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Abstract. The pork tapeworm, Taenia solium, is among the leading causes of preventable epilepsy in the world and is
common in rural areas of developing countries where sanitation is limited and pigs have access to human feces. Prior
studies in rural villages of Peru have observed clusters of T. solium cysticercosis among pigs that live near human
tapeworm carriers. Such spatial analyses, however, have been limited by incomplete participation and substandard
diagnostic tests. In this study, we evaluated the association between necropsy-confirmed cysticercosis in pigs and their
distance to T. solium tapeworm carriers in six villages in northern Peru. A total of six (1.4%) tapeworm carriers were
detected using copro-antigen enzyme-linked immunosorbent assay and seven of 10 (70%) pigs belonging to the tape-
worm carriers were found with viable cyst infection on necropsy. This was significantly greater than the prevalence of
viable cyst infection among pigs living < 500m (11%) and > 500m (0.5%) from a tapeworm carrier (P < 0.001 for distance
trend). Similar statistically significant prevalence gradients were observed after adjustment for possible confounders and
for other pig-level outcomes including infection with > 10 viable cysts, degenerated cyst infection, and serological
outcomes. This investigation confirms that porcine cysticercosis clusters strongly around tapeworm carriers in endemic
rural regions of northern Peru and supports interventions that target these hotspots.

INTRODUCTION

Neurocysticercosis is an important cause of acquired epi-
lepsy in poor rural areas of the world and an urgent public
health problem.1 Neurocysticercosis is caused by infection of
the brain by Taenia solium, a zoonotic cestode transmitted
betweenhumansandpigs.T. solium is common in areasof the
world where sanitation is limited and domestic pigs are
allowed to roam freely and forage on human feces (Figure 1).
In rural villages of Peru where T. solium is endemic, infected

pigs (porcine cysticercosis) have been found to cluster spa-
tially around human tapeworm carriers (taeniasis).2–4 Our
group has previously observed significant clustering of both
seropositive pigs (based on enzyme-linked immunoelectro-
transfer blot [EITB] for T. solium antibody response)2 and pigs
with viable cyst infection (based on necroscopic examination)4

around human tapeworm carriers in rural areas of northern Peru.
The incidence in these hotspots was strongest among pigs
living within 50 m of identified carriers and did not depend on
whether the tapeworm carrier was the pig’s owner or a
neighbor within 50 m. Collectively, these findings have pro-
vided evidence to support geographically targeted screening
and treatment for human tapeworm carriers. This approach,
known as “ring strategy,” targets humans for screening and
treatment if they reside within 100 m of pigs found to be

infected with T. solium cysts. When piloted in northern Peru,
ring strategy successfully identified and treated tapeworm
carriers and reduced seroincidence in pigs while requiring
fewer doses of antihelminthic therapy compared with mass-
applied interventions.5

Despite these compelling initial findings, important gaps
remain in our understanding of the spatial dynamics of
T. solium transmission. Previous spatial analyses conducted
by our group have been limited by both inadequate porcine
diagnostics and low levels of participation in human and
porcine screening, factors that have reduced the precision of
spatial associations, and the resulting strength of conclusions
drawn from these analyses.
In the present study,we follow-upour previous investigations

by examining the spatial relationship between T. solium tape-
worm carriers and porcine cysticercosis hotspots in six villages
of northern Peru. Specifically, we improve on prior work by
taking advantage of a robust sample of humans and pigs (93%
of eligible humans screened, 70% of pigs necropsied) and the
use of necroscopic examination as a gold-standard diagnostic
for porcine cysticercosis. Together, these features will allow us
to more precisely assess the presence of spatial clustering in
endemic rural villages of northern Peru, seek more specific at-
tribution for the source of infection within clusters, and address
possible explanations for non-clustered infection.

MATERIALS AND METHODS

Study site and timeline. Data collection for this analysis
took place between 2005 and 2006 as part of the Cysticer-
cosis Elimination Demonstration Project (CEDP) in the
Tumbes region of Peru.6 This region is located on the northern
coast of Peru, where there is little annual rainfall, and the
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primary economic activities are agriculture and smallholder
farming. Raising pigs by allowing them to roam freely through
the community is a common practice in these areas. The six
villages included in this analysis were assigned to participate
in a “pig replacement” intervention in which all pigs were of-
fered to be purchased and euthanized by the CEDP and all
humans were offered two rounds of mass antihelminthic
treatment. An initial census was conducted in May 2005, pigs
were purchased for serological and necroscopic analysis in
July/August 2005, and mass antihelminthic treatment with
posttreatment stool screenings were offered to the human
population in September 2005 and January 2006.
Household census. Each household in the study area was

visited for an initial census to record the age and gender of all
household members, type of sanitary facilities available (la-
trine or open field defecation), and geographic coordinates
of each household. Household coordinates were recorded
using global positioning system (GPS) handheld receivers
(GeoExplorer II, Trimble, Sunnyvale, CA) with sub-meter ac-
curacy after differential correction. No formal borders delimit
communities but inhabitants reported consistently which vil-
lage they live in.
Pig serology and necropsy. In July 2005, 1 month before

necroscopic analysis, all pigs in the study villagewere counted
and tested for serological evidence of cysticercosis. For this, a
6- to 8-mL serum sample was obtained from vena cava
puncture andwas analyzedwith the serumEITB assay.7,8 This
assay measures antibody reactivity of pig serum to seven
lentil–lectin-purified glycoprotein antigens isolated from na-
tive cysts and is highly sensitive (89%) but poorly specific
(48%) for detecting active T. solium cyst infection.9,10

Following serological analysis, study staff returned to the
study villages andoffered to purchase all pigs frompig owners
at fair market prices. All pigs residing in the study villageswere
considered eligible and targeted for purchase. Purchasedpigs
were transported to a field laboratory where necroscopic ex-
aminations were performed. To euthanize pigs for necro-
scopic analysis, a fatal dose of tranquilizers and anesthetics

was administered, corresponding to the pigs’ weight. The
ages of piglets were estimated by the pig owners and con-
firmed using conventional teeth-eruption indicators.11

Trained veterinary technicians under supervision of senior
staff conducted necroscopic procedures. The entire carcass,
including brain and organs, was dissected and 0.5 cm slices
were evaluated to determine the presence of T. solium cysti-
cerci. Identified cysts were classified into one of three cate-
gories: 1) viable cysts if a defined cystic structure with liquid
content was still present, 2) nonviable or “degenerated” cysts if
the liquid content had been replaced by semi-solid contents, or
3) calcified lesionswithoutacysticstructure.The total numberof
viable and degenerated cysts was recorded for each pig, but
calcified lesions were not counted systematically.
Mass treatment and screening for taeniasis. After all

available pigs in the villages were purchased and necropsied,
two rounds of mass treatment for human taeniasis were ad-
ministered (September 2005 and January 2006). In each
round, consenting residents excluding children under 2 and
pregnant women received a single oral dose of niclosamide
according to their age (1 g for children < 6 years old and 2 g
otherwise) to treat T. solium taeniasis. Niclosamide was cho-
sen to treat intestinal tapeworms because it is highly effective
(single-dose efficacy of 77%,12with cure rates of 95%ormore
with follow-up treatment12–14) and has a lower incidence of
adverse events compared with available alternatives.15

A single posttreatment stool sample was requested from all
participants aged 2 years or older, regardless if they received
treatment or not. Inhabitants were provided with disposable
500 mL plastic containers for stool collection as well as toilet
paper andsoap, and instructed inbasic hygieneprocedures to
avoid self-contamination. All stool specimens were evaluated
for T. solium coproantigens using the enzyme-linked immu-
nosorbent assay (CoAg-ELISA),13 which is highly sensitive
and specific for detecting active infection of tapeworms from
the Taenia spp. genus.16 The optical density ratio (ODR) for
each CoAg-ELISA sample was calculated by comparing the
optical density of each sample to a known positive control. All
samples were further examinedmicroscopically using the test
tube spontaneous sedimentation technique.17 When tape-
worm segments were found, definitive speciation for T. solium
was performed by counting uterine branches and by poly-
merase chain reaction (PCR).18 For this analysis, confirmed
cases of taeniasis were those for whomODR ³ 40%onCoAg-
ELISA, or T. solium proglottids were definitively identified in
stool. A case definition of ODR ³ 40% was chosen with the
goal of reducing false positives due to nonspecificbinding and
cross-reaction with other Taenia spp., which may occur at
lower ODR values.19,20 After each round of mass treatment
and screening, positively identified cases were followed up
with multiple rounds of niclosamide therapy and stool screen-
ing until parasite clearance was confirmed.
Statistical analysis. Three necropsy-defined primary out-

comes were analyzed separately: 1) the presence of one or
more viable T. solium cysts, 2) the presence of 10 or more
viable cysts, and 3) the presence of one or more nonviable
degenerated cysts. We chose to analyze viable and degen-
erated cysts separately because degenerated cysts may not
represent recent infections (degenerated cysts take up to
6 months to clear from muscles21), and are not reliably iden-
tified on necroscopic examination without histopathological
confirmation, which was not available here. In addition, we

FIGURE 1. Life cycle of Taenia solium (adapted with permission
from O’Neal et al.5).
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evaluated pigs for their serologic response to ³ 1, ³ 2, ³ 3,
and ³ 4 EITB bands. Distance in meters from the pig-owner’s
home to the location of the nearest confirmed tapeworm
carrier was calculated using equator equivalences for latitude
and longitude aspreviously described.2We first compared the
prevalence of each pig outcome at increasing distances from
identified tapeworm carriers. Using Chi-square trend tests for
P-values, we assessed the prevalence of pig outcomes at
> 500 m from tapeworm carrier households, 2–500 m, and
within the same household of tapeworm carriers. Although a
variety of distance thresholds were assessed, these cutoffs
were chosen because they represent three distinct exposures
for foraging pigs—the immediate home environment, other
households within the small villages (< 500 m), and neigh-
boring small villages (> 500 m). We considered using a 50-m
distance threshold for this analysis to achieve consistency
withour prior analyses, butweultimately rejected this because
of the limited number of pigs residing within this distance from
a tapeworm carrier.
We also examined pig- and household-level predictors for

viable cyst infection using Poisson family generalized linear
models. The Poisson regression with log-link function was
used for increased stability of regression coefficients and
improved convergence.22 Bivariate prevalence ratios were
calculated for the distance gradient and relevant covariates
including the presence of degenerated cysts, pig age and sex,
housing density (number of neighboring houseswithin 100m),
size of the household pig herd, and human waste manage-
ment (latrine or indoor bathroomversus open field defecation),
while adjusting for clustering of pigs purchased from the same
household. Our final adjusted Poisson regression model in-
cludeddistance to tapewormcarriers andcovariates thatwere
significant in the bivariate analysis. Ninety-five percent confi-
dence intervals (CIs) and Wald P-values (< 0.05) were used to
determine statistical significance for model predictors. Sta-
tistical analyses were performed using Stata 13.1 (Stata

Corporation, College Station, TX), and maps were prepared
with ArcMap 10.3 (Environmental Sciences Research In-
stitute, Redlands, CA).
Ethics. The study protocol was approved by the in-

stitutional review boards of the Cayetano Heredia Peruvian
University, the Centers for Disease Control and Prevention,
and the Johns Hopkins Bloomberg School of Public Health. In
addition, the study was reviewed and approved by the Ani-
mal Ethics Committee of the School of Veterinary Medicine,
Universidad de San Marcos, Lima, Peru. All study subjects
provided written informed consent for their participation. Ap-
proval from legal guardians and child assent was obtained for
legal minors. A single consent form was used for all study
procedures, and prospective participants were told that they
could refuse to participate in specific procedures.

RESULTS

Census and tapeworm detection. The census showed
that there were a total of 474 people living in 118 households
across the six study villages (Table 1). All study villages were
relatively small and spread out, each consisting of a small
cluster of 10–20 homes in the center of townwith homesteads
dispersed 1–2 kmapart on the periphery of the town (Figure 2).
Villages ranged between nine and 41 households each and
averaging 1.8 neighboring households per 100 m radius. Few
households had drinking water on the premises, none had
sewage connection or electricity, and 49% did not have a
latrine or indoor bathroom on site. Sixty-one (52%) of the 118
study households raised pigs, and the median herd size
among these households was four pigs (range: 1–35).
The human population was aged 28 years on average

(range: 0–86) and 47% female. Among a total census pop-
ulation of 474 inhabitants, 453 (96%) were eligible for partici-
pation in taeniasis treatment and screening based on age and
pregnancy status. Of those, 416 (92%) received at least one

TABLE 1
Characteristics of human and porcine population by village

Village

TotalAstete Chicama El Cardo Papayal Fernandez Hoyle

Households 9 11 11 15 41 31 118
Open field defecation 4 (44%) 8 (73%) 10 (91%) 0 (0%) 13 (32%) 21 (70%) 56 (49%)
Pig owners 6 (67%) 4 (36%) 4 (36%) 10 (67%)` 18 (44%) 19 (61%) 61 (52%)

Herd size (med, range) 16 (2–35) 10.5 (3–15) 16.5 (12–20) 3.5 (1–15) 2 (1–15) 5 (1–31) 4 (1–35)
Housing density (mean number of
houses within 100 m)

0.25 0.18 0.55 0.53 3.37 1.86 1.83

Human population 42 44 46 53 171 118 474
Age, mean (SD) 25 (16) 36 (25) 35 (24) 28 (22) 27 (20) 26 (18) 28 (21)
Female (%) 18 (43%) 25 (57%) 20 (43%) 19 (36%) 86 (50%) 55 (47%) 223 (47%)
Provided stool sample 39 (93%) 41 (93%) 39 (85%) 49 (92%) 155 (91%) 99 (84%) 422 (89%)

Taenia solium taeniasis (%) 1 (2.6%) 0 1 (2.6%) 0 3 (1.9%) 1 (1.0%) 6 (1.4%)
Pig serology population 90 39 65 49 52 169 464
Age in months, med (IQR) 8 (3–15) 5 (4–18) 12 (6–16) 3 (3–12) 5 (3–17) 9 (6–18) 7 (3–18)
Female (%) 51 (57%) 23 (59%) 44 (68%) 27 (55%) 34 (65%) 89 (53%) 268 (58%)
EITB serology

³ 1 band 56 (62%) 19 (49%) 42 (65%) 37 (75%) 34 (65%) 101 (60%) 267 (58%)
³ 2 bands 15 (17%) 3 (8%) 24 (37%) 13 (27%) 14 (27%) 41 (24%) 110 (23%)
³ 3 bands 12 (13%) 1 (3%) 22 (34%) 7 (14%) 13 (25%) 26 (15%) 81 (17%)
³ 4 bands 1 (1%) 0 3 (5%) 0 3 (6%) 1 (1%) 8 (2%)

Pig necropsy population 73 (81%) 26 (67%) 30 (46%) 35 (71%) 26 (50%) 136 (80%) 326 (70%)
³ 1 degenerated cyst* 2 (3%) 4 (15%) 8 (27%) 4 (11%) 3 (12%) 10 (7%) 31 (9.5%)
³ 1 viable cyst* 0 1 (4%) 8 (27%) 0 2 (8%) 7 (5%) 18 (5.5%)
³ 10 viable cysts* 0 0 2 (7%) 0 0 4 (3%) 6 (1.8%)
EITB = enzyme-linked immunoelectrotransfer blot.
* Cyst infection categories are not mutually exclusive; pigs may be represented in multiple categories.
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dose of niclosamide, and 422 (93%) provided at least one
stool sample. Six confirmed T. solium tapeworm carriers were
detected by CoAg-ELISA results (ELISA ODR ³ 40%). One
carrier expelled proglottid segments and a scolex, which was
confirmed as T. solium by PCR and morphology, whereas all
other carriers were positive based on the results of the CoAg-
ELISA alone. The prevalence of taeniasis among all study
villageswas1.4% (6/422) and ranged from0%to2.6%across
the six villages. No tapewormswere detected in the villages of
Chicama and Papayal, whereas one tapeworm each was de-
tected in Astete, El Cardo, and Hoyle, and three tapeworms
were found in Fernandez, the largest of the six villages.
Porcine cysticercosis. A total of 464 pigs were counted

and tested with EITB serology in the pre-necropsy serum
sample. Fifty-eight percent of pigs were female, and their
median age was 7 months. Including all pigs and humans, the
human-to-pig ratio among all study villages was 1 to 0.97.
Porcine cysticercosis seropositivity was 58% for ³ 1 positive
EITB band, whereas 23% had ³ 2 positive EITB bands, 17%
had ³ 3 positive EITB bands, 2% had ³ 4 bands, and only one
pig (0.2%) had five EITB bands.
Of the 464 pigs identified in the study communities, staff

were able to purchase 326 (70%) for necroscopic examina-
tion. Necroscopic examination identified 18 (5.5%) of
326 pigs that had at least one viable T. solium cyst. Of those,
nine (50%) were infected with a single viable cyst, three (17%)
had between two and 10 viable cysts, and six (33%) hadmore
than 10 viable cysts (maximum: 2,698 cysts). Compared with
uninfected pigs, pigs with viable cyst infection did not have a
significantly different age (mean age 15 versus 11 months,

t-test P-value = 0.11) or sex (72% versus 53% female,
chi-square P-value = 0.13), but originated from households
that had significantly smaller pig herds (mean herd size of 12.1
versus 17.5, t-test P-value = 0.03) and were located in more
dense areas of the villages (mean of 2.1 versus 1.0 neighbors
within 100 m, t-test P-value = 0.001). A total of 31 (9.5%) pigs
had degenerated cysts. Ten of 31 pigswith degenerated cysts
also had viable cysts, and seven had more than 10 degen-
erated cysts (maximum: 175 cysts).
Infection distance gradients. Pig infection prevalence

presented a clear distance gradient with higher rates near
tapeworm carriers (Figure 3). The prevalence of viable infection

FIGURE 2. Geographic distribution of humans and pigs in six study villages. The size of the purple (no outline) and green (with outline) circles
represents the number of positive pigs at each household (range: 1–20 for seropositive pigs and 1–5 for necropsy-confirmed infected pigs). This
figure appears in color at www.ajtmh.org.

FIGURE 3. Prevalence and 95% confidence intervals (exact bi-
nomial) for pig necropsy outcomes at increasing distances from
identified tapeworm carriers. P-values are chi-square tests of trend
for distance.
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was 70% (7/10) among pigs owned by a tapeworm carrier, and
decreased to 10.6% (10/94) among pigs 2–500 m from a
tapeworm carrier. Only 0.5% (1/222) of pigs living > 500m from
a carrier were infected (P < 0.001 for trend). Among pigs with
viable cyst infection, 39% (7/18) were found at the home of a
tapeworm carrier and 94% (17/18) were within 500 m of a
carrier. The prevalence of infectionwith 10 ormore viable cysts
was 20% (2/10) among pigs owned by a tapeworm carrier and
4.3% (4/94) among pigs 2–500 m from a tapeworm carrier. No
pigs with ³ 10 viable cysts were located > 500 m from a tape-
worm carrier (P < 0.001 for trend).
Evaluating the 50 m distance threshold used in prior anal-

yses, 53.3% (8/15) of pigs living < 50 m from a tapeworm
carrier had viable cyst infection, and a significant prevalence
gradient was observed between pigs residing < 50 m,
50–500m, and > 500m from a tapeworm carrier (P < 0.001 for
trend). The elevated prevalence of viable infection among
these pigs, however, was entirely driven by the high preva-
lence among pigs belonging to tapeworm carriers. Of the five
pigs residing within 50 m but not belonging to a tapeworm
carrier, only one pig (20%) had a single viable cyst. This is less
than but not significantly different from the 70% (7/10) prev-
alence among pigs belonging to tapeworm carriers (P= 0.067,
two-sample test of proportion).
Among pigs with viable cysts, distance to the nearest

tapeworm carrier was significantly associated with the num-
ber of viable cysts foundduringnecroscopic examination. This
correlation was significant when cyst burdenwas assessed as a
continuous variable (P < 0.001, ρ = −0.29, Spearman’s
nonparametric correlation) and categorically (P < 0.001 for
uninfected versus 1–9 viable cysts versus ³ 10 viable cysts,
Cuzick’s trend test).
The prevalence of infection with degenerated cysts followed

asimilarbut lessdramaticpatternofclustering:40%(4/10)among
pigs belonging to tapeworm carriers, 13.8% (13/94) at 2–500 m,
and6.3% (14/222) > 500m froma tapewormcarrier (P<0.001 for
trend). The median distance to the nearest tapeworm carrier
was not significantly different between uninfected pigs (1,821m)
and pigs with degenerated cysts only (1,769 m) (Mann–Whitney
P-value = 0.79).
Similar to necroscopic examination, the prevalence of pig

seropositivity followed a decreasing trend as distance from
tapewormcarriers increased (Figure 4). Amongpigsbelonging

to tapeworm carriers, 70% (19/27) had ³ 3 positive EITB
bands,whereas the prevalence of ³ 3positive EITBbandswas
20% (31/149) and 11% (31/288) at 2–500m and > 500m from
a tapeworm carrier, respectively (P < 0.001 for trend). Using
case definitions of ³ 2 and ³ 1 positive EITB bands, the dis-
tance gradients followed similar statistically significant trends
(P < 0.001 for each), but had decreased magnitudes. At ³ 4
EITB bands, a significant distance trend (P < 0.001) was ob-
served despite only eight seropositive pigs at this level.
Overall, the number of EITB bands in seropositive pigs was
inversely correlatedwith thedistance to thenearest carrier (P<
0.01, ρ = −0.15, Spearman’s non-parametric correlation).
Figures 5 and 6 show the locations of four of the six iden-

tified tapeworm carriers and the spatial distribution of pigs
with viable cyst infection and seropositivity surrounding them
(the remaining two tapeworm carriers in the village of Fernandez
were isolated with no nearby study pigs). Strong clustering of
both viable cyst infection and seropositivity around tapeworm
carriers can be observed, but clustering of seropositive pigs is
less intense because of widespread antibody response among
pigs with one and two EITB bands.
Poisson regression analysis. Table 2 presents pig- and

household-level factors associated with viable cyst infection
in a bivariate Poisson regression model adjusted for house-
hold clustering. The distance between a pig and its nearest
tapeworm carrier was the factor associated with the greatest
difference in the prevalence of viable infection, but pig age, the
presence of degenerated cysts, and residence in a denser
area of town were also associated with viable cyst infection.
These covariates were retained in the final multivariable
Poisson regressionmodel (Table 3). In this adjustedmodel, the
prevalence of viable cyst infection among pigs belonging to
tapeworm carriers was 64 times (95% CI: 7.7, 532.6) greater
than the prevalence among pigs living > 500 m from a carrier
and 6.8 (95% CI: 4.0, 11.4) times greater than pigs living
< 500m from a carrier. Among pigs living < 500m from a carrier,
theprevalenceof viable cyst infectionwas9.4 (95%CI: 1.1, 83.1)
times greater than those > 500 m from a carrier.

DISCUSSION

Our results show significant clustering of confirmed and
viable porcine cysticercosis near T. solium tapeworm carriers.
Seventy percent of pigs owned by tapeworm carriers were
infected with viable T. solium cysts compared with just 0.5%
of pigs livingmore than 500m from a tapeworm carrier. These
findings confirm previous reports that pigs with viable cyst
infection cluster around human tapeworm carriers in this re-
gion and support the view that human-to-pig transmission of
T. solium is highly focal and dependent on local environmental
contamination by tapeworm carriers.
In previous work conducted in a similar region of northern

Peru, we found that a 50 m radius surrounding the household
of a tapeworm carrier represented an area of significantly el-
evated pig seroprevalence.2 We later confirmed this finding of
a 50 m radius of elevated prevalence using necroscopic ex-
amination of pigs as a gold-standard diagnostic.4 In the cur-
rent investigation, the observed clusters of pig infection were
concentrated in the households of tapeworm carriers without
extending to neighboring households.
The difference between our current findings and our pre-

vious work with respect to the distance at which clustering

FIGURE 4. Prevalence and 95% confidence intervals (exact bi-
nomial) for pig serological outcomes at increasing distances from
identified tapewormcarriers.P-values are chi-square tests of trend for
distance.
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occurs is likely because of local variations in geography and
pig roaming. The villages included in this study were consid-
erablymore rural and dispersed than in prior analysis (average
of 1.8 households within 100-m radius compared with 6.6 in
our prior analysis2). Greater distances between households
likely led to less interaction of pigs with neighboring house-
holds and the concentration of clusters of infected pigs within
the household of tapeworm carriers. This mechanism of
within-household transmission of T. solium from human car-
riers to their pig herd is consistent with a GPS tracking study
previously conducted by our group in this region.23 In that
study, we found that both pig roaming patterns and reported
human defecation locations were concentrated in the imme-
diate vicinity of households, highlighting the potential for focal
transmission through exposure to T. solium eggs in cases
where the pig owner has taeniasis.
Although our study’s findings were clear in demonstrating

that both seropositive pigs and pigs with viable cyst infection
cluster around tapeworm carriers, the spatial associations
were not absolute. Many pigs with viable infection were not
found in the immediate proximity of tapeworm carriers. In fact,
11 of 18 pigs with viable cyst infection did not belong to a
tapewormcarrier, andone infected pigwas found in the village
of Chicama, where no tapeworm carriers were detected.
Similarly, seropositivity among pigs was widespread in study
villages (58%of pigswith ³ 1EITBband) and seropositive pigs
were routinely founddistant from tapewormcarriers. There are
a few possible explanations for these findings. First, pigs

residing far from a tapeworm carrier could have been exposed
to T. solium eggs through roaming and foraging outside of
their home areas. Whereas our GPS tracking study found that
this distant roaming is not typical,23 even a brief visit to the
contaminated environment of a tapeworm carrier could result
in seropositivity and/or frank cyst infection during this distant
roaming. In addition, despite our high level of human partici-
pation in taeniasis screening (89% of all human inhabitants
were tested for taeniasis), it is possible that we did not detect
all tapeworm carriers in the study villages. The presence of
undetected tapeworm carriers could have contributed to in-
fection or seropositivity in pigs thatwould haveappeared tobe
distant from identified tapeworm carriers, thereby biasing the
results toward observing large distance values for some pigs
despite their proximity to an unknown carrier. Finally, re-
garding the widespread seropositivity found in this study, the
high molecular weight band (GP50) of the EITB assay used to
assess antibody response is known to be cross-reactive with
other coendemic parasites. This could have caused some
low-level seropositivity among uninfected pigs and could
explain the occurrence of seropositive pigs distant from
identified tapeworm carriers.10

An important unanswered question about cysticercosis is
the mechanism by which pigs are exposed to and infected
with T. solium eggs. Our observations of strong clustering of
infected pigs around tapeworm carriers combined with the
lack of human sanitation found in these villages (49% of
households report open field defecation) are consistent with

FIGURE 5. Locations of four of six tapeworm carriers and pigs with viable cyst infection. The remaining two tapeworms carriers in Fernandez did
not have nearby pigs. Points are jittered to show all pigs from each household—each small cluster of dots represents pigs from a single household.
This figure appears in color at www.ajtmh.org.
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coprophagic transmission—that is, pigs directly ingesting
human feces that contains T. solium eggs. Under this sce-
nario, tapeworm carriers practicing open field defecation
would produce hotspots of environmental contamination in

their immediate vicinity, and cause high rates of infection
among pigs in their own herd, as we observed.
An unexpected finding of this analysis that is inconsistent

with this proposed mechanism, however, was the low burden

FIGURE 6. Locations of four of six tapeworm carriers and seropositive (enzyme-linked immunoelectrotransfer blot serology). The remaining two
tapeworm carriers in Fernandez did not have nearby pigs. Points are jittered to show all pigs from each household—each small cluster of dots
represents pigs from a single household. This figure appears in color at www.ajtmh.org.

TABLE 2
Bivariate associations between viable cyst infection in pigs and selected household and pig-level risk factors (n = 326 pigs)

N (% of total) Number positive (³ 1 viable cyst) Prevalence ratio of viable cyst infection (95% CI) P-value

Distance to nearest tapeworm carrier
Carrier’s home 10 (3%) 7 (70.0%) 155.4 (21.2, 1,140) < 0.001
2–500 m 94 (29%) 10 (10.6%) 23.6 (2.94, 189) 0.003
> 500 m 222 (68%) 1 (0.5%) Ref. –

Alternative distance categorization
< 50 m 15 (5%) 8 (53.3%) 118 (15.1, 930) < 0.001
50–500 m 89 (27%) 9 (10.1%) 22.4 (2.8, 183) 0.004
> 500 m 222 (68%) 1 (0.5%) Ref. –

Degenerated cyst infection
Yes 31 (10%) 10 (32.3%) 11.9 (5.47, 25.8) < 0.001
No 295 (90%) 8 (2.7%) Ref. –

Pig sex
Male 147 (55%) 5 (3.4%) 0.47 (0.16, 1.33) 0.15
Female 179 (45%) 13 (7.3%) Ref. –

Geographic density (houses within 100 m)
³ 2 65 (20%) 11 (16.9%) 6.31 (1.30, 30.7) 0.022
0–1 261 (80%) 7 (2.7%) Ref. –

Number of pigs in household
1–5 60 (18%) 4 (6.7%) 1.27 (0.34, 4.69) 0.72
> 5 266 (82%) 14 (5.3%) Ref. –

Sanitation
Open field defecation 195 (60%) 12 (6.2%) 1.31 (0.32, 5.33) 0.71
Latrine 128 (40%) 6 (4.7%) Ref. –

Pig age, per additional month – – 1.03 (1.01, 1.06) 0.009
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of cysts found in infected pigs. Half (9/18) of pigs with viable
cyst infection in this study had only a single cyst found in
necroscopic examination, and 67% (12/18) had fewer than 10
viable cysts. Direct ingestion of feces containing T. solium
eggswould likely result in higher cyst burdens than those seen
in most of the infected pigs found in this study (proglottid
segments found in human feces each contain 20,000 or more
eggs24). It is possible, therefore, that the low-burden cyst in-
fections found here were caused by alternate mechanisms of
infection that have not been sufficiently studied. Alternate
exposure routes that have been proposed include the con-
tamination of pig feedwith T. solium eggs25 and the persistence
of low concentrations of T. solium eggs in the environment.
Evidence for environmental persistence of T. solium eggs is the
most developed, as eggs have been found in the soil of some
endemic communities,26 and eggs of related cestode species
have been found to remain viable in moist environments for
between 6months and 4 years.27–30 There is also evidence that
T. solium eggs can be dispersed by arthropod vectors.31,32

While these studies provide compelling hypotheses to explain
the proliferationof low-burden cyst infections and seropositivity
found in the present analysis, further research is needed to
confirm and elaborate these possible mechanisms.
Our findings of significant clustering of porcine cysticerco-

sis are also important to consider in the context of existing
control interventions. “Ring strategy” is a control intervention
that has been successful in Peru through targeting antipara-
sitic treatment to humans who live within 100 m of positively
identified pigs.5 In the present analysis, three of six identified
tapeworm carriers owned a necropsy-positive pig and would
have been targeted if a ring strategy were applied in these
villages. Although this coverage (50% of teaniasis cases
identifiedand treated) is less thanwhatwould be expected in a
mass treatment intervention, the clustering of human taenasis
andpig infection foundheremeans that the interventionwould
be targeted more efficiently to a smaller and higher risk pop-
ulation. Ultimately, decisions regarding whether to adopt a
focal (i.e., ring strategy) or mass (i.e., mass drug administra-
tion) approach to control should be based on local conditions,
with the end goal being a reduction in transmission to a locally
acceptable level, even if some infection is missed. Factors
such as the degree of clustering present, resources and in-
frastructure available, andcommunity preferenceshould all be
considered in determining the best approach.
There are a few important strengths and limitations of this

study that must be highlighted. First, because of the low
prevalenceof taeniasis and the small sizeof villages, twoof the
study villages had no tapeworm carriers detected, and only
one villagehadmore thanone tapewormcarrier detected. This
low prevalence limited our ability to make inferences about
infection risk among pigs belonging to and living near

tapeworm carriers. Second, because of the small size of study
villages, the generalizability of these results to other pop-
ulations in the region and around the world is not known.
Spatial patterns of infection may vary greatly based on local
geographic features and pig husbandry practices, and the
patterns observed in these small villages of northern Perumay
be different from other endemic areas. Finally, two important
strengths of our study were our use of a highly specific, gold-
standard diagnostic for porcine cysticercosis (necroscopic
examination), and our high level of participation in pig nec-
ropsy (70%of all village pigs), both factorswhich set this study
apart fromprior analyses conductedbyour group.Despite these
strengths, we were still only able to purchase 70% of pigs for
necroscopicexamination,meaning that some infectedpigswere
likely not included in the analysis. Furthermore, among those
pigs thatwere included,wewereunable toattribute thesourceof
infection for all infected pigs, as some pigs were found far from
detected tapewormcarriers. Future researchusingmicrosatellite
DNA markers to link cysts found in pigs to their specific parent
tapeworm may help to better understand the spatial and envi-
ronmental mechanism of T. solium transmission.33

In conclusion, we demonstrated significant clustering of via-
ble porcine cysticercosis infection in the immediate surround-
ings of confirmed T. solium tapeworm carriers. This study
contributes to a growing body of evidence that T. solium tape-
worm carriers represent important sources of infection to pigs
raised in their immediate vicinity. The highly focal transmission
pattern that was described here is relevant for geographically
targeted control interventions that have shown early success
in Peru. Continued investigation of the spatial dynamics of
T. solium transmission will allow for further improvements in the
effectiveness and efficiency of targeted approaches to control
T. solium transmission in Peru and around the world.
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