondence analysis were utilized to identify groups of corre-
sponding clinical outcomes for compilation into a disease score. The disease score was itera-
tively developed with goals of parsimony and normality, and assessed using a receiver-operator
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curve (ROC) based on its ability to predict the traditional primary outcome of moderate to
severe diarrhea. The a priori constructed model was applied to previously performed and pub-
lished vaccination/challenge trials for which individual line listing data were available [17–19].
Differences in the disease scores between groups were compared using a Student’s t-test with a
2-sided alpha = 0.05.

Results
Data were obtained on 264 subjects as outlined in Table 1. Subjects were predominately male
(65.2%) and African-American (68.9%) with a median age of 31.3 (interquartile range {IQR}:
24.0, 41.0). There were slight, but statistically significant differences in the distribution of races
across the studied strains (p<0.01), participant age (p<0.01) and gender (p = 0.02).

As shown in Table 2, subjective symptoms were observed in a majority of subjects with
abdominal cramps and malaise most commonly observed (62.9 and 47.0%, respectively). In
contrast, the objective signs and symptoms of fever and vomiting were less common (15.2%
and 20.1%, respectively). The outcome of diarrhea was observed in 71.6% of challenged sub-
jects with 48.7% of those characterized as ‘severe’ diarrhea based on traditional volume and fre-
quency criteria.

There was a statistically significant correlation between all analyzed signs and symptoms of
ETEC-attributable illness; however, the strength of correlation varied. The strongest correla-
tion observed was between vomiting and nausea (ρ = 0.65); however, the number of subjects
that experienced at least a single episode of vomiting was relatively low (20.1%). Nausea and
vomiting were both strongly correlated with malaise (ρ = 0.56 and 0.50, respectively, Table 3)
while malaise and nausea were correlated with abdominal cramps (ρ = 0.57 and 0.60, respec-
tively). More objective outcomes such as diarrhea, vomiting and fever were less strongly corre-
lated. In particular, the strongest correlation between diarrhea severity and any other signs and
symptoms was for abdominal cramps and malaise (at ρ = 0.45 and 0.44, respectively).

Table 1. Demographics of study population.

Strain H10407 E24377A B7A LSN03* WS0115A DS26-1 TW10598

CFs CFA/I CS1, CS3 CS6, CS21 CS17 CS19 CS19 CS2, CS3, CS21

Toxins LT, ST LT, ST LT, ST LT LT, ST LT LT,ST

Doses (cfu) 105−109 108−109 109−1010 108−109 108−1010 108 106−109

N 132 36 16 25 20 5 30

Median age 33.5 38.0 40.7 32.9 34.3 28.7 23.0

% Male 67.4 80.6 68.8 64.0 75.0 60.0 30.0

% Af.Am. 76.5 77.8 43.8 88.0 95.0 100 0.0

References [12,17,30–32] [33,34] [30] [35,36] [35] [35] [13]

* Complete strain name: LSN03-016011/A

cfu, colony forming units; IQR, interquartile range; AA, African-American; CFs, colonization factors; LT, heat-labile toxin; ST-heat-stable toxin.

doi:10.1371/journal.pone.0149358.t001

Table 2. Frequency (%) of signs and symptoms.

Diarrhea Cramps Headache Lightheaded Malaise Nausea Vomiting Fever

None 28.4 37.1 59.1 74.1 53.0 54.5 79.9 84.8

Mild 13.3 20.5 21.2 12.2 15.9 18.2 6.1 12.5

Moderate 23.5 24.6 12.1 10.6 15.9 8.7 3.0 2.3

Severe 34.9 17.8 7.6 3.0 15.2 18.6 11.0 0.4

doi:10.1371/journal.pone.0149358.t002
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The maximum stool output (frequency and volume) in any 24 hour period among those
with any loose stools following challenge is shown in Fig 1. Neither the frequency nor the vol-
ume of stool was normally distributed with the highest proportion of subjects producing<6
episodes and<1 L in any 24 hour period. Specifically, during the peak 24 hour output period,
the median number of stools produced was 4 (IQR: 3, 7). Similarly, the median stool volume
during the peak 24 hour output period was slightly more than 500 milliliters (ml) (IQR: 370
ml, 1013 ml). There was a strong, statistically significant correlation (r = 0.80; p<0.001)
between stool frequency and volume among subjects with less than 2 liters (L) and fewer than
10 loose stools in a 24 hour period. However, that correlation was less apparent among individ-
uals with a higher frequency or volume of output (r = 0.34, p = 0.08). The rectangles in the bot-
tom left corner of Fig 1 highlight increasing diarrhea severity from ‘none’ to ‘severe’ based on
traditional cut-points for stool frequency and volume. While the output for mild and moderate

Table 3. Spearman correlations of ordinal signs and symptoms of ETEC illness.

Sign/Symptoms Correlation estimate (ρ) Correlation estimate (ρ)
95% confidence limits

p-value

Lower Upper

Diarrhea Abdominal cramps 0.45 0.35 0.54 <0.001

Headache 0.18 0.06 0.29 0.004

Lightheadedness 0.32 0.21 0.43 <0.001

Malaise 0.44 0.33 0.53 <0.001

Nausea 0.41 0.30 0.50 <0.001

Vomiting 0.33 0.22 0.44 <0.001

Fever 0.28 0.17 0.39 <0.001

Abdominal cramps Headache 0.35 0.24 0.45 <0.001

Lightheadedness 0.38 0.27 0.48 <0.001

Malaise 0.57 0.48 0.64 <0.001

Nausea 0.60 0.51 0.67 <0.001

Vomiting 0.46 0.35 0.55 <0.001

Fever 0.16 0.04 0.27 0.011

Headache Lightheadedness 0.31 0.20 0.42 <0.001

Malaise 0.33 0.21 0.43 <0.001

Nausea 0.31 0.20 0.42 <0.001

Vomiting 0.18 0.06 0.30 0.003

Fever 0.14 0.02 0.25 0.025

Lightheaded Malaise 0.54 0.45 0.62 <0.001

Nausea 0.41 0.30 0.50 <0.001

Vomiting 0.44 0.33 0.53 <0.001

Fever 0.28 0.16 0.38 <0.001

Malaise Nausea 0.56 0.47 0.63 <0.001

Vomiting 0.50 0.40 0.58 <0.001

Fever 0.27 0.16 0.38 <0.001

Nausea Vomiting 0.65 0.57 0.71 <0.001

Fever 0.32 0.21 0.42 <0.001

Vomiting Fever 0.33 0.21 0.43 <0.001

Note: Ordinal values of signs and symptoms: 0, none; 1, mild; 2, moderate; 3, severe).

doi:10.1371/journal.pone.0149358.t003
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diarrhea is tightly grouped, the output associated with severe diarrhea represents a much more
broad distribution of stool frequency and volume.

Univariate regression models (Table 4) showed statistically significant associations between
each of the signs/symptoms excluding headache and the maximum 24 hour stool volume. Vari-
ability in the severity of non-stool output signs and symptoms accounted for 0.4% to 23% of
the variability in the maximum amount of stool produced in a 24 hour period. Similar associa-
tion was seen with stool frequency with up to 24% of the variability described by other signs
and symptoms. Multivariate regression models were not possible due to the high degree of
multicollinearity across variables.

Multiple correspondence analyses (MCA) showed covariability in multiple signs and symp-
toms with severity being the most common factor associated with similar dimensions in two-
dimensional space (Fig 2); although the two dimensions only accounted for just over 33% of all
the variability. Specifically, the lack of any symptoms and no diarrhea or fever grouped tightly

Fig 1. Maximum number and volume of loose stools during any 24 hour period post-inoculation. Footnote: Rectangles represent thresholds for mild,
moderate and severe diarrhea.

doi:10.1371/journal.pone.0149358.g001
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together. Similarly, severe signs and symptoms other than diarrhea were also tightly grouped.
Mild signs and symptoms were mostly grouped in the upper left hand quadrant; however, mild
fever tended to group with other severe signs and symptoms. Interestingly, all degrees of fever
severity had comparable coordinates on Dimension 1 and were relatively comparable on

Table 4. Univariate regression between ETEC-attributable signs and symptoms andmaximum 24 hour stool output.

Sign/Symptom Maximum 24 stool volume Maximum 24 stool frequency

Adjusted R2 β p-value Adjusted R2 β p-value

Abdominal cramps 0.1236 274.3 <0.001 0.1541 1.5 <0.001

Headache 0.0038 79.1 0.16 0.0313 0.8 0.002

Lightheadedness 0.1147 374.1 <0.001 0.1181 1.9 <0.001

Malaise 0.2258 366.2 <0.001 0.2420 1.9 <0.001

Nausea 0.2320 360.6 <0.001 0.2421 1.8 <0.001

Vomiting 0.1816 380.1 <0.001 0.1855 1.9 <0.001

Fever 0.1223 662.1 <0.001 0.1122 3.2 <0.001

doi:10.1371/journal.pone.0149358.t004

Fig 2. Multiple correspondence analysis of signs and symptoms of ETEC following experimental infection.

doi:10.1371/journal.pone.0149358.g002
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Dimension 2. Moderate signs/symptoms appeared more inter-dispersed with some (nausea,
abdominal cramps) appearing with other mild signs/symptoms, others (lightheadedness) more
commonly associated with other severe signs/symptoms and still others (vomiting, fever)
appearing to not have a high degree of correspondence. Severe diarrhea appeared most proxi-
mal to mild and moderate symptoms.

Based on the grouping of clinical outcomes in the MCA and distributions of stool output
with the goals of parsimony, normality, and ROC optimization, a three-component disease
score was developed utilizing the objective signs, subjective symptoms and stool output
(Table 5) yielding a score ranging from 0 (no disease) to 8 (most severe disease). The frequency
distribution of disease score for 264 subjects included are shown in Fig 3A and overlaid with
the more traditional diarrhea severity output based solely on loose stool output. Intuitively,
with an increasing disease score, the proportion of subjects characterized as severe increases;
however, there is some variability with subjects with relatively lower disease scores who have
met the traditional severe diarrhea definition. This is further highlighted in the ROC shown in
Fig 3B. Specifically, as the disease score increases, sensitivity approaches 100% with a high
degree of sensitivity and specificity with disease scores of 2 to 3.

Application of the disease score to previously conducted vaccination/challenge trials was
subsequently used to evaluate the potential utility in intervention discrimination (Table 6).
Specifically, a study performed by McKenzie et al utilizing the CS1/CS3 LT+ST+ ETEC strain
E24377A to assess preliminary efficacy of the LT patch vaccine yielded no significant differ-
ences (p-value = 0.35) in the mean disease scores in the vaccine (3.68) and placebo (4.33)
groups, consistent with the per protocol analysis demonstrating no significant efficacy [18]. Of
note, the subsequent phase 3 trial with the LT patch failed to demonstrate efficacy against LT
+ST+ producing ETEC [20,21]. When the disease score was applied to a recent trial assessing
the efficacy of the live-attenuated ETEC vaccine, ACE527 (TD Vaccines and PATH sponsored
study), against H01407 challenge, a discrimination in efficacy was more readily seen compared
to the original a priori analyses. In the first study, in which 2 doses of ACE527 or placebo were

Table 5. Disease severity score components.

Parameter Outcome Score

Objective signs >1 episode of vomiting/24 hrs OR any fever 2

1 episode of vomiting AND no fever 1

No vomiting AND no fever 0

Subjective symptoms Moderate-severe lightheadedness OR 2

Severe: nausea, malaise, headache or abd
cramps

2

Mild lightheadedness OR 1

mild-mod: nausea, malaise, headache or
abd cramps

1

No ‘subjective symptoms’ 0

Diarrhea score (max 24 hr loose stools) >1000 ml >12 episodes 4

>600 to �1000 ml >7 to 12 episodes 3

>400 to �600 ml >4 to �7 episodes 2

>0 to �400 ml 1 to 4 episodes 1

No loose stools No loose stools 0

Footnote: diarrhea score assigned by the highest score determined by either maximum 24 hour output

volume or frequency.

doi:10.1371/journal.pone.0149358.t005
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Fig 3. A: Histogram of 3 component ETEC disease score relative to traditional diarrhea severity based on fixed cut points of stool output. B: Receiver
Operator Curve comparing 3 component ETEC disease score to traditional primary endpoint of moderate-severe diarrhea based on stool output.

doi:10.1371/journal.pone.0149358.g003
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administered 3 weeks apart, there was a borderline significant difference (p = 0.07) in mean
disease score between placebo (4.69) and vaccine (3.31) recipients (29% reduction) [17]. The
primary analysis for this study focusing on moderate-severe diarrhea yielded an efficacy esti-
mate of 26.5% (1-sided p-value: 0.12); however, upon post-hoc analyses, the researchers noted
a significant effect on other secondary outcomes. A follow-on trial with an improved ACE527
construct which assessed a 3-dose series (days 0, 28, 56) as well as an adjuvant
(LTR192GL211A) demonstrated almost a 50% reduction in the mean disease score between
the adjuvant vaccine group and unvaccinated subjects (p = 0.03), again, more discriminative
than the primary analyses focused on stool outcomes alone [22].

Discussion
As outlined in Table 2, experimental infection studies with ETEC to date have characterized
50% of the diarrhea cases as ‘severe’ and only 18% as ‘mild’. This asymmetrical distribution
may reduce the discriminatory potential of interventions leading to type II error, with potential
negative implications for vaccine development given that these experimental infection models
are often utilized as an early assessment of vaccine efficacy. As shown here, a large proportion
(50%) of subjects with ‘any’ diarrhea met the severe definition, yielding a severity profile that
may not be commensurate with natural infection. For example, Matilla et al reported a median
of 5.5 unformed stools among travelers with ETEC-attributable illness during the first 24 hours
of illness [23]. Similarly, among travelers to Turkey, only about 35% of those with ETEC-attrib-
utable travelers’ diarrhea had�6 loose stools in the 24 hour period prior to seeking medical
care [24]. In direct contrast, however, 43% of travelers to Mexico and Guatemala with ETEC-
attributable diarrhea met a comparable definition for severe diarrhea (�6 loose stools in a 24
hour period) [25]. One potential option to mitigate unequal distribution is to establish new fre-
quency/volume cut-points, such as the median and interquartile ranges, based on the data
observed to date. These modified outcomes would ensure a more equal distribution of diarrhea
cases across the spectrum of severity. However, it should be noted that included studies are
unequally distributed among ETEC strains. Specifically, subjects receiving H10407 account for
50% of all analyzed subjects and this strain is noted to have a higher rate of stool output and
more severe associated signs and symptoms [6]. The establishment of new stool output cut-
points or other disease-defining characteristics should carefully consider the differential repre-
sentation of a strain associated with more severe disease.

In addition to modifying the stool output cut-points, there is an increasing need to consider
non-stool related objective and subjective signs and symptoms that are an important part of

Table 6. Comparison of 3-component ETEC disease score in naïve and vaccinated subjects.

Author (Reference) Challenge strain Group N Mean (std) Score 2-sided p-value

McKenzie1 [18] E24377A Placebo 15 4.33 (2.23) —

LT Patch 19 3.68 (1.80) 0.35

Darsley [17] H10407 Placebo 26 4.69 (2.48) —

ACE 527 29 3.31 (3.05) 0.07

Darsley [19] 2 H10407 Naïve/placebo 31 4.35 (2.70) —

ACE 527 13 3.92 (2.93) 0.64

ACE 527 + dmLT 13 2.38 (2.60) 0.03

1 Limited to a subset of subjects based on available data
2 No significant differences in the mean scores for subjects receiving placebo (4.40) and naïve (4.33) subjects challenged concurrently (p = 0.95).

doi:10.1371/journal.pone.0149358.t006
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the diarrheal disease syndrome. As noted in Table 3, there is a relatively weak (though statisti-
cally significant) correlation between the severity of numerous signs and symptoms and stool
output, defined as diarrhea severity. Failing to incorporate these signs and symptoms as part of
the overall disease process is problematic as these complaints often dictate the impact of the
disease on a subject’s ability to perform his/her normal activities. For example, among the 110
subjects analyzed here with mild or no diarrhea based on stool outcomes, many had moderate-
severe symptoms not directly related to stool output such as abdominal cramps (25.5%), mal-
aise (18.2%), headaches (13.6%) and nausea (10.9%). Furthermore, in a study or healthcare
seeking behavior for acute TD by Sanders et al., diarrhea frequency and duration were not dis-
criminating factors, but vomiting and fever were significant predictors (John W. Sanders, sub-
mitted). Arguably these signs and symptoms, which, by definition interfere with or preclude
one’s normal activities, represent an important, yet currently unmeasured, characteristic of the
overall diarrhea severity classification. In studies of travelers, a general functional assessment is
often included to assess for the impact of illness on one’s ability to perform normal activities.
Sanders et al reported that 23% of subjects with ETEC-attributable TD were unable to perform
their normal activities [26]. The compilation of signs and symptoms that precluded activities is
unclear; however, it is reasonable to assume it included stooling patterns in addition to other
gastrointestinal and systemic signs and symptoms.

Furthermore, developing a disease scoring algorithm that incorporated outcomes other
than stool output could have great application in the field. In the absence of the ability to quan-
tify stool volume in the field, vaccine efficacy studies have frequently relied solely on self-
reported number of loose stools. Most recently, two separate field studies of the efficacy of an
LT skin patch vaccine were conducted [20,21]. The primary outcome of those studies was
ETEC-attributable moderate-severe diarrhea defined as�4 loose stools in a 24 hour period.
While tertiary endpoints included impact of illness on daily activities, those outcomes were not
factored into the observed illness to assess disease severity. The classical “travelers’ diarrhea”
definition does incorporate other symptoms (often fever, abdominal cramps, tenesmus, nausea,
vomiting, and passage of bloody stools) [11]; however, this definition does little to differentiate
illness severity, of great importance in vaccine efficacy studies for diarrheal illness where focus
in on prevention of moderate to severe disease. The inability to quantify stool volume in this
setting, and by necessity rely on stool frequency, may further obfuscate disease severity. Specifi-
cally, stooling habits during acute illness are likely impacted by baseline stool habits, dietary
habits during travel and illness, tenesmus or pre-tenesmus types of sensations and/or other fac-
tors that may modulate stooling patterns and result in disease classification that may not be
commensurate with the overall individual impact of the syndrome.

Herein, we have proposed a disease score for application to prior, current and future human
challenge models with ETEC. In addition to overcoming many of the limitations of traditional
outcome measures outlined above, application of a disease score may increase statistical effi-
ciency. Specifically, studies have to date incorporated multiple pair-wise comparisons of vari-
ous signs and symptoms without alpha adjustments increasing the likelihood of making a Type
II error. This can be minimized by comparing a multicomponent disease score that compiles
these parameters into a single measure. Furthermore, a dimensional score that can be subjected
to parametric statistical methodologies, may have more discriminating power. Similar disease
scores have been adopted and applied for rotavirus and norovirus-attributable illnesses; how-
ever, their direct application in the setting of ETEC experimental human challenge is limited
by the parameters utilized [27,28]. For example, application of the modified Vesikari score
described by Atmar et al utilizes diarrhea duration, a parameter that is highly influenced by the
use of antibiotics in the setting of ETEC challenges [28]. Additionally, parameters on the dura-
tion and severity of vomiting may be less important indicators of ETEC-attributable illness
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severity. Tribble et al. attempted to develop a disease severity classification for human challenge
studies with C. jejuni [29]; however, hypothesis-free approaches such as the one utilized here
may be less susceptible to bias. Nonetheless, the success of these scores in early clinical assess-
ment of prototype vaccines supports their development and use for non-viral etiology agents of
enteric disease.

As with all models, there are inherent limitations with the disease score proposed herein.
Specifically, this study is limited in its ability to predict a meaningful outcome. While we have
shown the ROCs associated with the disease scores ability to predict traditionally defined mod-
erate-severe diarrhea, we have argued that moderate-severe diarrhea as currently measured by
stool output is a sub-optimal outcome in these controlled human infection studies. One oppor-
tunity to refine this may be the consistent collection of validated measure of a subject’s ability
to perform his/her planned activities (travel, perform normal functions, etc) and assess the
ability of the proposed disease score in predicting decreasing activity. Additionally, while the
outcomes are harmonized as much as possible, there is potential variability in how the more
subjective measures are reported and recorded across subjects and/or investigators and future
studies should ensure collection of these parameters with focus on harmonization with existing
methods. Furthermore, the outcomes included in this score are not the only possible measures
that can be obtained in controlled human infection models and consideration should be given
to these additional measures in future studies. Also, host-specific parameters not currently
included in these analyses, such as diet and microbiome, may impact disease outcomes. In an
effort to harmonize the data, it may be that the characterization of new stool output measures
may have also impacted the influence of the non-stool related outcome measures.

Unequal distribution of diarrhea severity may be problematic given the use of these models
to assess vaccine efficacy with primary outcomes targeting the prevention of moderate-severe
disease. Additionally, failing to incorporate other signs and symptoms of disease is problematic
as it is often these additional complaints that influence a disease’s functional impact. These
data support the development of a disease severity scoring algorithm that accounts for stool
output and also includes other important clinical signs and symptoms. In addition, the devel-
opment of such a scoring algorithm could have great utility in field trials where studies neces-
sarily rely on self-reported outcomes.

Acknowledgments
The authors would like to thank the Anne Berit Guttormsen, Halvor Sommerfelt and PATH,
Enteric Vaccine Initiative for provision of data.

Author Contributions
Conceived and designed the experiments: CKP MSR DAS CH SJS DRT ALB. Performed the
experiments: CKP MSR RLG ANA DAS DRT ALB. Analyzed the data: CKP MSR RLG ANA
DAS CH SC SJS MD RM BDHS DRT ALB. Wrote the paper: CKP MSR DAS CH RLG SJS
MD RMHS DRT ALB.

References
1. Garver LS, Dowler M, Davidson SA (2015) Controlled Human Malaria Infection at theWalter Reed

Army Institute of Research: The Past, Present, and Future From an Entomological Perspective. US
Army Med Dep J: 16–24.

2. YanW (2015) Challenge accepted: Human challenge trials for dengue. Nat Med 21: 828–830. doi: 10.
1038/nm0815-828 PMID: 26248258

Signs and Symptoms following Experimental ETEC Infection

PLOS ONE | DOI:10.1371/journal.pone.0149358 March 3, 2016 12 / 14

http://dx.doi.org/10.1038/nm0815-828
http://dx.doi.org/10.1038/nm0815-828
http://www.ncbi.nlm.nih.gov/pubmed/26248258


3. van der Merwe R, Molfino NA (2012) Challenge models to assess new therapies in chronic obstructive
pulmonary disease. Int J Chron Obstruct Pulmon Dis 7: 597–605. doi: 10.2147/COPD.S30664 PMID:
23055710

4. Killingley B, Enstone J, Booy R, Hayward A, Oxford J, et al. (2011) Potential role of human challenge
studies for investigation of influenza transmission. Lancet Infect Dis 11: 879–886. doi: 10.1016/S1473-
3099(11)70142-6 PMID: 21798808

5. Porter CK, Thura N, Ranallo RT, Riddle MS (2013) The Shigella human challenge model. Epidemiol
Infect 141: 223–232. doi: 10.1017/S0950268812001677 PMID: 22906296

6. Porter CK, Riddle MS, Tribble DR, Louis Bougeois A, McKenzie R, et al. (2011) A systematic review of
experimental infections with enterotoxigenic Escherichia coli (ETEC). Vaccine 29: 5869–5885. doi: 10.
1016/j.vaccine.2011.05.021 PMID: 21616116

7. Shirley DA, McArthur MA (2011) The utility of human challenge studies in vaccine development: les-
sons learned from cholera. Vaccine (Auckl) 2011: 3–13.

8. DuPont HL, Formal SB, Hornick RB, Snyder MJ, Libonati JP, et al. (1971) Pathogenesis of Escherichia
coli diarrhea. N Engl J Med 285: 1–9. PMID: 4996788

9. Fischer Walker CL, Sack D, Black RE (2010) Etiology of diarrhea in older children, adolescents and
adults: a systematic review. PLoS Negl Trop Dis 4: e768. doi: 10.1371/journal.pntd.0000768 PMID:
20689809

10. Black R (1990) Epidemiology of travelers' diarrhea and relative importance of various pathogens. Rev
Infect Dis 12 Suppl 1: S73–79. PMID: 2406860

11. Steffen R, Hill DR, DuPont HL (2015) Traveler's diarrhea: a clinical review. JAMA 313: 71–80. doi: 10.
1001/jama.2014.17006 PMID: 25562268

12. Harro C, Chakraborty S, Feller A, DeNearing B, Cage A, et al. (2011) Refinement of a human challenge
model for evaluation of enterotoxigenic Escherichia coli vaccines. Clin Vaccine Immunol 18: 1719–
1727. doi: 10.1128/CVI.05194-11 PMID: 21852546

13. Skrede S, Steinsland H, Sommerfelt H, Aase A, Brandtzaeg P, et al. (2014) Experimental infection of
healthy volunteers with enterotoxigenic Escherichia coli wild-type strain TW10598 in a hospital ward.
BMC Infect Dis 14: 482. doi: 10.1186/1471-2334-14-482 PMID: 25190096

14. Conover W (1999) Practical Nonparametric Statistics, 3rd Edition: Wiley.

15. Hollander M, Wolfe D (1999) Nonparametric Statistical Methods; 2nd edition: Wiley.

16. Greenacre MJ (1984) Theory and Applications of Correspondence Analysis: London: Academic
Press.

17. Darsley MJ, Chakraborty S, DeNearing B, Sack DA, Feller A, et al. (2012) The oral, live attenuated
enterotoxigenic Escherichia coli vaccine ACE527 reduces the incidence and severity of diarrhea in a
human challenge model of diarrheal disease. Clin Vaccine Immunol 19: 1921–1931. doi: 10.1128/CVI.
00364-12 PMID: 23035175

18. McKenzie R, Bourgeois AL, Frech SA, Flyer DC, Bloom A, et al. (2007) Transcutaneous immunization
with the heat-labile toxin (LT) of enterotoxigenic Escherichia coli (ETEC): protective efficacy in a dou-
ble-blind, placebo-controlled challenge study. Vaccine 25: 3684–3691. PMID: 17313998

19. Darsely M, Harro C, Chakraborty S, Sack D, DeNearing B, et al. dmLT-adjuvanted live attenuated
enterotoxigenic Escherichia coli (ETEC) vaccine candidate protects against virulent ETEC in a human
ETEC challenge model; 2015 8–10 July 2015; Edinburgh, UK.

20. Steffen R, Cramer JP, Burchard G, Jelinek T, Schwarz U, et al. (2013) Efficacy of a travelers' diarrhea
vaccine system in travelers to India. J Travel Med 20: 374–379. doi: 10.1111/jtm.12064 PMID:
24165382

21. Behrens RH, Cramer JP, Jelinek T, Shaw H, von Sonnenburg F, et al. (2014) Efficacy and safety of a
patch vaccine containing heat-labile toxin from Escherichia coli against travellers' diarrhoea: a phase 3,
randomised, double-blind, placebo-controlled field trial in travellers from Europe to Mexico and Guate-
mala. Lancet Infect Dis 14: 197–204. doi: 10.1016/S1473-3099(13)70297-4 PMID: 24291168

22. Harro C, Chakraborty S, Sack D, DeNearing B, Bourgeois A, et al. Live Attenuated ETEC Vaccine Can-
didate Protects Against Virulent ETEC in a Human ETECChallenge Model; 2015; Edinburgh, UK.

23. Mattila L (1994) Clinical features and duration of traveler's diarrhea in relation to its etiology. Clin Infect
Dis 19: 728–734. PMID: 7803639

24. Porter CK, Riddle MS, Tribble DR, Putnam SD, Rockabrand DM, et al. (2009) The epidemiology of trav-
elers' diarrhea in Incirlik, Turkey: a region with a predominance of heat-stabile toxin producing entero-
toxigenic Escherichia coli. Diagn Microbiol Infect Dis.

25. Frech SA, Dupont HL, Bourgeois AL, McKenzie R, Belkind-Gerson J, et al. (2008) Use of a patch con-
taining heat-labile toxin from Escherichia coli against travellers' diarrhoea: a phase II, randomised,

Signs and Symptoms following Experimental ETEC Infection

PLOS ONE | DOI:10.1371/journal.pone.0149358 March 3, 2016 13 / 14

http://dx.doi.org/10.2147/COPD.S30664
http://www.ncbi.nlm.nih.gov/pubmed/23055710
http://dx.doi.org/10.1016/S1473-3099(11)70142-6
http://dx.doi.org/10.1016/S1473-3099(11)70142-6
http://www.ncbi.nlm.nih.gov/pubmed/21798808
http://dx.doi.org/10.1017/S0950268812001677
http://www.ncbi.nlm.nih.gov/pubmed/22906296
http://dx.doi.org/10.1016/j.vaccine.2011.05.021
http://dx.doi.org/10.1016/j.vaccine.2011.05.021
http://www.ncbi.nlm.nih.gov/pubmed/21616116
http://www.ncbi.nlm.nih.gov/pubmed/4996788
http://dx.doi.org/10.1371/journal.pntd.0000768
http://www.ncbi.nlm.nih.gov/pubmed/20689809
http://www.ncbi.nlm.nih.gov/pubmed/2406860
http://dx.doi.org/10.1001/jama.2014.17006
http://dx.doi.org/10.1001/jama.2014.17006
http://www.ncbi.nlm.nih.gov/pubmed/25562268
http://dx.doi.org/10.1128/CVI.05194-11
http://www.ncbi.nlm.nih.gov/pubmed/21852546
http://dx.doi.org/10.1186/1471-2334-14-482
http://www.ncbi.nlm.nih.gov/pubmed/25190096
http://dx.doi.org/10.1128/CVI.00364-12
http://dx.doi.org/10.1128/CVI.00364-12
http://www.ncbi.nlm.nih.gov/pubmed/23035175
http://www.ncbi.nlm.nih.gov/pubmed/17313998
http://dx.doi.org/10.1111/jtm.12064
http://www.ncbi.nlm.nih.gov/pubmed/24165382
http://dx.doi.org/10.1016/S1473-3099(13)70297-4
http://www.ncbi.nlm.nih.gov/pubmed/24291168
http://www.ncbi.nlm.nih.gov/pubmed/7803639


double-blind, placebo-controlled field trial. Lancet 371: 2019–2025. doi: 10.1016/S0140-6736(08)
60839-9 PMID: 18554712

26. Sanders JW, Isenbarger DW,Walz SE, Pang LW, Scott DA, et al. (2002) An observational clinic-based
study of diarrheal illness in deployed United States military personnel in Thailand: presentation and out-
come of Campylobacter infection. Am J Trop Med Hyg 67: 533–538. PMID: 12479558

27. Bernstein DI, Atmar RL, Lyon GM, Treanor JJ, ChenWH, et al. (2015) Norovirus vaccine against exper-
imental human GII.4 virus illness: a challenge study in healthy adults. J Infect Dis 211: 870–878. doi:
10.1093/infdis/jiu497 PMID: 25210140

28. Atmar RL, Bernstein DI, Harro CD, Al-Ibrahim MS, ChenWH, et al. (2011) Norovirus vaccine against
experimental human Norwalk Virus illness. N Engl J Med 365: 2178–2187. doi: 10.1056/
NEJMoa1101245 PMID: 22150036

29. Tribble DR, Baqar S, Scott DA, Oplinger ML, Trespalacios F, et al. (2010) Assessment of the duration
of protection in Campylobacter jejuni experimental infection in humans. Infect Immun 78: 1750–1759.
doi: 10.1128/IAI.01021-09 PMID: 20086085

30. Coster TS, Wolf MK, Hall ER, Cassels FJ, Taylor DN, et al. (2007) Immune response, ciprofloxacin
activity, and gender differences after human experimental challenge by two strains of enterotoxigenic
Escherichia coli. Infect Immun 75: 252–259. PMID: 17074855

31. RMcKenzie AB, DR Tribble, A O'Dowd, JA Lapa, CK Porter, SA Sincock, S Poole, C Carpenter, B
DeNearing, S Grahek, C Brinkley, JH Crabb, SJ Savarino. Bovine Milk Antibodies against the Tip Adhe-
sin of CFA/I Protect against Diarrhea in the ETEC Human Challenge Model; 2007; Lisbon, Portugal.

32. Chakraborty S, Harro C, DeNearing B, RamM, Bourgeois A, et al. Dose-dependent spectrum of illness
and immune response profiles after primary infection and following homologous re-challenge in a low
dose enterotoxigenic E. coli (ETEC) challenge model; 2015; Edinburgh, UK.

33. McKenzie R, Darsley M, Thomas N, Randall R, Carpenter C, et al. (2008) A double-blind, placebo-con-
trolled trial to evaluate the efficacy of PTL-003, an attenuated enterotoxigenic E. coli (ETEC) vaccine
strain, in protecting against challenge with virulent ETEC. Vaccine 26: 4731–4739. doi: 10.1016/j.
vaccine.2008.06.064 PMID: 18602960

34. Carpenter CM, Hall ER, Randall R, McKenzie R, Cassels F, et al. (2006) Comparison of the antibody in
lymphocyte supernatant (ALS) and ELISPOT assays for detection of mucosal immune responses to
antigens of enterotoxigenic Escherichia coli in challenged and vaccinated volunteers. Vaccine 24:
3709–3718. PMID: 16153753

35. McKenzie R, Porter CK, Cantrell JA, Denearing B, O'Dowd A, et al. (2011) Volunteer ChallengeWith
Enterotoxigenic Escherichia coli That Express Intestinal Colonization Factor Fimbriae CS17 and CS19.
J Infect Dis 204: 60–64. doi: 10.1093/infdis/jir220 PMID: 21628659

36. (2007) Safety and Efficacy of Bovine Milk Immunoglobulin Against CS17 and CsbD (BIgGII).
NCT00524004.: US National Institutes of Health.

Signs and Symptoms following Experimental ETEC Infection

PLOS ONE | DOI:10.1371/journal.pone.0149358 March 3, 2016 14 / 14

http://dx.doi.org/10.1016/S0140-6736(08)60839-9
http://dx.doi.org/10.1016/S0140-6736(08)60839-9
http://www.ncbi.nlm.nih.gov/pubmed/18554712
http://www.ncbi.nlm.nih.gov/pubmed/12479558
http://dx.doi.org/10.1093/infdis/jiu497
http://www.ncbi.nlm.nih.gov/pubmed/25210140
http://dx.doi.org/10.1056/NEJMoa1101245
http://dx.doi.org/10.1056/NEJMoa1101245
http://www.ncbi.nlm.nih.gov/pubmed/22150036
http://dx.doi.org/10.1128/IAI.01021-09
http://www.ncbi.nlm.nih.gov/pubmed/20086085
http://www.ncbi.nlm.nih.gov/pubmed/17074855
http://dx.doi.org/10.1016/j.vaccine.2008.06.064
http://dx.doi.org/10.1016/j.vaccine.2008.06.064
http://www.ncbi.nlm.nih.gov/pubmed/18602960
http://www.ncbi.nlm.nih.gov/pubmed/16153753
http://dx.doi.org/10.1093/infdis/jir220
http://www.ncbi.nlm.nih.gov/pubmed/21628659

