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Abstract. Chronic infection over a 16-month period and stunting of preschool children were compared between more
spatially dense versus dispersed households in rural Panamá. Chronic protozoan infection was associated with higher
household density, lower household wealth index, poor household water quality, yard defecation, and the practice of
not washing hands with soap before eating. Models for chronic diarrhea confirmed the importance of household wealth,
water quality, sanitation, and hygiene practices. Furthermore, chronic protozoan infection was an important predictor for
low height-for-age, along with low household wealth index scores, but not household density. Thus, despite better access
to health related infrastructure in the more densely populated households, chronic protozoan infection was more com-
mon, and was associated with higher rates of child stunting, compared with more dispersed households.

INTRODUCTION

Improved child health in combination with greater finan-
cial capital is considered integral in breaking the intergener-
ational cycle of poverty.1,2 As such, development of physical
infrastructure is central to poverty alleviation. Not only does
it increase access to economic opportunities through road
construction and access to financial markets and employment
opportunities,3–5 but physical infrastructure also improves
health through the addition of sanitation and water systems as
well as providing better access to schools and health facilities.6

Access to health facilities reduces child morbidity and mor-
tality7,8 particularly when education initiatives enhance the
use of the available services.9 Moreover, access to sanitation
and water infrastructure, considered forgotten foundations in
health,10 reduces child morbidity and mortality by encourag-
ing the formation of well-being behaviors.11–13

However, infrastructure development is usually coupled
with increased population density and spatial proximity of
households, which can increase transmission of infectious
diseases.14,15 For enteric pathogens, in particular, factors
such as crowding within the home16,17 and higher house-
hold density have been associated with increased risk of
infection.18 This finding has been shown to be of particular
importance in urban areas where sanitation infrastructure
is insufficient,19,20 but household spatial dispersion is also
of likely relevance for studying child health in rural areas.
Child growth, in particular, is indicative of the long-term
impact of a child’s environment on their health where growth
failure is associated with factors such as prolonged dietary
insufficiency or frequent infection.21,22 Thus, examining fre-
quency of infection and child height for age can contribute to
an understanding of the cumulative impact of physical assets
(including infrastructure) and spatial proximity of households
on child health.
Furthermore, as economic opportunities increase in

extremely impoverished rural areas, accurately measuring

household wealth is important to fully characterize the risk
factors associated with child health outcomes. Measuring
wealth in areas of extreme poverty is considered a chal-
lenge, primarily caused by the fact that household income
is often inconsistent, making reported income or consump-
tion estimations of wealth inaccurate.23 Statistically weighted
asset-based indices of wealth24,25 are considered a proxy for
long-term income to determine relative poverty23 and may
have stronger explanatory power than expenditure data for
rural health outcomes.25

Our investigation in western Panamá provided an oppor-
tunity to compare access to physical infrastructure and child
health outcomes between more spatially concentrated and
spatially dispersed rural areas and furthermore to examine
the influence of household wealth on child stunting and infec-
tion outcomes in a region of extreme poverty. In the comarca
Ngäbe–Buglé, contemporary livelihoods range from subsis-
tence farming with minor cash inputs in spatially dispersed
households to short-term wage labor from small stores or
temporary employment in more spatially concentrated house-
holds. Importantly, recent studies in the comarca reported
that more than half of Ngäbe children are stunted.26,27 Thus,
our study aimed to 1) compare intestinal protozoan infection,
diarrhea, and stunting in preschool children between spatially
dispersed and more spatially concentrated households; and
2) determine whether household density and degree of pov-
erty were associated with severity of stunting and chronicity
of protozoan infections and diarrhea. Specifically, we hypoth-
esized that households in the more densely populated regions
would have higher average wealth, better access to sanitation,
hygiene and health care, and therefore that children living in
these households would have less severe stunting, and less
chronic gastrointestinal protozoan infections and diarrhea.

MATERIALS AND METHODS

Study population. The comarca Ngäbe–Buglé is a semi-
autonomous political region in Panamá inhabited primarily
by the Ngäbe and Buglé indigenous groups (2004 popula-
tion estimate of 128,978) of whom 91% live in extreme pov-
erty (< US$1.75/day).28 In 2005, the Conditional Transfer
(CT) program Red de Oportunidades began in the comarca,
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providing an additional US$ 50/month in either cash or
food vouchers to the more than 90% of families in extreme
poverty in exchange for participation in health and educa-
tion programs.
The data presented are a subset of a larger study that was

conducted in 2008 and 2009 in two corregimientos or politi-
cal regions (Soloy: cash transfer; Emplanada de Chorcha:
food voucher) within the district of Besiko within the CT
project area (Figure 1). Using a random number generator,
we randomly selected six villages within each corregimiento
from those that were within two hours walking distance of
the health center and had 25–100 households registered in a
recent government survey. All households in selected villages
were approached and those that met the inclusion criteria of
having at least one child� 4 years of age and living in extreme
poverty, defined as having participated in a CT program since
2005, were given an orientation to the study in Spanish and
Ngäbere (the local language). All but 3 eligible households
agreed to participate, resulting in a total of 262 households

with 373 preschool children (161 households with 1 eligible
child, 91 with 2 eligible children, and 10 with 3 eligible chil-
dren). Approximately 50–60% of the households from 11 vil-
lages and 37% of households from 1 village (Cerro Viejo)
participated in the study (range ¼ 7–41 households/village).
The lower proportion of participating households in Cerro
Viejo was caused by a lower proportion of households with
children < 5 years of age.
Ethical considerations. Ethical approval was obtained

from the Instituto Conmemorativo de Gorgas in Panamá
and McGill University in Canada. Community interactions
were established in accordance with the Guı́a para Realizar
Estudios e Investigaciones en los Pueblos Indı́genas de
Panamá, which included participation in introductory and
results workshops in each village. Written informed consent
was obtained from primary caregivers during a household visit
that included an explanation of study significance, participant
requirements, and rights, and an opportunity to ask questions
in Spanish and Ngäbere. According to Panamanian Ministry

FIGURE 1. Household density clusters, health facilities, and schools in the region participating in the study located in western Panama. The capi-
tal of Panama City is indicated by a star and dashed lines indicate villages. Emplanada de Chorcha: a ¼ Alto Caña, b ¼ Cerro Viejo, c ¼ Chorchita,
d ¼ La Juventud, e ¼ Plan de Chorcha, f ¼ Quebrada de Lajas. Soloy: g ¼ Barrio 19 Abril, h ¼ Barrio 2000, I ¼ Boca de Huso, j ¼ Boca de Jebay,
k¼BocaMiel, l¼ Israel.
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of Health (MINSA) protocol, primary caregivers received
verbal explanation of results after each sample and a MINSA
laboratory diagnostic form enabling them to seek treatment
at a health center. In addition, at the end of each year, names
of infected children were given to MINSA personnel at the
health centers.
Study procedure. The results presented are part of a larger

collaborative investigation of child health conducted by
MINSA, the University of Panamá, and McGill University.
For the purpose of this report, long-term estimates of chro-
nicity of protozoan infection and diarrhea were obtained by
using data from 7 fecal samples collected over 16 months
(Table 1). In addition, child anthropometry, household demo-
graphic data, spatial survey data, and child and household
sanitation and hygiene practices were recorded during visits
throughout the study period (Table 1). Data collection was
conducted by MINSA personnel who had previous experience
in the area together with local translators who had been
oriented to the specific project goals and methods before
initiation of the study, during which previously untested
questionnaires were piloted with local communities. Quality
of data collection was verified by rotating field supervisor
visits and questionnaire revision after each day of field work.
Laboratory procedures were conducted during each week of
field work.
Spatial survey. Geographic longitude and latitude points

were recorded during visits 7–10 at households (n ¼ 250),
health facilities (n¼ 2), and schools (n¼ 10); access roads were
recorded as tracks with a handheld geographic positioning
system (eTrex Vista HCX; Garmin, Olathe, KS). Geographic
coordinates were converted to metric coordinates by using the
Universal Transverse Mercator 17N projection and analyzed in
ArcGISMap 9.3.1 (Environmental Systems Research Institute,
Redlands, CA). Household geographic coordinates were used
to characterize the spatial dispersion of participant homes and
distances from roads, health facilities, and schools. Distances
were calculated by using proximity analysis, and household
density was calculated by using a point density estimate for
a circular neighborhood with a 250-meter radius. Resulting
density estimates for each household describe the number of
other study participant homes found within this circular area
around their home, expressed in homes per square kilometer.
Because household density is one of the primary comparisons
in the current study, analysis was restricted to households for

which spatial data were available (250 households and 356
children; 153 households with 1 eligible child, 88 with 2 eligible
children, and 9 with 3 eligible children).
Household wealth characterization. The primary caregivers

of participating children were interviewed in Spanish or
Ngäbere at visit 5 by using field-tested wealth characteriza-
tion questionnaires based on government questionnaires
previously used in the area. Demographic information on
household construction (dirt floor, absence of walls, solid
walls), possessions (radio, cell phone, bicycle, sewing machine,
stove, hoe) and access to running water and latrine was used
to calculate a Household Wealth Index (HWI) according to
Demographic Health Survey methods,25 which were based
on principal components analysis as developed by Filmer
and Pritchett.24 The HWI was calculated for each house as
the sum of the possessions and housing quality scores after
being multiplied by their relative weights, as determined by
the first component of principal components analysis (n ¼
229). Households were then subdivided into quintiles and
categorized as lowest (lowest 40%), middle (middle 40%) and
highest (top 20%) wealth groupings, as suggested by Filmer
and Pritchett.24

Anthropometry. Weight and height/length of participating
children were measured at visit 4 by trained nutritionists using
Seca anthropometry scales (Seca 750; Seca, Birmingham,
United Kingdom), portable stadiometers (Seca 214; Seca),
and measuring mats (Seca 210; Seca). Using sex and birth
date information taken from health cards, we calculated child
height-for-age (n ¼ 285), weight-for-age (n ¼ 288), and weight-
for-height Z scores (n¼ 280)1 fromWorld Health Organization
(WHO) growth reference standards29 by using WHO Anthro
3.1. Children were classified as stunted if their height-for-age
Z score (HAZ) was � –2 SD, underweight if their weight-for-
age Z score (WAZ) was � –2 SD, and wasted or overweight/
obese if their weight-for-height Z score (WHZ) was � –2 SD
or� 2 SD, respectively. Years of school attended by the mother
was also collected at visit 4 (n ¼ 240).
Fecal samples. During household visits, labeled collection

containers were given to each caregiver on the day before
fecal sample collection with instructions on how to collect

TABLE 1

Timeline of sample collection during 10 household visits in western Panamá, June 2008–October 2009

Characteristic

2008 2009

Visit 1 June Visit 2 July Visit 3 July Visit 4 July Visit 5 August Visit 6 October Visit 7 April Visit 8 May Visit 9 August Visit 10 October

Household, #
Recruit 262
Household wealth 229
Water quality 206
Mother’s education 240
Household GPS* 250

Child, #
Recruit 373
Fecal sample{ 229 223 237 238 244 260 244
Defecation practices 279
Hand washing behaviors 268
Anthropometry{ 280–288

*Global positioning system (GPS) coordinates were recorded during visits 7–10.
{Children that provided fecal samples in � 4 sample periods were included in the Chronic Protozoan and Diarrhea Index calculations (n ¼ 292).
{Variability in anthropometry sample sizes was caused by an error in data recording (height n ¼ 7, weight n ¼ 4).

1Variability in anthropometry sample sizes was caused by an error in
data recording (height n ¼ 7, weight n ¼ 4).

282 HALPENNY AND OTHERS



fecal samples. The following morning samples were collected
from the home and transported on ice to the Parasitology
Laboratory at the Hospital General del Oriente (Chiriqui,
Panama) where MINSA technicians followed the MINSA
standard protocol for clinical diagnosis of diarrhea (single,
liquid or semi-liquid stool sample). One direct smear per
sample was analyzed to record the presence or absence of
the protozoan infections (Giardia spp. and/or Entamoeba
histolytica/dispar). Up to seven fecal samples per child were
collected during July 2008–October 2009 (Table 1). The
number and timing of stool samples was defined by the design
of the larger study.
Chronic protozoan and diarrhea indices. To assess risk factors

for frequent protozoan infection or symptomatic diarrhea, we
calculated a Chronic Protozoan Index (CPI) and a Chronic
Diarrhea Index (CDI) as the number of positive stool samples
divided by the total number of samples provided by each child
for whom we had � 4 fecal samples (n¼ 292). The provision of
� 4 fecal samples was deemed sufficient to reflect frequency
of infection over the 16 months of the study. It is important to
note that the CPI and CDI did not distinguish between new or
persistent infections.
Water quality and behavioral risk factors. To assess risk factors

for stunting and infection, child defecation habits (n ¼ 279)
and hand washing practices (n ¼ 268) were recorded as part of
questionnaires administered to the mother during visits 2 and
3, respectively. Water samples were collected during visit 6 from
the point of consumption in each household by using sealed
and sterile IDEXX 100-mL collection containers. Samples
were analyzed within six hours by using a Colilert/Quanti–
TrayÒ (IDEXX, Westbrook, ME) according to manufacturer’s
instructions. The Colibert/Quanti–Tray uses a modified most
probable number assay to estimate the concentration of
Escherichia coli (colony-forming units [CFU]/100 mL) in
samples from each home (n ¼ 206). The method has a range
of < 1 to 2,049 organisms/mL of water, and has been shown to
produce similar results to traditional assays.29

Data analysis. All statistical comparisons were conducted
by using STATA version 11.1 (STATA Corporation, College
Station, TX). In all cases, the level of significance was set
at P < 0.05. Data were reported as mean � SEM unless
otherwise stated. Continuous data were compared by using
Student t-tests and two-way analysis of variance for normally
distributed variables (e.g., HAZ, WAZ) or non-parametric
Mann-Whitney and Kruskal-Wallis tests for non-normally
distributed variables (e.g., water quality, CPI, CDI, HWI,
maternal education, distances, age). In the case of multiple
comparisons, if initial test results were significant, Tukey or
Mann-Whitney tests were conducted as appropriate. Binomial
95% confidence limits for prevalence data were determined
by using the Agresti–Coull calculation, and comparisons
were considered significant where confidence limits did not
overlap. To examine the association of child health outcomes
with individual and household traits, regression models were
conducted on the total child sample and on a randomly
selected index child from each household. To determine risk
factors for chronic malnutrition, stepwise multiple regression
analyses were conducted with HAZ as the dependent
variable. The final model included independent variables with
P < 0.10.
Of the 285 children for whomHAZ data were available (202

index children), a complete set of data for regression analysis

was available for 213 persons (156 index children). Poisson
models determined the risk factors for chronicity of diar-
rhetic stool and protozoan infection in which the dependent
variable was the CPI or CDI score multiplied by100 to satisfy
the count criteria. Because of the large number of observed
zeros in the CPI, zero-inflated Poisson models were used to
distinguish between factors that influenced presence or
absence of protozoan infections (logistic portion) from those
that determined the degree of chronicity of infection (Poisson
portion). The final model was chosen based on the lowest
Akaike’s Information Criteria value. Of the 292 children for
whom CPI/CDI indices could be calculated (216 index chil-
dren), a complete set of data for regression analysis was
available for 204 persons (149 index children). Our power cal-
culations indicated that we required a sample size of 113 to
detect an effect size of 0.15 in regression models with 9 inde-
pendent variables (b ¼ 0.80, a ¼ 0.05).

RESULTS

Household and child variables: overview and comparisons
between political regions. Overall, mothers had completed
3.8� 0.2 years of education. Most (91%) houses had dirt floors
and 82% had walls. Latrines were found in 31% of households,
but only 11% of children reportedly used them. Instead, most
defecation occurred in nearby woods and streams (45%)
and in the yard (28%). Piped water was available through
aqueducts to only 35% of homes and 65% obtained their
water from natural sources that included small streams or
springs. Escherichia coli was found in 98% of the household
water samples, with a mean � SEM of 230 � 23 CFU/100 mL
(range ¼ 0–1,012 CFU/100 mL). Hand washing with soap
before eating was reported for 27% of children. The HWI
ranged from –0.82 to 2.26 (mean � SEM ¼ 0.21 � 0.04).
Households from the lowest wealth category were charac-
terized by the absence of an aqueduct, latrine, and stove,
and those with the highest scores typically had a radio, a
latrine, and an aqueduct, and many had a cell phone, a sewing
machine, and a stove (Table 2). Households in Soloy were
generally better off than those in Emplanada de Chorcha
(a mean � SEM HWI of 0.41 � 0.06 compared with –0.12 �
0.04 ¼ (Table 3). These households were closer to the road,

TABLE 2

Household variables included in the Household Wealth Index (HWI),
their respective scoring factors, and the percentage of households in
each wealth category owning items, western Panamá

Variable
Scoring
factor*

Lowest
(lower 40%)

Middle
(middle 40%)

Highest
(upper 20%)

Aqueduct 0.3911 2% 41% 90%
Latrine 0.4114 2% 29% 92%
Radio 0.1595 71% 82% 98%
Cell phone 0.2948 2% 7% 42%
Bicycle 0.1358 1% 2% 6%
Hoe �0.1156 38% 50% 17%
Sewing machine 0.1802 38% 59% 71%
Stove 0.3888 0% 7% 43%
No walls �0.2779 40% 4% 0%
Solid walls 0.298 5% 59% 71%
Dirt floor �0.429 100% 98% 54%
HWI

Mean (SE) �0.36 (0.02) 0.25 (0.02) 1.27 (0.18)
Range �0.82 to �0.089 �0.087 to 0.67 0.69–2.26

*Scoring factors were determined by using the variable coefficients from the first com-
ponent of a Principle Component Analysis that explained 26% of the variability in the
11 variables.
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health facility, and the school, they had greater access to an
aqueduct and a latrine, and mothers had nearly two years more
education than those in Emplanada de Chorcha (Table 3).
The population of preschool children in this study was 25.5�

0.8 months old and 49% were female. A high percentage
(60%) of the preschool children was stunted, 5% were wasted,
22% were underweight, and interestingly, 11% were over-
weight. The prevalence or percentage of children with diar-
rhetic stool samples was high (45%) in samples collected
during August 2008–April 2009, but low in July 2008 and
August and October 2009 (Figure 2A). In contrast, the prev-
alence of protozoan infections at each of the seven sample
periods was relatively consistent (22–37%); Giardia spp. in
18–34% of the children and E. histolytica/dispar in 2–5% of
samples (Figure 2B). Comparisons between the political
regions of Soloy and Emplanada de Chorcha showed no differ-
ence in age, sex ratios, stunting, underweight, and wasting or
chronicity of diarrhetic stools. However, children from Soloy
had higher CPIs and lower frequency of being overweight
compared with those in Emplanada de Chorcha (Table 3).
The study area was accessible through two dirt roads

(Figure 1); the western road had limited access during the
rainy season (July–November). The mean � SEM direct line
distance between homes and the nearest access road was
1.5 � 0.1 km, the distance to the nearest health center was 2.3 �
0.1 km, and the distance to the nearest elementary school was
0.8 � 0.04 km. Household density varied considerably through
the study area, and households were characterized as being
dispersed or dense on the basis of a natural division in the fre-
quency distribution (Figure 3); at 50 households/km2, 72% of

the homes were considered to be dispersed and 28% were con-
sidered to be dense. Homes in Emplanada de Chorcha were
more spatially dispersed than those in Soloy. Of the dispersed
households, 48% were in Soloy, but Soloy also had 100% of
the dense households (Figure 1 and Table 3).
Spatial comparison of household characteristics. To address

the first of our major objectives, we compared the biophysical/
demographic conditions between the dispersed and dense
households. A binary comparison confirmed that dispersed
homes were approximately three times farther from health
facilities and schools than dense homes, and 10 times far-
ther from access roads (Table 3). Mothers in the dispersed
households also had fewer years of education (P ¼ 0.05).
Household access to sanitation and hygiene infrastructure
was greater in the dense households in which twice as many
households had a latrine and aqueduct, and where water
quality was also significantly better compared with dispersed
households (Table 3). The HWI had a similar range in the dense
and dispersed households (Figure 4). However, the average
value was five times higher in dense households (Table 3).
Child health comparisons. Anthropometry. The prevalence

of stunting and underweight was the same in children from
dense and dispersed households. However, the frequency
of being overweight was higher in the dispersed house-
holds, in which 14% of children had a WHZ score > 2 SD,
compared with 3% in the dense households (Table 3).
Despite better household access to physical infrastructure
and greater household wealth, child mean WAZ was lower in
the dense households. Furthermore, two-way analysis of vari-
ance confirmed that HAZ was significantly lower in children

TABLE 3

Summary of household and child characteristics and health outcomes according to political region and household density category, west-
ern Panamá*

Characteristic Emplanada de Chorcha{ Soloy{ P
Dispersed households
(< 50 houses/km2)

Dense households
(> 50 houses/km2) P

Household
Distance to road, km 2.4 (0.2) 96 0.9 (0.09) 154 < 0.001 1.9 (0.1) 181 0.2 (0.02) 69 < 0.001
Distance to health facility, km 2.9 (0.2) 96 2.0 (0.1) 154 < 0.001 2.8 (0.1) 181 1.1 (0.07) 69 < 0.001
Distance to school, km 1.1 (0.06) 96 0.6 (0.04) 154 < 0.001 0.9 (0.04) 181 0.4 (0.02) 69 < 0.001
Household density,{ homes/km2 14.5 (1.3) 96 48.1 (3.0) 154 < 0.001 NA NA
Households in Soloy, % NA NA 48 (40–55) 181 100 (94–100) 69 < 0.001
Household Wealth Index} �0.12 (0.04) 90 0.41 (0.06) 139 < 0.001 0.097 (0.05) 172 0.51 (0.09) 57 < 0.001
Maternal education, years 2.7 (0.3) 94 4.6 (0.3) 146 < 0.001 3.6 (0.3) 176 4.6 (0.5) 64 0.05
Latrine, % 15 (9–24) 93 41 (34–49) 142 < 0.001 26 (20–33) 175 45 (33–58) 60 < 0.001
Aqueduct, % 12 (7–20) 94 49 (42–57) 146 < 0.001 27 (21–34) 176 52 (40–63) 64 < 0.001
Water quality, Escherichia coli

CFU/100 mL
270 (39) 83 184 (28) 123 0.002 243 (28) 152 151 (38) 54 0.004

Child
Age, months 26.3 (1.4) 139 25 (1.1) 217 0.5 25.5 (1.0) 268 25.7 (1.6) 88 0.93
Female, % 47 (39–55) 139 50 (44–57) 217 0.6 48 (42–54) 268 51 (41–61) 88 0.58
Protozoan infection, CPI} 0.24 (0.02) 122 0.31 (0.02) 170 0.005 0.25 (0.02) 228 0.37 (0.03) 64 < 0.001
Diarrhetic stool, CDI# 0.3 (0.02) 122 0.3 (0.02) 170 0.92 0.30 (0.02) 228 0.30 (0.03) 64 0.69

HAZ
Stunting (< �2 SD), % 61 (53–70) 122 60 (52–67) 163 0.74 58 (51–64) 225 70 (57–80) 60 0.09
Mean Z score �2.33 (0.12) 122 �2.18 (0.1) 163 0.33 �2.16 (0.08) 225 �2.56 (0.18) 60 0.03

WAZ
Underweight (< �2 SD), % 22 (16–31) 125 22 (16–29) 163 0.95 20 (16–26) 225 29 (19–41) 63 0.17
Mean Z score �0.94 (0.13) 125 �0.99 (0.1) 163 0.74 �0.87 (0.09) 225 �1.3 (0.2) 63 0.03

WHZ
Wasting (< –2 SD), % 7 (3–13) 121 4 (2–9) 159 0.4 6 (3–10) 221 3 (0–12) 59 0.45
Overweight (> 2 SD), % 17 (12–25) 121 7 (4–12) 159 0.007 14 (10–19) 221 3 (0–12) 59 0.03

*Values are mean or% (� SE binomial 95% confidence interval). Sample size is indicated after the summary statistics. NA¼ not available; CFU¼ colony-forming units; CPI, Chronic Protozoan
Index; CDI¼Chronic Diarrhea Index; HAZ¼ height-for-age Z score;WAZ¼weight-for age Z score;WHZ¼weight-for-height Z score.
{Summary data presented for Emplanada de Chorcha and Soloy are restricted to households for which spatial data were available.
{Density based on households participating in the study.
}Asset-based index weights were derived from the first component of Principle Components Analysis.
}Proportion of positive samples provided (for children who provided � 4 of 7 possible sampling periods).
#Proportion of positive samples provided (for children who provided � 4 of 7 possible sampling periods).
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from dense households compared with those from dispersed
households (F1,162 ¼ 7.71, P ¼ 0.006) and in children from
the lowest wealth groupings compared with those from the
highest wealth groupings (F2,162 ¼ 18.49, P < 0.001); there was
no interaction between these two factors (F2,162¼ 2.69, P¼ 0.10)
(Figure 5A). Risk factors associated with low HAZ were
being older, living in a household with a lower HWI, and
having chronic protozoan infections (Table 4). Household
density entered the model, but only with P ¼ 0.08. A virtually
identical regression model was obtained on the basis of a
single index child per household (Table 4).
Protozoan infection. The sample-specific prevalence of

protozoan infections was higher in children from dense
households than those from dispersed households in July 2008
but not in subsequent periods (Figure 2). However, chronicity
of protozoan infections was higher in children living in dense
households, in which the mean � SEM CPI was 0.37 � 0.03
compared with 0.25 � 0.02 in the dispersed households
(Table 3). There was no effect of wealth category on chronicity
of protozoan infections (w2 adjusted for ties ¼ 2.51, degrees
of freedom ¼ 2, P ¼ 0.28) (Figure 5B). The logistic portion of
the zero-inflated Poisson model identified that risk factors for
being infected with protozoans were being younger, having

worse household water quality, and defecating in the yard.
The associations of age and household density with being
infected with protozoans were further supported by the index
child model (Table 5). Predictors of chronicity of protozoan
infections (Poisson portion of model) were the same for the
total sample model and the index child model (Table 5).
Chronicity of protozoan infection was associated with being
older, not washing with soap before eating, being from a
household with a lower HWI, poorer water quality (higher
E. coli counts) or from a household with a greater surrounding
population density. Surprisingly, having a mother with more
years of education also emerged as a predictor of chronicity
of protozoan infections. Results of analysis based on an index
child per household were virtually identical to those of the
total sample model.
Diarrhea. Prevalence of diarrhea at individual sampling

points (Figure 2) or chronicity of diarrhea (Table 3) did
not differ between dense and dispersed households; mean
CDI ¼ 0.30 in children from dense and dispersed households.
Mean CDI was also similar for children from households in
the lowest, medium, and highest wealth categories (w2 ¼ 0.57,
P ¼ 0.75). Several risk factors for chronicity of diarrhea were
similar to those for protozoan infections. Specifically, greater

FIGURE 2. Prevalence ofA, symptomatic diarrhea and B, protozoan infection over the duration of the study, western Panamá. Prevalence with
95% confidence intervals are presented for each sample period for children from dispersed (dark gray) and dense (light gray) households.
Household density was classified as dispersed if < 50 houses/km2 (n ¼ 178–200 children) or dense if > 50 houses/km2 (n ¼ 45–60 children).
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chronicity of child diarrhea was associated with defecating in
the yard and not washing with soap before eating (P ¼ 0.05)
(Table 6). Younger children had higher CDIs. In addition, the
household factors related to chronic diarrhea were having poor
water quality, having a lower HWI, and having a mother with
more years of schooling. Household density did not enter the
model (Table 6). Index child models supported the association of
sanitation and hygiene behaviors with chronic diarrhea, but age,
HWI, ormaternal education did not enter as significant (Table 6).

DISCUSSION

Our study provided an in-depth analysis of stunting, intesti-
nal protozoan infection, and diarrhea in a rural indigenous

area of Panamá. We have confirmed that in this area of
extreme poverty, households from more densely populated
areas had better access to health facilities, sanitation, and
water infrastructure, less fecal contamination of drinking
water, and greater, albeit still low, household wealth as
measured by possession of durable goods such as a stove, a
cell phone, a latrine, and aqueduct access. In contrast to our
hypothesis, the better socioeconomic status of homes from
more densely populated areas did not always correspond
with better health outcomes. Rather, children from these
households had a greater severity of stunting and more fre-
quent protozoan infections over a 16-month period than chil-
dren from more dispersed households. Second, we showed
that within these spatially defined groups, child stunting was
greater in the lowest wealth households than in the highest
wealth households, but that chronicity of protozoan infec-
tions was equal across wealth groups. Regression models
supported the link between infections and anthropometry
outcomes by showing that chronic protozoan infections were
a risk factor for low HAZ. The model for protozoan infections
highlighted the role of greater household density, few assets,

FIGURE 3. Frequency distribution of density of participating house-
holds, western Panamá. Household density was determined using
ArcGIS point density estimates with a radius of 250 m around each
home (n ¼ 250, mean � SD ¼ 35.2 � 2.2 houses/km2, minimum ¼
4.5, and maximum ¼ 128 houses/km2). Households were classified as
dispersed (n ¼ 181) or dense (n ¼ 69) according to the natural break
in the frequency distribution at 50 houses/km2.

FIGURE 4. Frequency distribution of Household Wealth Index
(HWI) by household density group, western Panamá. The HWI is
an asset-based index derived from measures of household construc-
tion and ownership of durable goods. Household density was classi-
fied as dispersed if < 50 houses/km2 (n ¼ 172 households) or dense if
> 50 houses/km2 (n ¼ 57 households).

FIGURE 5. Mean child health outcomes by household density group
and wealth percentile, western Panamá. Child mean � SE values for
A, height-for-age Z-score (n from left ¼ 99, 93, 25, 16, 18, 23) and
B, chronicity of protozoan infection (CPI) (n from left ¼ 107, 87,
28, 14, 19, 26) in the dispersed (< 50 houses/km2) and dense house-
holds (> 50 houses/km2). The Household Wealth Index (HWI),
an asset-based index derived from measures of household construc-
tion and ownership of durable goods, was used to define wealth
groups (bottom ¼ 40%, middle ¼ 40%, and top ¼ 20%) and is
represented by dark to light gray bars. Unique letters indicate
significantly different groups (P < 0.05) determined by two-way
analysis of variance and A, post hoc Tukey test or B, Mann-Whitney
non-parametric test.
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poor water quality, and poor hygiene practices in increasing
the risk of protozoan infections. Chronicity of child diarrhea
was also associated with poor sanitation and hygiene prac-
tices and poor water quality, but not with household density.
The indigenous population of Panamá has disproportion-

ately high levels of poverty characterized by lower access
to physical infrastructure and worse health outcomes than
their non-indigenous rural counterparts. According to the
2008 Niveles de Vida report,28 96.3% of the rural indigenous
population lived in poverty compared with 50.7% of rural
non-indigenous population and 18% of the urban popula-
tion. These impoverished living conditions are accompa-
nied by lower access to physical infrastructure; less than half
of the indigenous population are reported to have access to an
improved water supply and sanitation infrastructure.31 Child
anthropometry outcomes in our study region were well below
national averages and similar to rural indigenous statistics for
Panamá.31 At the country level, 18% of preschool children
were reported as chronically malnourished (HAZ < –2 SD)32 a
figure that masks the fact that 56.6% of rural indigenous chil-
dren are short for their age.26 In our study, 60% of children
were stunted, which is similar to the prevalence of stunting
(61%) reported in a nearby region within the Comarca.27 The
previously reported prevalence of low WAZ nationally was
6% but as with HAZ, it was significantly higher in indigenous
populations in which nearly 25% of preschool children were
considered underweight,26 similar to the prevalence recorded
in our study. The low level of wasting compared with the high
prevalence of stunting observed in this population is a known
pattern in Latin America.33 Stunting is often seen as an epide-
miologic indicator of the accumulated, long-term effects of not
only poor diet but also repeated infections.21,22 Thus, in this
population, the primary nutritional problem is not acute weight
loss but rather chronic restriction of the potential growth of
a child.
Recently, it has been suggested that use of political regions

as the basis for understanding health risks may not be as
appropriate as contextual characteristics that more directly
impact child health outcomes.34 By considering the spatial dis-

persion of households, we were able to identify two groups
with distinct socioeconomic and physical infrastructure char-
acteristics. Specifically, homes in the more densely populated
areas were closer to a road, a health center, and a school. They
also had a more complex set of durable goods including radios,
cell phones, sewing machines, and stoves, and were more likely
to have a latrine and aqueduct. However, despite the presence
of aqueducts in more than 50% of homes in the dense areas,
most household water samples were not potable. Escherichia
coli counts in dense households, although lower than those in
dispersed households, were 100 times higher than the WHO
recommendation that E. coli should be absent from drinking
water.35 This paradox is likely caused by the inadequate cover-
age and quality of the infrastructure in the more densely pop-
ulated areas where less than half of the homes had access to
latrines and most children did not use them. These numbers
are well below the recommendation of 75% of community
coverage considered to maximize community health.36 Low
coverage and poor quality of sanitation infrastructure has
been linked to higher prevalence of parasitic infections and
diarrhea.19 Thus, it is believed that although homes in the
more densely populated areas have better access to physical
infrastructure, it was insufficient to meet the health needs of
the population.
Despite the extreme poverty across our study area, char-

acterizing household wealth was important for understand-
ing the risk factors related to child health in the comarca
Ngäbe–Buglé because of changes in economic flows associ-
ated with physical infrastructure in rural areas.3,4 Using our
HWI, which was driven primarily by presence or absence
of a latrine, an aqueduct, a stove, and a dirt floor, we were
able to show that dense households had a greater num-
ber of assets than dispersed households. We also showed
that many of the dense households were similar in HWI
to those in dispersed households. Recently asset-based
indices as a measure of wealth have been shown to not
only be a more reliable index of wealth under conditions
of extreme poverty, but also to be related to health out-
comes, including improved nutritional status37,38 and reduced

TABLE 4

Predictors of height-for-age Z score in preschool children in western Panamá from a stepwise multiple regression model*

Characteristic

Total sample Index child

Raw coefficient Standardized coefficient P Raw coefficient Standardized coefficient P

Age, months �0.03 �0.03 < 0.001 �0.04 �0.03 < 0.001
Water quality, Escherichia CFU/100 mL NE{ – – NE – –
Maternal education, years NE – – NE – –
Household Wealth Index{ 0.40 0.21 0.01 0.29 0.15 0.02
Wash with soap} NE – – NE – –
Yard defecation} NE – – NE – –
Protozoan infection, CPI# �1.06 �0.20 0.002 �1.41 �0.25 < 0.001
Diarrhetic stool, CDI** NE – – NE – –
Household density, homes/km2 �0.005 �0.11 0.08 NE – –
Intercept �1.08 – < 0.001 �0.90 – < 0.001
Adjusted R2 0.26 0.33
F4,208 19.50 F3,152 26.44
p > F < 0.001 <0.001
No. 213 156

*Height-for-age Z score HAZ available: n ¼ 285 children (202 index children), complete data set available: n ¼ 213 (156 index children).CFU ¼ colony-forming units; CPI ¼ Chronic Protozoan
Index; CDI ¼ Chronic Diarrhea Index.
{Excluded during stepwise process if P > 0.10.
{Asset-based index of household wealth weights were derived from the first component of Principle Components Analysis.
}Child washes hands with soap before eating (0 ¼ no, 1 ¼ yes), as reported by the mother.
}Child defecation occurs primarily in the yard around the home (0 ¼ no, 1 ¼ yes), as reported by the mother.
#Proportion of positive samples provided (for children who provided � 4 of 7 possible sampling periods).
**Proportion of positive samples provided (for children who provided � 4 of 7 possible sampling periods).
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parasitic infections,39,40 an observation consistent with
our findings. In rural areas where income is inconsistent,
asset-based indices are considered a valuable proxy for rela-
tive standard of living, which was of particular interest in
our study area where wage work is extremely rare and vari-
ables such as number of wage earners or income would not

capture household financial status. Importantly, because of
regional and cultural variability in the range of possessions,
the resultant index is location specific.23,41

To ensure the construction of a regionally appropriate index,
we used questionnaires previously designed to record posses-
sions for the comarca Ngäbe–Buglé, and we also field tested
the questionnaire before beginning the study. Our resultant
HWI using data on 11 possession and household construction
variables explained 26% of the variability among households
in ownership of these items, similar to a study in rural Africa
where 12 variables accounted for 24% of the population vari-
ance.39 The regional specificity in indices is highlighted by a
recent study in Peru that used 36 variables to explain a simi-
lar degree of variance in the possession ownership (23%).40

This finding is likely caused by the urban location of the study
where items such as televisions, blenders, and furniture were
required to distinguish between households.
We found that the severity of stunting was higher in children

from dense households and in those with lower HWIs. The
finding that older children were shorter for their age is con-
sistent with those of other studies21,41 and supports the hypoth-
esis that low HAZ is believed to be caused by the cumulative
effect of undernutrition42,43 for children living in deprived
conditions. Furthermore, identification of chronic protozoan
infections (primarily Giardia spp.) as a risk factor for low
HAZ highlighted the connection between stunting and infec-
tion. Giardia spp. have been reported to have adverse affects
on linear growth44,45 and possible consequences for psycho-
motor development.46 We therefore suggest that the greater
chronicity of protozoan infection in children from dense homes
is an important cause of the more severe stunting observed in
these children.
Our concept of chronic protozoan infection and chronic

diarrhea was based on the idea that repeated or sustained
bouts of infection or diarrhea over an extended period would
affect child development and could result from repeated
pathogen exposure or differential ability to access treatment.
Thus, the CPI and CDI were created as indicators of the fre-
quency of positive samples for protozoan infection or diarrhea
over the 16-month study period and were considered to rep-
resent potential chronic pathogenicity. Our indices differ from
the operational research definitions for chronic and persistent
diarrhea47 in that we did not measure the duration of diarrheal

TABLE 6

Predictors of chronicity of diarrhetic stool in preschool children in western Panamá from a stepwise Poisson regression model*

Characteristic

Total sample Index child

Raw coefficient Standardized coefficient P Raw coefficient Standardized coefficient P

Age, months –0.008 0.99 < 0.001 �0.002 0.97 0.08
Water quality, Escherichia coli CFU/100 mL 0.0003 1.10 < 0.001 0.00026 1.09 < 0.001
Maternal education, years 0.01 1.01 0.01 �0.008 0.97 0.07
Household Wealth Index{ �0.10 0.90 < 0.001 NE – –
Wash with soap{ �0.06 0.97 0.05 �0.11 0.95 0.002
Yard defecation} 0.08 1.04 0.005 0.21 1.10 < 0.001
Household density, homes/km2 NE} – – NE – –
Intercept 3.51 – < 0.001 3.30 – < 0.001
Likelihood ratio w2 197.13 92.82
P < 0.001 < 0.001
No. 204 149

*Chronic Diarrhea Index available: n ¼ 292 children (216 index children), complete data set available: n ¼ 204 (149 index children). CFU ¼ colony-forming units.
{Asset based index weights were derived from the first component of Principle Components Analysis.
{Child washes hands with soap before eating (0 ¼ no, 1 ¼ yes), as reported by the mother.
}Child defecation occurs primarily in the yard around the home (0 ¼ no, 1 ¼ yes), as reported by the mother.
}Excluded during stepwise process if P > 0.10.

TABLE 5

Predictors of chronicity of protozoan infection in preschool children
in Panamá based on a zero-inflated Poisson regression model*

Characteristic Total sample{ Index child{

Logistic portion} Coefficient P Coefficient P
Age, months �0.04 0.002 �0.04 0.01
Mother’s education,
years NE} – NE –

Wash with soap# NE – NE –
Water quality, CFU
Escherichia
coli/100 mL �0.002 0.009 NE –

Household Wealth
Index** NE – NE –

Yard defecation{{ �0.85 0.046 �0.86 0.07
Household density,
homes/km2 �0.01 0.06 �0.02 0.05

Intercept 0.94 0.04 0.73 0.15
Poisson portion{{
Age, months 0.005 < 0.001 0.007 < 0.001
Wash with soap �0.088 0.003 �0.21 < 0.001
Household Wealth
Index �0.06 0.01 �0.10 < 0.001

Water quality, CFU
E. coli/100 mL 0.0001 0.008 0.0002 < 0.001

Household density,
homes/km2 0.002 < 0.001 0.003 < 0.001

Mother’s education,
years 0.03 < 0.001 0.03 < 0.001

Yard defecation NE – NE –
Intercept 3.31 < 0.001 3.23 < 0.001

*Chronicty of protozoan infection available: n ¼ 292 children (216 index children), com-
plete data set available: n ¼ 204 (149 index children). CFU ¼ colony-forming unit.
{Total SampleModel Statistics: likelihood ratio w2¼ 105.46, P< 0.001, n¼ 204, zero obser-

vations¼ 55, Vuong statistic of zero-inflated Poisson vs. Poisson z¼ 10.94, p> z< 0.001.
{Index Child Model Statistics: likelihood ratio w2 ¼ 141.51, P < 0.001,N ¼ 149, zero obser-

vations¼ 43, Vuong statistic of zero-inflated Poisson vs. Poisson z¼ 9.42, P< 0.001.
}Logistic portion of the model identifies variables associated with likelihood of being unin-

fected where positive coefficients indicate a greater likelihood of being uninfected.
}Excluded during stepwise process if P > 0.10.
#Child washes hands with soap before eating (0 ¼ no, 1 ¼ yes) as reported by the mother.
**Asset-based index of household wealth derived using Principle Components Analysis.
{{Child defecates in the yard around the home (0 ¼ no, 1 ¼ yes) as reported by the

mother.
{{Poisson Portion of the model determines variables associated with chronicity of proto-

zoan infection.
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episodes or protozoan infection. Thus, although our indices
cannot differentiate between new and sustained illness or
classify illness as acute (abrupt onset and resolved � 14 days),
chronic (> 14 days caused by congenital defects in absorption),
or persistent (> 14 days caused by infection or malnutrition),47

they provide a long-term estimate of the frequency of illness
for each child. The fact that the CPI was a predictor of stunting
is of particular interest, given that the diagnostic methods used
by MINSA have a lower sensitivity than other research pro-
tocols and may have led to an underestimation of child infec-
tion burden. If the lower sensitivity of our analysis resulted in
detection of only more severe infections, then the association
of CPI with stunting may also be influenced by the severity of
protozoan infection, which would be of interest to examine
in future studies. Furthermore, the similarity between model
results for chronic diarrhea and protozoan infection is encour-
aging for the non-diagnostic definition of diarrhea used in
this study.
Using these indices, we found that protozoan infection and

diarrhea were more chronic among children of more educated
mothers, a somewhat unexpected finding, given that child health
typically improves with increasing years of maternal educa-
tion.48,49 In our study area, the more educated women were
younger, less experienced mothers (personal observation). In
addition to maternal education, sex of the head of household
may also influence child health outcomes,50 likely because of
lower access to financial resources.51 Because our study was
conducted within the context of a CT program where transfers
were given to the most senior woman of each household, this
variable was not included in our analysis. The risk of chronic
diarrhea was also higher in younger children, an observation
consistent with a longitudinal study in Brazil that recorded a
peak burden of diarrhea in children 7–12 months of age after
which the number of episodes/year decreased.52 In contrast to
diarrhea, we found that younger children were more likely to
never have had a protozoan infection during the study period.
This finding may have been caused by the fact that exclusively
breastfed children had a lower exposure to food or water-
borne pathogens or greater protection through breast milk.
However, because the frequency of exclusively breastfed chil-
dren was low in our study population (personal observation),
we did not include it in our analysis. In Peru, children more
than two years of age were more likely to be infected with
protozoans,53 whereas no relationship was detected between
age and persistent Giardia spp. infections (lasting � 14 days)
in studies in Brazil of urban preschool children54 or peri-urban
children < 1–12 years of age (mean age ¼ 3.4 years).40

Chronic infection and diarrhea were also higher in children
with poor hygiene and from households with low water qual-
ity. Yard defecation, which was practiced by nearly one-third
of children, increased the risk of chronic diarrhea and the like-
lihood of having had a protozoan infection over the 16-month
study period. Open defecation is a recognized source of fecal
contamination, especially among young children.55 Although
it has been identified as a risk factor for gastrointestinal infec-
tion,56 it is often overlooked in sanitation research.57 Our study
also supported previous findings that hand washing before
eating reduces soil-transmitted infections in children,58,59 espe-
cially when soap is used.60 Furthermore, poor household water
quality (measured by E. coli counts in household water sam-
ples) was identified as a risk factor for chronicity of proto-
zoan infection and diarrhea. These results were not surprising

given that fecal coliforms were present in water samples from
virtually all households, and that pathogens causing protozoan
infections and diarrhea can be spread through contaminated
drinking water35 and prevented through drinking water qual-
ity interventions.61

Finally, we detected interactions between household den-
sity and wealth with regard to chronic protozoan infection and
chronic diarrhea. Population density is an extremely important
determinant of risk of transmission of pathogens.14,15 Enteric
infections have been associated with the increased living den-
sities in urban areas20 or crowding within a household.16,17

However, to our knowledge, only one other study has inves-
tigated this relationship in rural communities. A study in rural
Ecuador found that diarrheal disease prevalence was higher in
more densely populated communities and also highlighted the
importance of social connections in reducing the risk of diar-
rhea.18 In our study, chronicity of diarrhea was independent of
household density, which may have been caused in part by low
sensitivity of our binary clinical diagnosis of diarrhea or non-
infectious causes of diarrhea such as food-borne pathogens. In
addition to household density, we also examined the influence
of household crowding on chronic infection status. In contrast
to the household density measure, the number of persons per
room was not significantly related to CPI or CDI by univariate
or multivariate analyses.
Our data show that the negative impact of household den-

sity on chronic protozoan infection is mitigated by household
wealth. Densely spaced households were more likely to have
a latrine and aqueduct and also to have a more complex set of
durable goods, including stoves. Although none of the house-
holds had potable water, the level of fecal contamination was
considerably lower in households with aqueducts than in those
without aqueducts, which suggested a lower pathogen expo-
sure and helped to explain the lower chronicity of protozoan
infection and diarrhea in households with higher HWIs. High
values of HWI were most strongly influenced not only by
presence of a latrine and an aqueduct, but also by ownership
of a stove. Perhaps households with a stove are more likely
to boil drinking water, thus reducing exposure to water-borne
pathogens. In contrast, one of the strongest negative weighting
scores in the HWI was the presence of dirt floors, again a fac-
tor that would increase the likelihood of transmission of soil-
borne pathogens. Our results complement those of a recent
study40 that examined the association between Giardia spp.
and an asset-based household wealth index in a peri-urban
region of Peru. Despite the greater affluence in the popula-
tion in Peru than in our rural region of extreme poverty, and
despite their measure of short-term Giardia spp. infection per-
sisting for more than 14 days compared with our measure of
chronic infection over 16 months, the study in Peru also dem-
onstrated that Giardia spp. were more common in households
with a lower HWI. Thus, in the dense households in which pro-
tozoan infection is greater, household wealth plays an impor-
tant role in reducing chronicity of infection and consequently
improving child growth.
Our use of non-validated indices of chronic protozoan

infection and diarrhea differs from the duration and fre-
quency of symptomatic episodes in child health literature.
However, our easily compiled indices based on MINSA
field diagnostic procedures proved valuable in assessing
the developmental impact of the frequency of illness over a
16-month period. Further limitations of our study related to
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the inclusion criteria in the recruitment process. Specifically, a
selection bias may have been introduced by working exclu-
sively with households that were part of the CT program.
However, it is believed that the study population is represen-
tative of the region because more than 90% of households
were eligible to receive the CT program in the study area.
Unfortunately, we were not able to compare our sample popu-
lation to the overall population because the larger census,
used to identify eligible households, did not record infor-
mation from those without preschool children or who had
not participated in the CT program. Furthermore, the inclu-
sion of multiple children per household could have inflated
the influence of household level variables in our statistical
models. However, our total sample regression models were
supported by the virtually identical results obtained from the
index child models. Finally, our estimates of household den-
sity were limited to participant households, thus reflecting
the density only of households with children less than five
years of age. Although this factor led to an underestimation
of the actual density of households, we believe it is of specific
health relevance because the proximity of preschool children
has implications for child-to-child transmission. On the basis
of our intriguing results, we suggest that further research on
interactions between household assets and household spacing
be conducted with regard to stunting and protozoan infection
in preschool children to determine whether our findings can
be generalized to other regions of extreme poverty.
Our investigation in the comarca Ngäbe–Buglé in west-

ern Panama has highlighted the link between chronic infec-
tion and child growth and furthermore has demonstrated
the importance of household density and asset-based house-
hold wealth for child growth in an impoverished, rural area.
Despite better access to physical infrastructure, children
from more spatially dense households had a greater chro-
nicity of protozoan infection, which was associated with
stunting. Thus, it is believed that the physical infrastruc-
ture available to dense households was insufficient to meet
the health needs of the population. Finally, we showed that
greater chronicity of infection associated with increased
population density was mitigated by higher household
wealth, which suggested that health interventions are most
urgent for children from the poorest households in the more
densely populated regions.
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