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SHORT PAPER

Selection bias in epidemiological studies of infectious disease

using Escherichia coli and avian cellulitis as an example
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SUMMARY

In epidemiological studies of infectious disease, researchers often rely on specific cues of the

host, such as clinical signs, as surrogate indicators of pathogen presence. A selection bias

would manifest if the specific visual cues used in sampling for the pathogen were not

representative of the full range of signs caused by the strains of that pathogen. In our

molecular epidemiological studies of Escherichia coli associated with avian cellulitis in broilers,

we collect carcasses at the processing plant based on visual cues of lesion morphology.

Therefore, the objectives of this study were to: (1) explore the potential impacts of selection

bias in an application of infectious disease epidemiology, and (2) utilize a validation protocol

to assess the potential for selection bias in our molecular epidemiological studies of E. coli and

avian cellulitis. In two different trials, E. coli DNA fingerprints were compared between birds

that our observers collected and the birds that the observers missed. Using Fisher’s exact tests

and simulation models, we determined that the isolates collected by the observers were not

significantly different from the isolates missed by the observers (P" 0±60 in both trials). Our

method of selecting birds suspected of having cellulitis did not significantly bias our inferences

about the population of E. coli associated with cellulitis in the flock. We encourage more

investigators to critically assess the relationship of the sample to the target population in

epidemiological studies of infectious disease.

A bias in epidemiological studies typically refers to a

distortion in the measure of effect between exposures

and the outcome due to flaws in either the research

design or analysis [1]. In observational epidemio-

logical studies, this distortion can be a result of

* Author for correspondence: Department of Veterinary Patho-
biology, University of Illinois, 2001 S. Lincoln Ave., Urbana,
Illinois, USA, 61802.

selection bias, confounding, information bias, which

includes recall bias and misclassification, and ana-

lytical bias [2, 3]. In this paper, we will focus on

selection bias, which generally refers to a spurious

estimate of the relationship between exposures and

outcome due to the manner in which subjects are

selected for study from the target population [1].

In epidemiological studies of infectious disease,
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inferences are often related to specific pathogens and

not to the host factors that influence whether an

individual is at risk for infection. For example,

researchers are often interested in determining the

predominant strains of a pathogen involved with a

specific condition and how the causal strains are

distributed across temporal and spatial scales. Cluster

analyses can be used to express the relatedness of

isolates sampled in the study. In order to make

unbiased inferences about the causal strains, a

representative sample of the different strains

associated with the condition should be collected.

This is often difficult to accomplish because it typically

requires a random sample of all hosts in the

population that are infected with the pathogen.

Researchers often rely on specific cues of the host as

surrogate indicators of pathogen presence. These cues

can include specific clinical signs, morphology of gross

lesions, biochemical alterations, or radiographic

changes. It is possible for different strains of the

pathogen being studied to induce variable types and

degrees of these clinical manifestations. A selection

bias would manifest if the specific visual cues used in

sampling for the pathogen were not representative of

the full range of signs caused by the strains of that

pathogen. Only those strains that produced the

specific visual cues would be sampled, and all

inferences would then be based on a biased subset of

the target population.

We are currently studying avian cellulitis in broiler

chickens. This condition is characterized by a diffuse

inflammatory reaction in the subcutaneous tissue that

results in the complete or partial condemnation of the

carcass at processing [4, 5]. Current US losses due to

avian cellulitis have been estimated at greater than $80

million per year [6]. Numerous investigators have

causally linked the presence of Escherichia coli with

cellulitis [7–10]. The lesions induced by these E. coli

can vary considerably in their morphological ap-

pearance [5, 11], from mild fibrinous exudate to well-

defined, fibrinocaseous plaques. The size of the lesion

is extremely variable as is the colour, ranging from a

pale cream to golden yellow to brown-yellow with

haemorrhage. There can also be considerable vari-

ation in the degree to which the overlying skin is

affected [5, 11], and some birds have little or no

overlying skin involvement.

Currently we are employing pulsed-field gel electro-

phoresis (PFGE) to assess various aspects of the

molecular epidemiology of these cellulitis-associated

E. coli. For example, we studied the genetic variability

of cellulitis-associated E. coli within a single flock and

the degree of genetic heterogeneity in these E. coli

across various spatial scales [12]. We also assessed the

persistence of these cellulitis-associated E. coli over

successive flocks that use the same house. In order to

sample cellulitis-affected carcasses for E. coli, we

collect carcasses that we suspect will have cellulitis.

Carcasses are collected prior to evisceration on the

processing line in order to ensure that the lesions

remain uncontaminated [11, 13, 14]. Because we can

not directly visualize the lesion in an intact carcass, we

use specific changes in the integument of the broiler as

indicators of cellulitis. Thus, the cues for selection are

visual and may vary from observer to observer.

The strains of E. coli that can cause cellulitis are

diverse, and thus, there may be variability in the

morphology of the lesions that these strains produce.

If different strains have different morphologic ap-

pearance in the lesions they produce, then some

strains may not be considered in a study that selects

carcasses based on visual cues. The process of selecting

carcasses suspected of having cellulitis based on visual

cues may lead to a selection bias and a misrep-

resentation of the overall target population of E. coli

that can cause cellulitis in a given flock. Therefore, the

objectives of this study were to: (1) explore the

potential impacts of selection bias in an application of

infectious disease epidemiology, and (2) utilize a

validation protocol to assess the potential for selection

bias in our molecular epidemiological studies of E.

coli and avian cellulitis.

Two trials were conducted for this study, each on a

single flock from a different ranch. For each trial, two

observers collected birds that they suspected would

have cellulitis lesions. The observers collected birds

from the processing line for a fixed period of time. The

birds were collected prior to evisceration so that the

lesions would be intact and uncontaminated. During

the time period in which the observers were sampling,

all birds that the observers missed but that were

subsequently condemned for cellulitis by the USDA

inspectors at meat inspection were also collected.

Therefore, we removed all of the birds in the flock that

were identified as having cellulitis during the sampling

time period. This sample comprised the cellulitis-

affected carcasses that the observers sampled and the

cellulitis-affected carcasses that the observers missed.

Each cellulitis lesion was cultured by direct

streaking onto MacConkey and blood agar plates.

The agar plates were incubated for 24 h at 37 °C. A

single, isolated lactose-positive colony was then
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randomly selected from the MacConkey plate [15] and

identified as E. coli by standard biochemical tech-

niques [16].

All isolates were DNA fingerprinted using PFGE.

Extraction of genomic DNA and PFGE were per-

formed as per manufacturer’s instructions (BioRad

Laboratories, Hercules, CA). For extraction of

genomic DNA, we utilized the CHEF Bacterial

Genomic DNA Plug Kit (BioRad Laboratories,

Hercules, CA) as per manufacturer’s instructions.

Briefly, 62±5 µl of an overnight brain hearth infusion

broth culture were centrifuged and washed with TE

buffer (10 m Tris, 1 m EDTA, pH 8±0). The cells

were resuspended in a cell suspension buffer (BioRad

Laboratories, Hercules, CA), and an equal volume of

molten 2% low-melting-point agarose was added.

The combination was mixed and pipetted into the

plug mould. Solidified plugs were then treated with a

lysozyme solution (BioRad Laboratories, Hercules,

CA) for 1 h at 37 °C followed by digestion in a

proteinase K solution (BioRad Laboratories,

Hercules, CA) at 50 °C overnight. The plugs were

then washed four times in 1¬ wash buffer (BioRad

Laboratories, Hercules, CA), the second of which

contained 1 m phenylmethylsulphonyl fluoride

(PMSF). Plugs were then washed in 0±1¬ wash buffer

for 1 h followed by 1¬ restriction enzyme buffer for

1 h. The plugs were digested with 20 U of restriction

endonucleases NotI and SfiI in separate digestions

(New England BioLabs, Beverly, MA) at 37 °C
overnight.

PFGE was performed with a 1±2% agarose gel on a

CHEF III apparatus (BioRad Laboratories, Hercules,

CA) in 0±5¬Trisborate–EDTA buffer (45 m Tris,

45 m boric acid, 1 m EDTA, pH 8±3) at 14 °C and

200 V. A linearly ramped switching time of 5–50 s was

applied over 22 h for both NotI and SfiI. Three lanes

with molecular size markers were included on every

gel. The DNA size standards used were bacteriophage

lambda ladder (BioRad Laboratories, Hercules, CA)

consisting of concatemers with an increment of

48±5 kb.

After PFGE, the gel was stained with ethidium

bromide (0±2 µg}ml) and digitized into a computer

using the Gel Doc 1000 (BioRad Laboratories,

Hercules, CA) and the software program Molecular

Analyst v. 1.4.1 (BioRad Laboratories, Hercules,

CA). The computerized image was analysed with the

Molecular Analyst Fingerprinting Plus software v.

1.12 (BioRad Laboratories, Hercules, CA). Only

PFGE fragments larger than 50 kb were evaluated in

Table 1. Tabulation of the different fingerprint

patterns obser�ed in Trial 1 (A) and Trial 2 (B)

(A) Trial 1

Fingerprint SAMP1 MISS1

A 7 5

B 3 1

C 1 2

D 1 0

E 0 1

F 0 1

G 0 1

H 0 1

Total 12 12

(B) Trial 2

Fingerprint SAMP2 MISS2

I 5 7

J 3 4

K 2 2

L 1 0

M 1 0

N 0 1

O 0 1

Total 12 15

SAMP represents the number of isolates of each fingerprint

pattern collected by the observers and MISS represents the

number of isolates of each fingerprint pattern missed by the

observers. Fingerprints A, B, and C were the dominant

patterns in Trial 1, and fingerprints I, J, K were the

dominant patterns in Trial 2.

order to eliminate the potential influence of large

plasmids.

In order to assess for the possibility of selection

bias, we employed two different analyses. First, we

compared the distribution of DNA fingerprint

patterns between the sample obtained by the observers

(SAMP) and the sample missed by the observers

(MISS). We classified each isolate into a DNA

fingerprint group using guidelines for interpreting

PFGE fingerprint patterns [17, 18]. If isolates had

fewer than four band differences, they were considered

to be of the same fingerprint type for the purpose of

this analysis. The number of isolates in each finger-

print type were then apportioned into a contingency

table, comparing the distribution of SAMP to the

distribution of MISS. A separate contingency table

was designed for each of the two trials (Table 1). The

contingency tables were then analysed using a

generalization of the Fisher’s exact test to compare

the vectors of probabilities for the SAMP and MISS
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distributions [19]. We performed two different Fisher’s

exact tests per contingency table. The first test only

assessed those fingerprint patterns that had at least

two total isolates of each fingerprint pattern (finger-

prints A, B and C in Trial 1 and I, J and K in Trial 2).

These fingerprint patterns will herein be referred to as

the dominant patterns. These comparisons were thus

3¬2 analyses. The second test assessed all of the

fingerprint patterns that were identified in the trial,

and thus, were 8¬2 and 7¬2 analyses for Trials 1 and

2, respectively.

Because of the relatively small sample sizes in each

fingerprint pattern and in order to be more con-

servative in our assessment of selection bias, the

distribution of DNA fingerprint patterns was con-

sidered to be significantly different between SAMP

and MISS if P! 0±10. A significant difference in the

distribution of DNA fingerprint patterns between

SAMP and MISS would imply that the sampled

isolates were not representative of the overall popu-

lation of fingerprints, and consequently, that a

selection bias existed in our sampling of E. coli from

cellulitis lesions in broilers.

In the second type of analysis, we employed a

simulation model that was based on a random

sampling of the E. coli target population in each trial.

The purpose of the model was to determine the

diversity and frequency of different SAMP distri-

butions that would be obtained under a random

sampling scheme from the target population. It would

then be possible to assess the likelihood of observing

the SAMP DNA fingerprint distribution that we

actually obtained. A separate model was created for

each trial.

In order to create the model, the SAMP and MISS

groups in each contingency table were collapsed into

a vector of counts. This then gave the total number of

isolates of each fingerprint type that were present in

each trial and served as the target population that we

were attempting to study. For the purpose of this

model, we included only the dominant DNA finger-

print patterns from each trial, and thus, the total

number of isolates in the target population for each

trial was fixed (n
"

and n
#
). In each trial, we had

sampled a fixed number of carcasses (SAMP1 and

SAMP2), and this number was used as the sample size

(x
"
and x

#
) for each iteration of the respective model.

In each iteration of the model, isolates were sampled

at random and without replacement from the target

population of dominant fingerprint patterns (n) until

the sample size (x) was reached. For example, assume

the target population consisted of three dominant

fingerprints, A, B and C. Each iteration would then

select x isolates from the target population of size n,

and this sample would consist of a fingerprints of A,

b of B, and c fingerprints of C. We could then

determine the proportion of iterations for which A¯
a, B¯ b, and C¯ c. This model was written in

Microsoft Access using Visual BASIC2 (Microsoft

Corp., Redmond, WA), and each trial simulation was

run over 10000 iterations.

In Trial 1, 12 birds were selected by the observers

(SAMP1¯ 12) and 12 carcasses condemned by the

USDA inspectors for cellulitis were missed by the

observers (MISS1¯ 12). In Trial 2, 12 birds were

selected by the observers (SAMP2¯ 12) and 15 birds

were missed (MISS2¯ 15). E. coli was isolated from

the cellulitis lesions in all carcasses. One E. coli colony

was selected from each lesion and was DNA finger-

printed by PFGE (Fig. 1).

The tabulation of the fingerprint data for each trial

is shown in Table 1. In Trial 1, there were three

dominant fingerprint patterns (Table 1A). In Trial 2,

there were also three dominant fingerprint patterns

(Table 1B). Again, we refer to a dominant fingerprint

pattern as one that was observed in at least two of the

isolates in the trial, thus allowing for that fingerprint

pattern to be represented in both the SAMP and

MISS distributions. Two comparisons were made in

each trial between the distribution of fingerprint

patterns in the SAMP and MISS isolates. In the first

comparison, we considered only the dominant finger-

print patterns, as it is impossible for a fingerprint

present in a single isolate to be in both the SAMP and

MISS groups. In Trial 1, there was a non-significant

difference between the dominant fingerprint distri-

butions in SAMP1 and MISS1 (P¯ 0±67). When all

isolates were considered, there was still a non-

significant difference between the fingerprint distri-

butions in SAMP1 and MISS1 (P¯ 0±60). In Trial 2,

there was a non-significant difference between the

dominant fingerprint distributions in SAMP2 and

MISS2 (P¯ 1±00). When all isolates were considered,

there was still a non-significant difference between the

fingerprint distributions in SAMP2 and MISS2 (P¯
0±94).

In the simulation of Trial 1, 11 isolates (representing

the 11 SAMP1 dominant isolates) were randomly

selected from the target population of 19 dominant

isolates of Trial 1 (SAMP1MISS1). For the simu-

lation of Trial 2, 10 isolates (representing the 10

SAMP2 dominant isolates) were randomly selected
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Fig. 1. Pulsed-field gel of DNA obtained from cellulitis E. coli in Trial 1 and digested with SfiI. Lanes with λ represent

bacteriophage lambda DNA molecular size markers. Only bands larger than 50 kb were considered in the analysis. Isolates

1, 7 and 9 have fingerprint pattern B, isolates 2, 3, 4, 5, 8, 10, 11 and 12 have fingerprint pattern A, and isolate 6 has

fingerprint pattern C.
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Fig. 2. Results of the simulation models for Trial 1 (a) and Trial 2 (b). There were three dominant fingerprints in each trial.

The counts for the third fingerprint of each simulation are not shown because this count is dependent on the counts of the

other two fingerprints. Each bar represents a unique outcome of the model, and the height represents the proportion of the

10000 iterations that resulted in that specific outcome. The scenario that was actually observed is hatched and labeled.

from the target population of 23 dominant isolates of

Trial 2 (SAMP2MISS2). The different outcomes of

each simulation are shown in Figure 2. The figure only

shows the counts for two of the three dominant

fingerprints in each simulation. This was done because

the number of isolates selected from the third

fingerprint pattern is dependent on the counts of the

other two fingerprint patterns. In Trial 1, the

distribution of fingerprint patterns that our observers

collected was the third most common simulated

outcome. In Trial 2, the distribution of fingerprint

patterns that our observers collected was the most

common simulated outcome.

Inferences concerning the distribution, diversity

and ecology of pathogens in epidemiological studies

of infectious disease can be dramatically influenced by

the manner in which organisms are sampled. Conse-

quently, infectious disease studies can be greatly

affected by selection bias related to the hosts harboring

the pathogens under study. We have designed a

validation study in order to quantify the amount of

selection bias inherent in our molecular epidemio-

logical study of E. coli associated with avian cellulitis

in broiler chickens.

Approximately equal numbers of carcasses with

cellulitis were sampled as were missed by the observers

in both trials. The majority of carcasses that were

missed had lesions of similar size and morphology to

the carcasses that were sampled. The major reason

that carcasses were missed was due to the absence of
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visible discolouration to the overlying skin. This was

the reason that we were concerned about the possi-

bility of a selection bias. If different strains of E. coli

were to produce different amounts of skin involve-

ment, then we could have underestimated or even

missed an entire portion of the E. coli strains

associated with cellulitis in the flock. Because of the

non-significant differences between the SAMP and

MISS distributions of DNA fingerprints in both trials,

we are confident that our sampling technique is

providing a selection of carcasses and E. coli isolates

that are representative of the target population. In

addition, the simulation models demonstrated that

our observed outcomes were common in a random

sampling design. Based on the dominant fingerprint

patterns, we have not missed an E. coli strain that

could be considered an important component of the

cellulitis condition in the flock.

One potential shortcoming of this validation ex-

periment is the limited number of isolates included,

resulting in lower power of the study. The argument

could be made that a significant difference between

the SAMP and MISS distributions would be difficult

to detect with only 12–15 isolates of E. coli finger-

printed from each group. However, the purpose of

this experiment was to detect major departures from a

representative sampling scheme, and the number of

isolates that were DNA fingerprinted would have

given us adequate opportunity to detect these

departures. For example, in Trial 1, if our observers

had detected three more of the lesions with fingerprint

A and missed two more of the lesions with fingerprint

B, there would have been a significant selection bias

(P¯ 0±04). In Trial 2, if our observers had collected

two additional isolates of J and missed three more of

isolate I, there would have been a significant selection

bias (P¯ 0±07).

In our sampling of cellulitis-affected carcasses,

observers were placed on different evisceration lines

and were thus sampling carcasses in parallel. The

placement of multiple observers on a single evis-

ceration line could potentially increase the recovery of

cellulitis-affected carcasses due to the ability the

observers to work in series. However, we did not

notice a significant inter-observer variability in the E.

coli DNA fingerprints recovered (data not shown),

and thus, the placement of observers in parallel was

probably a more efficient sampling technique.

Many epidemiological studies of infectious disease

utilize molecular techniques to differentiate patho-

genic isolates. This high degree of resolution has

enabled researchers to distinguish closely related

isolates within populations. As a consequence, sam-

pling strategies must be carefully designed, taking into

account both the distribution of infected hosts within

the population as well as the distribution of specific

pathogenic strains within the hosts of the population.

Random sampling of infected hosts within the target

population would clearly be the ideal way in which to

ensure that representative strains are collected and

identified. Due to problems such as inapparent

carriers, diversity of clinical signs and the potential for

active infection without clinical lesions, random

sampling from all infected individuals can be difficult.

Often we rely on cues such as morphologic appearance

of lesions in order to obtain our samples. This can

potentially lead to selection biases of both hosts and

of the pathogens being sampled. A critical assessment

of the relationship between the sampled pathogens

and the target population would thus be warranted.
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