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Abstract

Background: Case–control studies are commonly used to explore factors associated with enteric 

bacterial diseases. Control of confounding is challenging due to a large number of exposures of 

interest and the low frequencies of many of them.

Methods: We evaluated nearest-neighbors matching in a case–control study (originally 1:1 

matched, published in 2004) of sporadic Campylobacter infections that included information on 

433 exposures in 2632 subjects during 1998–1999. We performed multiple imputations of missing 

data (m = 100) and calculated Gower distances between cases and controls using all possible 

confounders for each exposure in each dataset. We matched each case with ≤20 controls within a 

data-determined distance. We calculated odds ratios and population attributable fractions (PAFs).

Results: Examination of pairwise correlation between exposures found very strong associations 

for 1046 pairs of exposures. More than 100 exposures were associated with campylobacteriosis, 

including nearly all risk factors identified using the previously published approach that included 

only 16 exposures and some less studied, rare exposures such as consumption of chicken liver and 

raw clams. Consumption of chicken and nonpoultry meat had the highest PAFs (62% and 59%, 

respectively).

Conclusions: Nearest-neighbors matching appear to provide an improved ability to examine 

rare exposures and better control for numerous highly associated confounders.
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Campylobacter is estimated to be the most common cause of bacterial gastroenteritis in the 

United States; the vast majority of cases are sporadic.1 Case–control studies are commonly 

used to explore factors associated with campylobacteriosis and to estimate population 

attributable fractions (PAFs) for exposures.2 Campylobacter colonizes the intestines of a 

wide range of wild and domesticated warm-blooded animals. The feces of those animals 

can contaminate foods and the environment. Furthermore, contamination of foods can occur 

at multiple points from production to consumption. Consequently, studies often evaluate 

many exposures, including rare ones.3,4 The need to control for many exposures while 

evaluating rare ones requires a sizable sample to achieve stable regression models and 

sufficient statistical power. However, a recent systematic review found that most studies 

have relatively small sample sizes,2 and so investigators have typically reduced the number 

of exposures included in regression models by screening exposures through univariate 

analysis,3,5–7 combining multiple exposures into a single one,3,6 or selecting one exposure 

among correlated ones.6 Even so, the number of exposures included in regression models 

can exceed 100.3 Propensity score matching has been used as an alternative approach but 

does not perform well as a distance measure in case–control matching.8

The nearest-neighbors matching approach has been used in a variety of fields, including 

ecology9 and biology.10 In epidemiology, this approach has been used in cross-sectional 

and quasi-experimental studies,11,12 but not commonly for case–control studies. We 

hypothesized that nearest-neighbors matching could improve case–control matching and 

covariate adjustment compared with other methods. Our approach calculates a selected 

distance metric between cases and controls using all possible exposures except the one 

under active consideration, and then matches each case with its nearest neighbors to 

achieve better comparability across all measured covariates between controls and cases. 

We reanalyzed a case–control study (originally 1:1 matched) of sporadic Campylobacter 
infections in the United States conducted during 1998–1999, to permit the comparison of 

the nearest-neighbors matching to a traditional approach and to investigate factors associated 

with campylobacteriosis.3

METHODS

Study Enrollment

The Foodborne Diseases Active Surveillance Network (FoodNet) is a collaboration among 

the Centers for Disease Control and Prevention, 10 state health departments, the US 

Department of Agriculture’s Food Safety and Inspection Service (USDA-FSIS), and 

the Food and Drug Administration. FoodNet has conducted active, population-based 

surveillance for laboratory-diagnosed infections of Campylobacter since 1996.13 In 1998, 

FoodNet included seven sites; its catchment accounted for 8% of the US population. We 

used data from a 12-month, population-based case–control study conducted during 1998–

1999 in the seven sites: Connecticut, Georgia, Minnesota, Oregon, and selected counties in 
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California, Maryland, and New York. The study design was reported previously.3 Briefly, 

we defined a case as a culture-confirmed Campylobacter infection in a patient who was 

not a part of a recognized outbreak, and where diarrhea occurred <10 days before a 

clinical specimen that yielded Campylobacter was obtained. If more than one member of 

a household had a culture-confirmed illness, only the one with the earliest onset of diarrhea 

was enrolled in the study. We matched control to a case based on age group and telephone 

exchange. We enrolled a total of 2632 subjects: 1316 cases and 1316 matched controls. The 

age groups were 0 to <6 months, 6 to <24 months, 2 to <6 years, 6 to <12 years, 12 to 

<18 years, 18 to <40 years, 40 to <60 years, and ≥60 years old. The Centers for Disease 

Control and Prevention and FoodNet site Institutional Review Boards approved the protocol 

and obtained informed consent.

Exposures

We interviewed cases (or caregivers for cases aged <12 years) by phone within 21 days after 

specimen collection using a standardized questionnaire about exposures in the 7 days before 

diarrhea began. Controls were interviewed with the same questionnaire about exposures 

during the corresponding 7 days. To reduce recall bias, we interviewed controls no later 

than 7 days after the matched patient was interviewed. We collected data on food, water, 

and animal exposures; demographics; international and domestic travel; dining locations; 

and food preparation and kitchen practices. We defined nonpoultry meat as beef, veal, lamb, 

pork, or venison. We defined farm animals as chickens, turkeys, cattle, goats, sheep, lambs, 

horses, or pigs. We defined house animals as kittens, cats, puppies, dogs, or reptiles. We 

defined a rare exposure as having a prevalence of ≤1% in the control group.

Statistical Analysis

To be consistent with the previously published analysis, the same exclusions were applied in 

the present study. Children under 24 months old (75 cases and 75 controls) were excluded 

due to a large number of missing values in that age group. Cases (162) and controls (18) 

with recent international travel were excluded because the study aimed to identify domestic 

risks. Our final analytic sample included 1079 cases and 1223 controls.

Unlike the previously published analysis, we addressed missing exposure data using 

multiple imputations (m = 100). Gower distance is the weighted mean of the standardized 

difference in each variable between two observations. It ranges between 0 and 1, with 

0 indicating the two observations are identical, and 1 indicating maximally dissimilar. In 

each of the 100 imputed datasets, iterating through each exposure, we matched up to 20 

nearest controls to each case using Gower distance calculated from all other exposures 

except possible intermediates between the exposure and illness status (see eAppendix; 

http://links.lww.com/EDE/B929).14 For example, when examining ‘fried chicken that was 

pink inside’, we considered ‘ate fried chicken’ as an intermediate and excluded it from 

calculating Gower distance. A control could match a case only if its distance was within a 

threshold established by logistic regression comparing Gower distances between the closest 

case–control pairs (each case uniquely matched to one control by the maximum bipartite 

graph algorithm) vs. a randomly selected control. The threshold corresponded to a distance 

in which there was a logistic regression-estimated probability that the pair was the closest 
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one vs. a random selection. We tested probabilities from 0.50 to 1 with an interval of 0.05. 

Each case and its matched controls formed a stratum. Our approach also ensured each 

control was in only one stratum. If two cases shared the same controls, the cases were 

merged into the same stratum. To favor matching as many cases as possible and to make the 

strata more balanced in size, a control was prioritized to be matched with a case from the 

stratum with the smallest size. If the sizes of strata were tied, priority was given to the closer 

case.

The previously published conditional logistic regression analysis identified 16 exposures 

that were associated with campylobacteriosis.3 To compare the nearest-neighbors matching 

approach to the published analysis, we first applied the previously published conditional 

logistic regression model to each of the 100 imputed datasets and combined the regression 

coefficients from the 100 imputed datasets using Rubin’s rules (“original analysis”).15 We 

then applied conditional logistic regression analysis, including the exposure of interest and 

strata to each of the 100 datasets re-matched using nearest-neighbors matching for each 

of the 16 exposures. Again, we combined regression coefficients for each exposure using 

Rubin’s rules. The previously published regression model examined contact with farm 

animals stratified by age; we did not conduct stratified analysis because we focused on a 

side-by-side comparison of directions of associations found in the original analysis vs. the 

nearest-neighbors matching approach.

For our comprehensive analysis of exposures associated with campylobacteriosis using 

nearest-neighbors matching, we only excluded exposures from analysis if neither cases 

nor controls were exposed in any of the 100 re-matched datasets or no case could be 

matched to control in any of the 100 imputed datasets. Since some exposures were rare 

among participants and conditional logistic regression cannot produce reasonable regression 

coefficients for these exposures, we applied Firth’s bias-reduced penalized-likelihood 

logistic regression analysis to each of the 100 re-matched datasets for each exposure 

to examine associations between an exposure and campylobacteriosis after controlling 

for strata.16 We combined the results from the 100 re-matched datasets using penalized-

likelihood profiles because of the non-normal distribution of regression coefficients.17 We 

calculated PAFs for individual binary risk factors using the method described by Bruzzi et 

al.18 We calculated the 95% confidence interval (CI) for PAFs from the 95% confidence 

limits of odds ratios (OR). We examined the association between each pair of exposures 

using Cramer’s V.19 Association was considered very strong if Cramer’s V was greater than 

0.25. We selected associations for the presentation that were significant at the 0.05 level and 

that had OR <0.5 or >2. All analyses were conducted using R version 3.6.1.20 We provide an 

R package called nncc that can perform the analyses through GitHub.

RESULTS

Cases were more often male and had higher income than controls but were otherwise 

similar (Table 1). Examination of pairwise correlation between exposures found very strong 

associations for 1046 pairs of exposures among 93,528 pairs of exposures examined.
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As logistic regression-estimated probabilities increased from 0.50 to 0.90, the Gower 

distance threshold decreased gradually; from 0.90 to 1.00, it decreased rapidly (Table 2). 

We found the same pattern for average sample size of re-matched datasets and number 

of exposures with 100 re-matched datasets. In contrast, statistical power, indicated by the 

number of exposures associated with disease, gradually increased up to a logistic regression-

estimated probability of 0.90. Therefore, we used that probability, corresponding to a Gower 

distance threshold of 0.81, for the analysis.

On average, 97% of 1:1 matched pairs in the 100 imputed datasets had Gower distances 

larger than the threshold established by our logistic regression approach. We applied the 

nearest-neighbors approach to each of the 100 imputed data and created separate re-matched 

datasets for every exposure. We excluded 57 (13%) of 433 exposures from analysis because 

we obtained fewer than 100 valid re-matched datasets for each. Among the 376 exposures 

retained, 101 were rare binary exposures (prevalence ≤1% in controls in the imputed 

datasets). Almost all cases (>98%) were included in at least one re-matched dataset for 

an exposure. On average, a re-matched dataset included 431 cases (interquartile range width 

= 13) and 901 controls (interquartile range width = 12). Each stratum included no more than 

five cases and 15 controls for any exposure. Only 0.4% of strata included more than one 

case, whereas 52% of strata included more than one control.

We compared ORs from the original analysis with the nearest-neighbors matching approach 

for the 16 exposures that were associated with campylobacteriosis in the previously 

published analysis (Table 3). For the 10 exposures with odds ratios greater than 1 in the 

original analysis, the nearest-neighbors matching approach produced associations in the 

same direction and nearly all CIs overlapped. For the six exposures with ORs less than 1 in 

the original analysis, the nearest-neighbors matching approach produced consistent direction 

of associations for two exposures (i.e. eating fresh berries bought at a store and female sex) 

and positive associations for the other four exposures.

Applying conditional logistic regression analysis (nearest-neighbors matching in Table 3) 

and Firth’s bias-reduced penalized-likelihood logistic regression analysis (Table 4) to the 

re-matched datasets produced consistent associations for all 16 exposures. The latter method 

(Table 4) also identified 91 more exposures associated with campylobacteriosis compared to 

the original analysis.

Among the 91 exposures, eating five or more types of meat (poultry and nonpoultry) was 

associated with increased risk compared with eating fewer. Eating meals prepared on an 

outdoor grill was a risk factor.

Consumption of chicken was associated with elevated risk (OR = 3.3, 95% CI = 2.0, 

5.6) and had the largest PAF (62%, 95% CI = 45%, 73%). Eating rotisserie chicken, 

microwaved chicken, outdoor-grilled chicken (especially when pink inside or prepared at a 

large gathering), and several specific types of chicken (e.g., wings, fingers, nuggets, patties, 

stir-fry, or rotisserie) prepared at a restaurant were risk factors. Consumption of chicken liver 

was a risk factor (OR = 7.1, 95% CI = 1.4, 41) although the PAF was low (1.2%).
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Purchasing, storing, handling, and cooking raw chicken were associated with increased risk. 

PAFs were 49% for preparation in the home and 28% for purchase of raw chicken. Using 

thigh joint looseness to determine if whole chicken is cooked and placing grilled chicken on 

the same plate used to hold raw chicken without washing between uses were associated with 

increased risk.

Eating nonpoultry meat was another risk factor (OR = 2.7, 95% CI = 1.6, 5.0) and had 

a PAF of 59% (95% CI = 34%, 74%). Eating nonpoultry meat that was prepared at a 

large gathering, pork roast, spareribs, bacon, or venison was also associated with elevated 

risk. Consumption of certain types of nonpoultry meat (e.g., bacon, steak, roast beef, lamb, 

sausage) prepared at a restaurant was associated with increased risk.

Eating seafood, such as clams and raw oysters, was associated with increased risk. Eating 

raw clams had the greatest OR (39, 95% CI = 4.6, 2500) among exposures examined; 

however, the PAF was low (1.3%).

Contact with animals, particularly animals with diarrhea, was associated with increased risk. 

Residing or visiting a farm and contact with animal feces were risk factors.

Exposures associated with decreased risk included not handling raw meat or cleaning hands 

after handling raw meat.

DISCUSSION

We developed a novel nearest-neighbors matching approach in a case–control study that 

maximizes power and confounding control without evidence of overmatching and enables 

examination of many granular and rare exposures. We found that more than 100 exposures 

were associated with campylobacteriosis, whereas only 16 were identified in the previously 

published conditional logistic regression model. We confirmed that eating chicken and 

nonpoultry meat were major modifiable exposures because each had a PAF of approximately 

60%.

The improved confounding control is a major strength of our method. In the original 

analysis, we matched only age and telephone exchange between cases and controls and 

included only a limited number of independent variables in the multivariate regression 

analysis. The inability of the method used in the original analysis to control for many 

confounders may be responsible for the protective associations found in that analysis. These 

include eating nonpoultry meat prepared at home, eating chicken prepared at home, eating 

fresh berries bought at a store, eating fried chicken, and eating turkey prepared at home, 

and in some previous studies, such as consumption of raw eggs,2 poultry,3,21 meats,6,22 and 

fish,2,22 contact with pets or animals,5,6,21–23 handling raw poultry,21 poor kitchen hygiene 

habits,22 and swimming in pools or natural water.6 Our method permitted better assessment 

of possible confounders. The threshold for Gower distance ensured that the matching was 

effective. The large proportion of matched pairs in the original analysis with a Gower 

distance larger than our threshold indicates that they were not well matched initially.
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Overmatching is often caused by matching on nonconfounders including intermediates in 

the causal pathway from exposure to outcome; it can result in reduced statistical efficiency 

and biased associations. We removed possible intermediates from exposures used for 

matching and matched only on confounders to avoid overmatching. We also found most 

risk factors identified in the original analysis and reported in the literature2 to be associated 

with illness in our re-analysis; this strongly suggests that our analysis did not lead to 

overmatching. Even though our matching resulted in only 40% of cases being included on 

average in a re-matched dataset, our ability to find additional associations compared with 

the original analysis indicates no evidence of loss of statistical efficiency. This is likely 

partly because the improvement in confounding control and the reduction in the number of 

independent variables in the model outweighed the decline in sample size.

Despite reduced sample size, we were able to assess more than 100 rare exposures. The 

conversion of many confounders to matching strata provided the nearest-neighbors matching 

approach with an improved ability to examine rare exposures. Given sample size limitations, 

in most case–control studies the number of participants with any given rare exposure is 

expected to be small. Consequently, conditional logistic regression models that produce 

reliable estimates can include only a limited number of confounders. Rare exposures are 

important because they can be associated with very high individual risk even if the amount 

of illness resulting from these exposures in the population is low, for example, consumption 

of chicken liver and raw clams. Different public health approaches are more appropriate for 

rare exposures (e.g., public education) than more common ones (e.g., regulatory changes).

The validity of our method is further supported by the fact that many previous case–control 

studies have reported risk factors similar to those we found, including consumption of 

chicken, undercooked meat,22,24 and seafood,22 and eating outside the home2,6,23,24 as 

risk factors.2,6,7,22,24–29 Previous case–control studies reported that handling of raw poultry 

meat4,6,21 and poor kitchen hygiene habits2,6,22 were risk factors, whereas good kitchen 

hygiene habits4,24 have been reported to be protective. Many studies have also found that 

contact with animals and the environment were risk factors.2,6,7,21,22,24,25,27 However, none 

of these studies provided the information on the full range of exposures in our analysis or the 

details on the risks of particular exposures enabled by our method. Previous studies support 

our findings regarding exposures that were protective in the original analysis but risky in 

our analysis. For example, a systematic review of case–control studies2 found that eating 

poultry at home was associated with increased risk (OR = 1.3, 95% CI = 0.99, 1.6). Based 

on our criteria for the association, we only found that not handling meat and cleaning hands 

after handling meat were associated with a reduced risk of Campylobacter infection. We did 

not find any exposures associated with reduced risk that were unexpected or that had been 

identified as risk factors by other studies.

Nearest-neighbors matching is likely to be most effective when there are more controls 

than cases available making it more likely that most cases can be matched to at least 

one control. Inclusion of most cases in analyses may help avoid selection bias, improve 

the generalizability of findings, improve accuracy and precision of estimates, and reduce 

occurrences where neither cases nor controls are exposed for rare exposures. An increase 

in the number of controls in a case–control study must be balanced with practical factors, 
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such as cost, but because nearest-neighbors matching permits tight matching of cases and 

controls at the analysis stage, the method may allow investigators to obtain controls without 

the burden of finding those that match cases during study enrollment.

Our study has limitations. Although our findings were consistent with the literature with 

respect to the directions of association, our estimates of ORs could be biased, because 

cases included in our re-matched analysis were selected based on Gower distance rather 

than a random mechanism. We were not able to evaluate possible bias directly because 

this real-life study is subject to measurement error, unmeasured confounders, and a lack 

of knowledge about the true associations. Also, selecting results based on statistical 

significance likely overestimates the true strength of association.30 We used data from an 

old case–control study and so our results might not be applicable to the exposures most 

relevant today. However, the use of old data does not negate its usefulness in evaluating 

the nearest-neighbors matching approach and even permits reflection on our new findings 

in the light of subsequent history. For example, because of continued reports of illness, 

chicken liver has become a priority for the USDA-FSIS31,32; our analysis provides support 

for reducing contamination. In addition, Firth’s bias-reduced penalized-likelihood logistic 

regression was not designed for analyzing matched case–control data. Although this method 

tended to produce slightly different ORs compared with conditional logistic regression, the 

discrepancies had little influence on our conclusions. Firth’s regression had the advantage 

of not generating infinite ORs, as occurs with the Mantel-Haenszel method or conditional 

logistic regression when only a small number of cases or controls were exposed.

In conclusion, the nearest-neighbors matching approach appears to be more efficient than 

conventional multivariate logistic analysis in the analysis of case–control data with many 

variables, many of which are interdependent. The approach allows examination of highly 

granular and rare exposures and may inform the development of specific and actionable 

public health measures and recommendations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TABLE 1.

Characteristics of Study Participants

Cases
(n= 1079)

Controls
(n= 1223)

Male (%) 53 34

White (%) 83 80

Age group in years (%)

 2–<6 7 7

 6–<12 5 4

 12–<18 5 5

 18–<40 41 41

 40–<60 29 30

 ≥60 13 13

Location of residence (%)

 Urban area 35 37

 Suburban area 36 36

 Town 13 13

 Rural area, not a farm 9 9

 Farm in rural area 7 4

Education (%)

 Less than high school graduate 12 10

 High school graduate 23 22

 Some college or college graduate 53 56

 Master’s or doctoral degree 11 12

Annual household income, $ (%)

 ≤15,000 12 13

 >15,000-≤30,000 16 20

 >30,000-≤60,000 34 35

 >60,000-≤ 100,000 23 20

 >100,000 15 11
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of

 p
en

al
iz

ed
-l

ik
el

ih
oo

d 
pr

of
ile

s.

b A
bb

re
vi

at
io

n 
fo

r 
co

nf
id

en
ce

 in
te

rv
al

.

c PA
F 

w
as

 c
al

cu
la

te
d 

fo
r 

ri
sk

 f
ac

to
rs

 th
at

 a
re

 b
in

ar
y.

d T
he

 m
ul

tiv
ar

ia
te

 a
na

ly
si

s 
in

 F
ri

ed
m

an
 e

t a
l. 

(3
).

e N
on

-p
ou

ltr
y 

m
ea

t w
as

 d
ef

in
ed

 a
s 

be
ef

, v
ea

l, 
la

m
b,

 p
or

k,
 a

nd
 v

en
is

on
. F

ar
m

 a
ni

m
al

s 
w

er
e 

de
fi

ne
d 

as
 c

hi
ck

en
, t

ur
ke

y,
 c

at
tle

, g
oa

t, 
sh

ee
p,

 la
m

b,
 h

or
se

, a
nd

 p
ig

. H
ou

se
 a

ni
m

al
s 

w
er

e 
de

fi
ne

d 
as

 k
itt

en
, c

at
, 

pu
pp

y,
 d

og
, a

nd
 r

ep
til

e.

f O
th

er
 c

hi
ck

en
 is

 d
ef

in
ed

 a
s 

ch
ic

ke
n 

ot
he

r 
th

an
 o

ve
n 

ro
as

te
d 

or
 b

ak
ed

 c
hi

ck
en

, g
ro

un
d 

ch
ic

ke
n,

 b
ro

ile
d 

ch
ic

ke
n,

 r
ot

is
se

ri
e 

ch
ic

ke
n,

 o
ut

do
or

-g
ri

lle
d 

ch
ic

ke
n,

 f
ri

ed
 c

hi
ck

en
, c

hi
ck

en
 s

tir
-f

ry
, m

ic
ro

w
av

ed
 

ch
ic

ke
n,

 c
hi

ck
en

 w
in

gs
, c

hi
ck

en
 f

in
ge

rs
, n

ug
ge

ts
, a

nd
 p

at
tie

s,
 c

hi
ck

en
 lu

nc
he

on
 m

ea
t s

lic
ed

 a
t a

 d
el

i, 
ch

ic
ke

n 
sa

us
ag

e,
 c

hi
ck

en
 li

ve
r, 

ch
ic

ke
n 

po
t p

ie
, a

nd
 c

hi
ck

en
 s

al
ad

.

C
I,

 c
on

fi
de

nc
e 

in
te

rv
al

; O
R

, o
dd

s 
ra

tio
; P

A
F,

 p
op

ul
at

io
n 

at
tr

ib
ut

ab
le

 f
ra

ct
io

n.
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