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abstract

PURPOSE Cervical cancer (CC) is the most common and second-most deadly cancer among Peruvian women.
Access to services is strongly associated with CC screening uptake. This study investigated geospatial features
contributing to utilization of screening. We used geolocated data and screening information from a Knowledge,
Attitudes, and Practice (KAP) survey implemented in Iquitos, Peru in 2017.

MATERIALS ANDMETHODS The KAP collected cross-sectional CC screening history from 619 female interviewees
age 18-65 years within 5 communities of varying urbanization levels. We used spatial statistics to determine if
screened households tended to cluster together or cluster around facilities offering screening in greater numbers
than expected, given the underlying population density.

RESULTS On the basis of K-functions, screened households displayed greater clustering among each other as
compared with clustering among unscreened households. Neighborhood-level factors, such as outreach,
communication, or socioeconomic condition, may be functioning to generate pockets of screened households.
Cross K-functions showed that screened households are generally located closer to health facilities than
unscreened households. The significance of facility access is apparent and demonstrates that travel and time
barriers to seeking health services must be addressed.

CONCLUSION This study highlights the importance of considering geospatial features when determining factors
associated with CC screening uptake. Given the observed clustering of screened households, neighborhood-
level dynamics should be further studied to understand how they may be influencing screening rates. In
addition, results demonstrate that accessibility issues must be carefully considered when designing an effective
cancer screening program that includes screening, follow-up, and treatment.
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INTRODUCTION

Among women worldwide, cervical cancer (CC) is the
fourth-most incident and fourth-most deadly cancer.
Low- to middle-income countries (LMICs) shoulder
most of the CC burden1; 51% of the incident cases and
59% of the deaths occurred in less-developed regions.2

In Peru, CC is the most incident and second-most
deadly cancer in women.3

The disproportionate burden in LMICs has been at-
tributed to lack of access to effective CC screening and
human papillomavirus (HPV) vaccination programs.4

Peruvian national guidelines at the time of this study
recommended screening for CC via HPV tests (every
5 years) or visual inspection with acetic acid (VIA) tests
(every 3 years) from age 30-49 years, and via Papa-
nicolaou (Pap) smear (every 3 years) from age 50-64
years.5,6 Peruvian women have self-reported that
health center distance and accessibility are barriers to

preventive service uptake.7,8 In addition, women from
coastal Peruvian cities reported greater Pap smear use
thanurban-dwellingwomen in the rainforest or highlands.9

These studies demonstrate the importance of loca-
tion of residence in CC screening uptake among
Peruvian women. This prior research, however, was
based on self-reports, whether qualitative or obtained
in surveys.

We aimed to study the association between quanti-
tative measurements of distance and the utilization of
CC screening among Amazonian Peruvian women
using unique methodology that combined a traditional
Knowledge, Attitudes, and Practice (KAP) survey with
detailed person-level geospatial data. By considering
geospatial factors, in addition to traditionally explored
factors for screening, this research can help advance
Peruvian CC prevention programs and more broadly
assist in combating the most incident and second-
most deadly cancer among women in many LMICs.
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MATERIALS AND METHODS

Data were collected from 619 female interviewees age
18-65 years via an interviewer-administered KAP survey
in 2017. Although Peruvian CC screening guidelines rec-
ommend screening beginning at age 30 years, we chose to
also survey 18- to 29-year-old women because Pap smears
are a component of national prenatal care,10 and many
women get their first screening at that time. KAP questions
captured cross-sectional sociodemographic, CC screen-
ing, treatment, HPV vaccination history, and geographic
coordinate information from interviewees. In addition, CC
screening and HPV vaccination history was recorded for all
female family members residing in the same household as
the interviewees.

The KAP was implemented across 5 communities in
Iquitos, Peru. Iquitos is a geographically large and diverse
city in the Peruvian Amazon. The 5 communities were
selected to reflect representative urban and rural catch-
ment areas of health facilities in the largest health network
of Iquitos: the southern district of San Juan Bautista (micro
red Iquitos sur). San Juan Bautista had a 2017 population
of 42,163 adult women, according to Peruvian National
Census estimates.11 The health facilities included in our
study are operated through the Peruvian Ministry of Health,
where services are free for all individuals holding the
Peruvian national health insurance, the Seguro Integral de
Salud (SIS). SIS is available to all Peruvians who live in
poverty or extreme poverty, for pregnant women, and for
children; it is used by approximately 60% of the Peruvian
population.12

The interview breakdown across the 5 communities,
herein referred to by the name of the health facility serving
each catchment area, was 205 women in America, 123 in
Paujil, 129 in Progreso, 108 in Santo Tomas, and 54 in
Varillal (Fig 1).13 The facilities were all the first point of CC
care and offered Pap smears, VIA tests, and CC awareness

programs. America and Progreso were categorized as
urban environments, Santo Tomas peri-urban, and Paujil
and Varillal rural.

The George Washington University (GWU) Institutional
Review Board (IRB) approved this study, and the Johns
Hopkins Bloomberg School of Public Health IRB deferred
approval to GWU. The IRB of the Peruvian nongovern-
mental organization, Asociación Benéfica PRISMA, also
approved this study, and the Tulane School of Public
Health and Tropical Medicine IRB deferred approval to
PRISMA.

Descriptive Statistics

We compared women by CC screening history on a number
of exposures with a demonstrated association with CC
screening uptake.8,14-18 These variables collected in the
KAP included the sociodemographic factors of educational
attainment, marital status, number of live births, relative
wealth, and health insurance status; the CC awareness
factors of knowledge of CC and having a partner who is
supportive of screening participation; and the spatial fac-
tors of self-reported travel time to health facility usually
attended and Euclidean distance from health facility (in
kilometers), as measured by collected geocoded data.

Interviewee CC screening history was operationalized
through a respondent replying positively to ever having a CC
screening test (Pap smear, VIA, molecular test, or colpo-
scopy/biopsy) done by a health professional. If a surveyed
woman indicated that she had not had a prior CC screening
test, or did not know, then she was coded as never having
been screened.

Educational attainment was defined by the interviewee’s
highest level of education completed: no education or did
not complete primary school, completed primary school or
did not complete secondary school, completed secondary
school or did not complete technical school/university,
completed technical school, and completed university

CONTEXT

Key Objective
Do patterns of cervical cancer screening uptake among Amazonian Peruvian women depend on geospatial factors? We used

a uniquemethodology that combined a traditional Knowledge, Attitudes, and Practice—KAP—survey with detailed person-
level geospatial data to answer this question.

Knowledge Generated
Surveyed households where at least 1 screened woman resided tended to be located closer to each other, compared with the

proximity of households with no screened women. In addition, women who had received cervical cancer screening
generally lived closer to the facilities that perform this procedure, relative to women who had not been screened.

Relevance
Neighborhood-level dynamics should be further studied to understand how they may be influencing screening rates. Ac-

cessibility issues must also be carefully considered when designing location-specific, community- and culturally tailored
screening programs that include screening, follow-up, and treatment, to assist in the fight against cervical cancer within the
Amazonian region of Peru.
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studies. Marital status was coded as single, marriage or
cohabitation, and dissolution via separation, divorce, or
spousal death. Number of live births was calculated by
subtracting self-reported number of pregnancy losses or
abortions from number of pregnancies and gestations.
Relative wealth was built by summing the number of

household services or items an individual reported owning,
including light, landline, cell phone, internet, cable TV,
access to the internet by cell phone, refrigerator(s), TV(s),
blender(s), computer(s)/laptop(s)/tablet(s), fan(s), radio(s)/
sound equipment, electric cooker(s) and/or gas, washing
machine(s), microwave(s), bicycle(s)/tricycle(s), motorcycle(s),
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FIG 1. Locations of the 5 Iquitos communities selected for study. America and Progreso are urban communities,
Santo Tomas is peri-urban, and Paujil and Varillal are rural.
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motorcar(s)/mototaxi(s), and automobile(s). Health insurance
status was defined as no health insurance, SIS insurance,
EsSalud insurance (formal employer-based insurance, for
those on salary), and other form of health insurance (ie, police/
military or private).

Knowledge of CC was coded as positive if a respondent
reported having seen or heard anything about CC. Having
a partner who is supportive of CC screening participation
was considered positive if an interviewee stated that their
partner supports them getting a CC screening test.

Self-reported travel time to health facility usually attendedwas
defined as , 10 minutes, 10-30 minutes, 30-60 minutes,
and ≥ 1 hour. Euclidean distance from health facility was
calculated as the number of kilometers each interviewed
household was from their assigned SIS health facility.

Significant person-level differences (P, .05) relative to CC
screening history between categorical variables were
ascertained with χ2 tests, and continuous variables were
compared with Mood’s median test.19

Spatial Statistics

We examined clustering of household-level CC screening
occurrences, both among other screened households
within each community and around health facilities offering
the services. Clustering is the occurrence of events within
an area that is greater than expected given the underlying
population density.20 We were interested in the distance
between interviewed households and other households or
health facilities and so analyzed CC screening on the
household level. A household was defined as screened if
the interviewee or a female family member residing in the
household had received screening. Furthermore, because
spatial variation is influenced by the study area, these
analyses were conducted separately for each of the 5
Iquitos communities.

We quantified spatial clustering of household-level CC
screening uptake via the (cross) K-function. K-functions ex-
amine clustering around an outcome location across various
distances from that location, controlling for the expected
number of outcome occurrences.21 Cross K-functions assess
spatial interaction between different outcome types and were
used to search for clustering of households around their re-
spective health facility. This analysis relied on the assumption
that ≥ 1 female resident within a screened household had
traveled to her health facility for screening.

Separate (cross) K-functions were calculated within
each of the 5 Iquitos communities for screened and un-
screened households. Then the difference in (cross)
K-functions between screened and unscreened households
was computed; 95% significance boundaries, determined
through Monte Carlo random labeling, indicated if a (cross)
K-function difference was statistically significant across
a range of point distances, with a null hypothesis of the
difference being equal to zero.22 For additional details

regarding the analyses presented in this paper, see
Appendix.

RESULTS

Descriptive Statistics

A greater proportion of screened respondents completed
primary school through university, whereas more than one-
third of unscreened women did not complete primary
school (P , .001; Table 1). Most women were married or
cohabitating. A greater percentage of unscreened in-
terviewees stated they were single (19%), as compared
with screened respondents (5%; P , .001). Screened
women had a larger median relative wealth score (8.0 for
screened v 6.0 for unscreened; P , .001), as well as
a greater proportion of respondents with EsSalud health
insurance (15% of screened women with EsSalud v 3% of
unscreened women; P , .001).

A larger proportion of screened respondents had knowl-
edge of CC (89%) compared with unscreened respondents
(77%; P, .001). A total of 83% of screened women stated
that their partner supported CC screening, relative to only
58% of unscreened women (P , .001). The median dis-
tance from a health facility for screened women was 0.6
km, whereas unscreened women were a median distance
of 1.7 km away (P , .001).

Spatial Statistics

At approximately 225-550 m from interviewed households
in the America community, screened houses clusteredmore
than unscreened houses. These results were not statistically
significant (Fig 2A). At all distances from the America health
facility, there was not any consistently greater clustering
around the health facility among screened or unscreened
households. Any observed differences were largely statisti-
cally insignificant (Fig 2B).

In Paujil at a distance of 0-3,000 m from a household,
unscreened houses clustered more than screened houses;
there was a statistically significant difference in clustering at
a distance of approximately 1,500-2,100 m (Fig 2C).
Screened households demonstrated statistically significant
greater clustering around the health facility than un-
screened households at all distances beyond approxi-
mately 125 m from the health facility (Fig 2D).

In Progreso, screened households clustered more than
unscreened households beyond a distance of roughly 75 m
from a house. This clustering was not statistically significant
(Fig 2E). At approximately 75-250 m from the Progreso
health facility, screened houses clustered around the
health facility more than unscreened households, with
statistical significance (Fig 2F).

At distances ranging from 0-1,250 m from Santo Tomas
households, screened houses clustered more than un-
screened houses. This difference was statistically significant
at a distance of approximately 150-400 m from a household
(Fig 2G).
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Screened Varillal households demonstrated greater clus-
tering than unscreened households at approximately
150-650 m beyond a household; this difference was not
statistically significant (Fig 2H). Screened Varillal house-
holds displayed statistically significant greater clustering
around the health facility than unscreened households at
a distance of approximately 150-425 m from the health
facility (Fig 2I).

DISCUSSION

There are several important findings in this study, each with
associated implications on ways to improve rates of CC
screening. Households where ≥ 1 screened woman

resided tended to be located closer to each other, as
compared with the proximity of households with no
screened women. Neighborhood-level factors, such as
outreach by community health workers,23 community-based
educational programs,24,25 and communication among
neighbors,26,27 may play a role in creating pockets of
screened households within Amazonian Peru. Neighbor-
hood socioeconomic condition may also affect screening
participation. Interviews with Peruvian health professionals
demonstrated that although the cost of CC screening ex-
aminations was not perceived as a barrier to uptake, general
socioeconomic deprivation was; impoverished women were
much more focused on their daily survival than receiving

TABLE 1. Characteristics of Respondents Screened and Unscreened for Cervical Cancer Across 5 Iquitos Communities
Variable Screened Unscreened P

Sociodemographic

Educational attainment , .001

No education or did not complete primary school 85 (20) 75 (38)

Completed primary school or did not complete secondary school 158 (38) 63 (32)

Completed secondary school or did not complete technical school/
university

129 (31) 54 (27)

Completed technical school 36 (9) 6 (3)

Completed university studies 12 (3) 1 (1)

Marital status , .001

Single 19 (5) 37 (19)

Married or cohabitating 353 (84) 132 (66)

Separated, divorced, or widowed 48 (11) 30 (15)

No. of live births, median (IQR)a 3.0 (3.0) 3.0 (5.0) .305

Relative wealth, median (IQR) 8.0 (6.0) 6.0 (5.0) , .001

Health insurance status , .001

No health insurance 43 (10) 26 (13)

SIS insurance 306 (73) 163 (82)

EsSalud insurance 64 (15) 5 (3)

Other health insurance 7 (2) 5 (3)

Cervical cancer awareness

Knowledge of cervical cancer 372 (89) 154 (77) , .001

Partner support of screening participationb 348 (83) 115 (58) , .001

Spatial

Travel time to health facility usually attendedc .649

, 10 minutes 158 (38) 70 (35)

10-30 minutes 209 (50) 90 (45)

30-60 minutes 38 (9) 19 (10)

≥ 1 hour 12 (3) 9 (5)

Euclidean distance from health facility, in kilometers, median (IQR) 0.6 (2.4) 1.7 (2.7) , .001

No. of respondents 420 199

NOTE. Data presented as No. (%) unless otherwise indicated.
Abbreviations: IQR, interquartile range; SIS, Seguro Integral de Salud.
aFive respondent responses were missing for number of live births.
bThe 96 interviewed women without a partner were treated as missing for partner support of screening participation.
cFourteen respondents who indicated they did not use a health facility were coded as missing for travel time to health facility usually attended.
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FIG 2. Difference in K-functions between screened and unscreened households, and difference in cross K-functions between screened households and the
health facility, and unscreened households and the health facility within the 5 Iquitos communities. Ninety-five percent significance boundaries were
obtained through Monte Carlo random labeling. (A) America, K difference. (B) America, cross K difference. (C) Paujil, K difference. (D) Paujil, cross K
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preventive health care services.28 Women residing in affluent
neighborhoods have the opportunity to focus on expenses
beyond the day-to-day—such as CC screening—and this
may help explain the observed clustering of screened
households.

Peruvian health professionals also believed women were
aware of the availability of CC screening tests, but did not
receive them because of taboo, fear, and embarrassment,
lack of knowledge, and negative health care experiences.28

These barriers demonstrate how social networks may also
be partially responsible for screening uptake patterns. Prior
studies have demonstrated that information sharing and
support among family and friends are critical to the utili-
zation of cancer screening.29-31 Procedural knowledge and
a subsequent positive CC screening experience can be
spread throughout a woman’s social network,32 encour-
aging others to seek screening. Conversely, a negative
experience may discourage others from screening.32

Future research should identify the neighborhood-level
dynamics that promote or prevent CC screening in Ama-
zonian Peru, so these can be incorporated into interven-
tions. A cluster detection analysis could identify any
local clusters of screened and unscreened households
and compare the households falling within these clusters
on sociodemographic characteristics and communication
behaviors. This would highlight the neighborhood-level
factors that may differ between pockets of screened and
unscreened households, and health officials could focus
on these factors to improve CC screening rates within un-
screened neighborhoods.

Women who received CC screening generally lived closer to
the facilities that perform this procedure, relative to women
who had not been screened. Several factors could account
for this observation. The neighborhoods surrounding health
facilities may be more socioeconomically developed,33,34

and thus women who live closer to the facilities would have
the income and time to allow for screening. Health facility
educational outreach programs would most easily reach
women who live close by, which could encourage these
women to be screened.35,36 Or, proximity to a health facility
may increase screening rates simply because of the lower
monetary and time sacrifice in traveling to the facility to get
screened.7,8 Whether it is because of the effects of com-
munity outreach or reduced travel burden, our results
demonstrate that geographic access to health facilities is
essential for uptake of CC screening. It should be noted,
however, that this observation operates on the household
level, and individual reasons for participating or not par-
ticipating in CC screening will vary.

Interventional efforts should focus on decreasing the dis-
tance gap to screening, particularly in remote, rural loca-
tions. Mobile health campaigns can alleviate travel distance
and time barriers. These campaigns have been effective
at increasing uptake of CC services internationally, includ-
ing in Peru,37-40 although the required frequency of the
campaigns to ensure sustainable effect is uncertain—
particularly because a successful CC screening program
must also ensure that women are able to receive any re-
quired follow-up diagnostics or treatment. Under the screen-
ing strategy used at the time of our study, follow-up would
normally be managed in the capital city of Iquitos.

Self-sampling for HPV can also help to improve rates
of CC screening in areas with limited access to health
facilities.41-43 Pilot programs have demonstrated uptake
acceptability and efficacy in Uganda,44 Bolivia,45 India,46

among indigenous New Zealanders,47 and in Peru.48 As the
prevalence of HPV self-sampling increases, this procedure
will face some of the same challenges encountered by
traditional screening methods, such as lack of knowledge,
fear, and distrust.49,50 Women have also cited doubt in their
ability to correctly perform the self-sample as a barrier to
uptake.49,50 Information sharing through social networks
may counter these HPV self-sampling obstacles, much in
the same way that neighborhood support could have
resulted in pockets of screened households observed in
this study. Alternative strategies for delivering HPV test
results that do not require patient travel or a provider home
visit could increase satisfaction with the CC screening
system and reduce some of the clustering of screened
households around health facilities.51

Although our study had many strengths, including in-
corporation of geospatial measurement and analytical
methods to study CC screening uptake in Amazonian Peru,
there are considerations in interpreting the findings. In-
terviewee CC screening history was self-reported, which
may have influenced accuracy. This could have biased
findings toward or away from the null, depending on the
nature of the relationship between recall of screening
history and location of residence.52,53 We also assumed that
≥ 1 female residing in a CC screen–positive household had
sought screening at a health facility. This assumption is
reasonable since, as of 2004,. 90% of Peruvian pregnant
women received prenatal care at a health facility, and a Pap
smear is included in the first prenatal visit.10 In 2017, the
national average for receipt of prenatal care was 97.5%,
with this number ranging between 68.3% and 85.3% in
Loreto (the department within which Iquitos is located).10

The health facilities included in our study may have differed
in quality of care provided. Varillal was a level 1 primary care

FIG 2. (Continued). difference. (E) Progreso, K difference. (F) Progreso, cross K difference. (G) Santo Tomas, K difference. (H) Varillal, K difference. (I)
Varillal, cross K difference. Results for Santo Tomas, cross K difference not presented, as the interviewed Santo Tomas households were too far removed from
the health facility to allow for meaningful analyses.
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facility, meaning that it was staffed entirely by nonmedical
health professionals and health technicians. Paujil, Santo
Tomas, and Progreso were level 2 facilities, indicating that
there was a doctor on duty. America was a level 3 facility,
classified as such because of more advanced personnel
(specialized doctors, laboratory technicians) available for
support and supervision.54 Women who receive care from
the health facilities must do so within their community, so
the facility level may have uniquely factored into the de-
cision whether to get screened within each community.

Finally, the KAP survey strategy was not specifically designed
for a geospatial analysis. Households were selected by
interviewing a predetermined number of women within each
community to represent relative population density and
surveying every 5 households within selected community
neighborhoods. The survey strategy was slightly altered in
Paujil—as some households are 3-5 hours away from the

health facility, combining travel by boat and foot—where
every household was approached for interview until the
predetermined number of women was surveyed. Had
households been selected with greater spread within each
community, geospatial analytic results may have shifted.

This study demonstrates that location-specific, community-
and culturally tailored interventions are needed in the
Amazonian region of Peru to aid in the uptake of CC
screening, and to ensure that follow-up and treatment
services for women with abnormal screening results are
accessible. Availability of follow-up procedures is even
more critical than screening, because these are currently
only offered at centralized locations and are more chal-
lenging to access. Efforts to improve accessibility of vital CC
screening and treatment services will assist in the fight
against one of themost incident and deadly cancers among
Peruvian women.
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5Asociación Benéfica PRISMA, San Miguel, Peru
6Department of Global Health, George Washington University Milken
Institute School of Public Health, Washington, DC

CORRESPONDING AUTHOR
Anne F. Rositch, PhD,MSPH, Johns Hopkins Bloomberg School of Public
Health, Department of Epidemiology, 615 N Wolfe St, Room E6150,
Baltimore, MD 21205; e-mail: arositch@jhu.edu.

PRIOR PRESENTATION
Presented at the International Papillomavirus Conference, Sydney,
Australia, October 2-6, 2018.

SUPPORT
Supported by Grant No. R01 CA190366-01 (V.A.P.-S., P.E.G.) from the
National Institutes of Health/National Cancer Institute.

AUTHOR CONTRIBUTIONS
Conception and design: Benjamin W. Barrett, Valerie A. Paz-Soldan,
Graciela Meza Sánchez, Jhonny J. Córdova López, Patti E. Gravitt, Anne
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APPENDIX
Spatial clustering of screened/unscreened households within each
community was examined with K-functions. K-functions are estimated
with the equation

K̂
�
h
�
�

1
n�

n

i�1�j ��i

�
I(dij≤h)

wij

�

λ̂
, (1)

where K̂ (h) is the estimated K-function at distance h from an arbitrary
outcome, si, and n is the total number of outcomes in the study area. dij
is the distance between si and any other outcome sj. I is the indicator
function, which equals 1 if the distance between point si and sj is less
than or equal to the K-function distance h being estimated, and equals
0 if the distance between point si and sj is greater than h. The indicator
function is inserted to properly weight points close to the edge of the
study area, where the weight, wij, is the proportion of circumference of
a circle with center si and radius dij that falls within the study area.
Finally, λ̂ is the constant spatial intensity (expected number of oc-
currences) of outcomes in the study area (Curriero F: Spatial Point
Pattern 2. 2017).

To quantify spatial interaction between health facilities and surveyed
households categorized by cervical cancer screening history, cross
K-functions were calculated. Cross K-functions can be represented by
the general form

K̂ ij
�
h
�
�
E
λj
, (2)

where K̂ ij is the estimated cross K-function between outcomes i and j at
distance h from outcome i, E is the number of j outcomes within
a distance (h) of i outcomes, and λj is the constant spatial intensity of j
outcomes (Curriero F: Spatial Point Pattern 4. 2017). In practice, the
cross K-function is calculated in a similar fashion to what is presented
in Equation 1; rather than centering a circle at an outcome location and
searching for other outcomes of the same type within that circle,
a circle is centered at an outcome i location and the number of j
outcomes within that circle is ascertained (Curriero F: Spatial Point
Pattern 4. 2017). In the application of this research, circles of varying
radiuses (h) were centered at a community’s health facility, and the

number of screened or unscreened households captured within the
circles was determined.

Monte Carlo random labeling was used to generate 95% significance
boundaries for the difference in (cross) K-function estimates between
screened and unscreened households. Briefly, this method uses the
established locations of Knowledge, Attitudes, and Practice–surveyed
households (and for cross K-functions, health facility location), and
randomly assigns these locations a different label. For example, when
calculating cross K-functions, a point would be randomly labeled as
a screened household, an unscreened household, or a health facility.
Because these labels are random, a geographical layout of spatial
independence (or for K-functions, complete spatial randomness) is
simulated (Besag J, et al: J R Stat Soc Ser C Appl Stat 26:327-333,
1977). Within each new randomly labeled layout, a (cross) K-function
is calculated for each outcome category (in the case of this research,
screened and unscreened households). These simulations are re-
peated a large number of times, and the clustering calculations are
ranked. Then, on the basis of the level of significance desired, anm-th
ranked (cross) K-function is selected (Diggle PJ, et al: Biometrics 47:
1155-1163, 1991). Finally, the difference in the m-th ranked (cross)
K-functions is calculated, which provides an upper or lower limit of
significance for the difference in clustering functions. If an observed
(cross) K-function difference (nonsimulated data) falls outside of these
upper and lower limits, this suggests that the difference statistically
significantly deviates from a difference that would be seen under
spatial independence (cross K-function) or complete spatial ran-
domness (K-function).

All analyses were performed within RStudio version 1.1.423 (Boston,
MA; http://www.R-project.org/; http://www.rstudio.com/). Data clean-
ing and variable creation used the packages ‘measurements’ (https://
CRAN.R-project.org/package=measurements), ‘rgdal’ (https://CRAN.
R-project.org/package=rgdal), and ‘geosphere’ (https://CRAN.R-project.
org/package=geosphere). Geospatial analysis and visualization
relied on the packages ‘spatstat’ (http://www.crcpress.com/
Spatial-Point-Patterns-Methodology-and-Applications-with-R/Baddeley-
Rubak-Turner/9781482210200/), ‘splancs’ (https://CRAN.R-project.
org/package=splancs), ‘maptools’ (https://CRAN.R-project.org/
package=maptools), ‘maps’ (https://CRAN.R-project.org/package=
maps), and ‘sp’ (https://cran.r-project.org/doc/Rnews/).
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