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Abstract. Cryptosporidium is a leading cause of diarrhea among Kenyan infants. Ceramic water filters (CWFs) are
used for household water treatment. We assessed the impact of CWFs on diarrhea, cryptosporidiosis prevention, and
water quality in rural western Kenya. A randomized, controlled intervention trial was conducted in 240 households with
infants 4-10 months old. Twenty-six weekly household surveys assessed infant diarrhea and health facility visits. Stool
specimens from infants with diarrhea were examined for Cryptosporidium. Source water, filtered water, and filter retentate
were tested for Cryptosporidium and/or microbial indicators. To estimate the effect of CWFs on health outcomes, logistic
regression models using generalized estimating equations were performed; odds ratios (ORs) and 95% confidence
intervals (Cls) are reported. Households reported using surface water (36 %), public taps (29%), or rainwater (17%) as
their primary drinking water sources, with no differences in treatment groups. Intervention households reported less
diarrhea (7.6% versus 8.9%; OR: 0.86 [0.64-1.16]) and significantly fewer health facility visits for diarrhea (1.0% versus
1.9%; OR: 0.50[0.30-0.83)). In total, 15% of intervention and 12% of control stools yielded Cryptosporidium (P = 0.26).
Escherichia coli was detected in 93% of source water samples; 71% of filtered water samples met World Health
Organization recommendations of < 1 E. coli/100 mL. Cryptosporidium was not detected in source water and was
detected in just 2% of filter rinses following passage of large volumes of source water. Water quality was improved
among CWF users; however, the short study duration and small sample size limited our ability to observe reductions in

cryptosporidiosis.

INTRODUCTION

Unsafe drinking water consumption increases the risk of
diarrheal illness, a major cause of morbidity and mortality
among infants and young children in sub-Saharan Africa.’
Mortality rates are highest among those < 2 years old; in
2015, diarrhea killed an estimated 499,000 children
worldwide.*® In rural western Kenya, infants and young chil-
dren bear the greatest burden of diarrhea-related illness and
death.®”

Diarrhea is a common symptom of enteric infections and is
clinically defined as > 3 loose stools in 24 hours. Diarrheal
episodes vary in severity and can last anywhere from several
hours to many weeks. Extended or repeated episodes can
lead to malnutrition, which in turn increases the risk of severe
diarrheal infection and death.®~'" Improving access to safe
drinking water can decrease the risk of diarrhea and malnu-
trition in young children.* 1213

Cryptosporidium, a highly chlorine-tolerant protozoan par-
asite, is a leading cause of moderate-to-severe diarrhea
among Kenyan children, particularly in those between 0 and
11 months.®” Symptoms of cryptosporidiosis generally begin
2-10 days after infection. The most common symptom is
watery diarrhea.' Cryptosporidiosis is associated with longer
diarrheal duration (median of 5-10 days) than that seen with
other causes and may relapse after initial symptoms have
resolved.’®"” Among children in developing countries, di-
arrhea often lasts for 14 days or longer."®'® Cryptosporidium
is spread through direct or indirect contact with infected feces.
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Severe infections are more likely to occur among young chil-
dren and persons with weakened immune systems.'

Although many species of Cryptosporidium can infect hu-
mans and a wide range of animals, most human infections are
caused by Cryptosporidium hominis (primarily transmitted
through person-to-person contact) and Cryptosporidium
parvum (transmitted through both person-to-person and
animal-to-person contact).'® Both C. hominis and C. parvum
can be transmitted through the consumption of contaminated
water.?° Effective water treatment methods to remove or in-
activate Cryptosporidium reduce the risk of illness.?

Studies have demonstrated that ceramic water filters
(CWFs), particularly when coated in colloidal silver, can be an
effective method to improve the microbial quality of household
water.?2725 Ceramic filters remove bacteria and parasites by
physical removal (because of ceramic pore size) and have
been reported to effectively reduce bacteria through in-
activation when produced with colloidal silver, which is rec-
ognized as an effective microbial disinfectant.?®” There is
some evidence of virus removal,?? but data are variable.?’
The effectiveness of CWFs in removing bacterial and pro-
tozoan pathogens depends heavily on the production quality
of the filter.2228-3" |n |aboratory studies where microsphere
particles 1-10 umin size were used (i.e., a typical size range for
bacteria and protozoa), CWFs made according to the Potters
for Peace guidelines for manufacture have reportedly reached
removal rates of > 99%.22

Ceramic water filters are most appropriate in areas where
there is a capacity for quality ceramic filter production.
CeraMaji CWFs are manufactured in Kenya (Figure 1). Each
filter is made by combining local clay and tempter materials
and is dipped in colloidal silver after firing (see www.ceramaji.
com). Filters hold about 8 L of water and are suspended inside
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Ficure 1. Photo of ceramic filter with accompanying tap and
plastic receptacle. This figure appears in color at www.ajtmh.org.

a plastic receptacle fitted with a tap and a lid. Following filter
production, the manufacturer conducts visual assessments
and performs pressure, flow rate, microbiological, and pore
size testing. Filters sell for a local commercial price of ap-
proximately $30 USD and, if correctly maintained, can last
approximately 1-3 years for a family of up to five people.
CeraMaji CWFs are manufactured according to the Potters for
Peace guidelines as previously described.?®

We conducted an intervention trial to assess the effective-
ness of household CWFs to reduce the burden of diarrhea and
cryptosporidiosis acquired by infants and young children
through drinking water in rural Kenya.

METHODS

Study population and sampling. The Kenya Medical Re-
search Institute (KEMRI)/Centers for Disease Control and
Prevention (CDC) Health and Demographic Surveillance
System (HDSS),*2 specifically the Asembo HDSS in Siaya
County, western Kenya, was used as the sampling frame for
this non-blinded, randomized, controlled intervention trial.
This rural area borders Lake Victoria. Residents, predominantly
of the Luo ethnic group,®® earn their living through small-scale
business, farming, and fishing.34

Sample size calculations were computed to detect differ-
ences in diarrheal prevalence in the two study groups.®>%7
Other health outcomes, including fever, cough, and difficulty
in breathing inthe last 48 hours, were also measured to assess
reporting bias. Group sample sizes for the study were com-
puted as 120 children 4-10 months old in the intervention
group and 120 children 4-10 months old in the control group
(240 enrolled children in total). These group sample sizes
achieve 86% power to detect an odds ratio (OR) of 0.68 in a
study design with 26 repeated measurements, or when
comparing proportions of longitudinal prevalence of di-
arrheal disease, an OR of 0.07 in the intervention group
compared with 0.10 in the control group. The sample size
calculations take into account the correlation between re-
peated measurements with an autoaggressive covariance
structure and the expected proportion of longitudinal prev-
alence of diarrheal disease of 10% in the control group.® The
correlation between observations within the same study
subject was assumed as 0.3 and the alpha level is 0.05. The

sample size takes into consideration a 20% possible attrition
rate.

Only one child was enrolled per household. Each in-
tervention household received a CWF (controls received a
CWF when the study ended). Children living in households
that already had a CWF or children outside of the age criteria
were excluded. Study participants were selected at the indi-
vidual level. Baseline, longitudinal surveillance, and user ac-
ceptability data (Figure 2) were collected between January and
August 2013.

Epidemiologic methods. Baseline. Following enrollment, a
baseline questionnaire was administered. The questionnaire
collected information on drinking water sources, water treat-
ment practices, infant feeding practices, water, sanitation,
and hygiene related behaviors, infant water exposures, any
recent iliness in the enrolled infant (e.g., diarrhea, fever, and
cough), and any recent health facility visits for iliness.

Longitudinal surveillance. Following CWF distribution,
weekly questionnaires were administered to both the in-
tervention (25 weeks; because of 1 week rollout of CWFs) and
the control group (26 weeks). The weekly surveys captured the
primary outcomes of any diarrhea since the previous visit and
any recent health facility visits for iliness. To assess reporting
bias in the treatment group, we also captured any recent
health facility visit, fever, cough, and difficulty breathing in the
last 48 hours in the enrolled infants. In addition, surveys
assessed drinking water sources, infant water exposures, and
water treatment practices. Diarrhea memory aids were pro-
vided to all caretakers to capture the number of diarrhea epi-
sodes and number of days of diarrhea per diarrheal episode
among enrolled children. After baseline, CWFs were distrib-
uted to intervention homes. Any reported cracked or broken
filters were replaced within 7 days. Self-reported health facility
visits were confirmed via chart abstraction.

User acceptability. After weekly visits were completed, a
user acceptability questionnaire was administered to all in-
tervention households. Caretakers were asked about the
taste of filtered water, patterns of use, child water con-
sumption, perceptions of health impact, and preferred water
treatment method.

Laboratory methods. Stool testing. Stool samples were
collected at baseline and at weekly visits if caretakers reported
that the child had diarrhea in the previous 7 days. Commercial
immunoassays were used to test stools for Crytosporidium
(Quik Chek™; TechLab, Inc., Blacksburg, VA). Molecular de-
tection of Cryptosporidium using 18S and GP60-based po-
lymerase chain reaction (PCR) assays was conducted,
followed by species determination and subtyping through
restriction fragment length polymorphism and sequence
analyses of positive specimens.®®

Seroincidence of Cryptosporidium. A finger or heel-prick
dried blood spot (DBS) specimen was collected at baseline
and final weekly visit to test for the presence of Cryptospo-
ridium antibodies.*° Each DBS contained approximately 10 uL
of dried blood. Dried blood spot elutions were performed
overnight at 4°C using 500 pL of elution buffer containing
10 mM Na,PO, at pH 7.2, 0.85% NaCl, 0.3% Tween-20,
0.02% sodium azide, 0.5% casein, 0.5% polyvinyl alcohol,
and 0.8% polyvinylpyrrolidone. Eluates (100 pL) were diluted
with an additional 300 pL of buffer and Escherichia coli extract
was added for a final concentration of 3 pg/mL. Multiplex
assays were performed, as previously described,*® using
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Study Enrollment

Intervention Group
(n=120)

Control Group
(n=120)

Baseline Survey (pre-intervention)

- Stool collection (if recent diarrhea)

- Dried blood spot (for baseline serologic
testing) (n = 119)

- Source water samples (n = 29)

Baseline Survey

- Stool collection (if recent diarrhea)
- Dried blood spot (n=119)

l

Longitudinal Surveillance (weekly survey

Filter Distribution (1 week)

for 26 weeks)

- Memory Aid Form (all households)
- Stool collection (if recent diarrhea)

Longitudinal Surveillance (weekly survey

for 25 weeks)

- Memory Aid Form (all households)

- Stool collection (if recent diarrhea)

- CWF water filtrate samples at months 1
(n=84),3 (n=170),and 6 (n = 82)

- CWF retentate samples from select
households at month 6 only (n =91)

Final Visit

- Dried blood spot (n =91)

Filter Distribution (1 week)

Final Visit

- Dried blood spot (for serologic testing
after 6 month of intervention) (n = 95)

- CWEF user acceptability survey among
caretakers (n = 107)

Ficure 2. Intervention trial structure and measures.

Cp17 and Cp23 antigens for C. parvum.*' Cutoffs were de-
termined by receiver operating characteristic analysis of
multiplex results from abbreviated panels of sera (17 Western
blot positive and 20 Western blot negative sera for antibodies
to Cryptosporidium). To be classified as positive for Crypto-
sporidium-specific antibodies, a serum sample had to have
responses > 428 and > 1,380 median fluorescent intensity
minus background units for Cp17 and Cp23, respectively.
Water quality testing. Water samples from a random sub-
sample of intervention households (N = 29) were collected at
the water source identified by study participants. A grab
sample was collected at each source for on-site measurement
of select water quality parameters, including temperature, pH
(Pocket pH Tester; Hanna Instruments, Woonsocket, RI),
turbidity (2020e turbidity meter; LaMotte Co., Chestertown,
MD), and free chlorine residual (Color Disc Test Kit; Hach Co.,
Loveland, CO). Grab samples were transported to a laboratory
at 4°C; and E. coli (an indicator of fecal contamination) were
quantified using IDEXX® Colilert®-18 (IDEXX Laboratories,
Inc., Westbrook, ME) methodology on a 1:10 dilution in sterile
distilled water within 6 hours of collection. Paired, large

volume (7-50 L, depending on turbidity of water) water sam-
ples were collected using dead-end ultrafiltration (DEUF). Fil-
ters were transported to a laboratory at 4°C and backflushed.
The backflush was concentrated via centrifugation within
6 hours of collection.*?*® Nucleic acids were then extracted
from each concentrate and shipped to CDC where immuno-
magnetic separation/immunofluorescence microscopy and
real-time PCR were used for detection of Cryptosporidium.**+°

Two filtrate samples (i.e., water that had passed through the
CWF) were collected from all intervention households at 1, 3,
and 6 months. Samples designated for microbiological anal-
ysis were collected in sterile sample bottles containing sodium
thiosulfate. Free chlorine residual was tested on-site to de-
termine whether households had performed additional treat-
ment on filtered water. Water quality parameters, including pH
and turbidity, were measured in the laboratory and E. coli were
quantified, as described previously. At 6 months, retentate
samples (i.e., a rinse of a filter’s interior) were collected from
randomly selected intervention filters (N = 91) to assess re-
tention of Cryptosporidium oocysts within filter walls. The
bottom and side walls of the CWF were rinsed with 500 mL of
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sterile distilled water and scrubbed with a sterile brush. The
sample was then pipetted into a sterile sample container.
Turbidity of a subsample was measured, followed by con-
centration of the remaining volume and molecular testing
using real-time PCR.224°

Statistical analysis. Data were analyzed using SAS soft-
ware version 9.3 (SAS Institute, Inc., Cary, NC). Missed
rounds, those where caretakers were not present or were
unable to complete the survey, were not included in analyses.

Epidemiologic data. Generalized estimating equations
(GEEs) were used to estimate the effect of having a CWF on
weekly diarrheal, febrile, and respiratory illness outcomes.*®
Odds ratios and 95% confidence intervals (Cls) were derived
from the robust model estimates using an autoregressive
correlation structure to account for repeated measures.*”#®

For analysis of episodes and duration of diarrhea, respon-
dents with more than 20% of their Memory Aid information
missing were excluded. The cessation of a diarrheal episode
was signified by at least two consecutive days of normal stool.
Subsequent diarrhea was considered a new episode. The
number of episodes per child were calculated. To compare the
number of diarrhea episodes per child between intervention
and comparison groups, a negative binomial model was per-
formed. To estimate differences in duration of episodes, a
Poisson model with a variance component to account for re-
peated episodes within a child, was performed. Incident Rate
Ratios (IRR) and 95% Confidence Intervals for overall counts
of diarrheal episodes and duration of episodes.

Laboratory data. Generalized estimating equations were
used to estimate the effect of having a CWF on a child having a
stool sample positive for Cryptosporidium. Odds ratios and

95% Cls are derived from the robust model estimates using
an autoregressive correlation structure to account for the
repeated measures.*”*®

A 2 test for independence was used to compare serologic
data between treatment groups collected at baseline and final
visit. For comparison purposes, serologic data were subset to
only children who were negative for Cryptosporidium-specific
antibodies at baseline.

Ethical review. The study protocol was approved by an
Institutional Review Board of the CDC, Atlanta, GA (Protocol
no. 6369) and KEMRI (Protocol no. 2439). Written informed
consent was obtained. This study was registered as a ran-
domized, controlled intervention trial at ClinicalTrials.gov, with
study identifier number: NCT01695304.

RESULTS

Two hundred and forty of 648 eligible infants 4-10 months
old in the HDSS were randomly selected and enrolled at
baseline. Enrollees were randomized into an intervention or
control group, each consisting of 120 children (Figure 3).
During the study period, 102 (85%) intervention and 106 (88 %)
control group children had at least 20 weeks of observational
data.

Baseline. Baseline demographic characteristics were
similarly distributed. Infants 5-10 months old were over-
represented in the sample because of the timing of HDSS
census rounds. At baseline, most households in both groups
reported drinking surface water or using public taps as their
primary drinking water source. A total of 60.8% of in-
tervention and 58.3% of control households reported using

648 eligible 4-10 month olds in study area

|

240 randomly selected children enrolled at
baseline and randomized into intervention or
control group (one child per household)

b

120 children assigned to
ceramic filter intervention;
followed for 25 weekly rounds

Two deaths
—

}

2,925 potential weekly
observations

|

2,626 (90%) weekly illness
observations

One dropout

!

120 children assigned to
control group (without filter);
followed for 26 weekly rounds

Three deaths

Two dropouts

v

2,990 potential weekly
observations

|

2,750 (92%) weekly illness
observations

Ficure 3. Trial profile.
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a chlorine product to treat their household drinking water.
However, of those currently using chlorine treatment, fewer
than 8% of households in both groups reported treating their
drinking water within the last 24 hours. Of 40 stored house-
hold drinking water samples tested, only 10% had a positive
free chlorine residual. No households reported filter use
(Table 1).

At baseline, the majority of caretakers in both groups re-
ported giving their child drinking water (90% and 87.5%, P =
0.5). Caretakers reported introducing children to water at as
early as 14 days old, with a median age of 4 months for both
groups. Almost all children (93.9%) were exposed to drinking
water before the age of 7 months. Furthermore, approximately
half of the children in each group (53.7% and 44.8%) were
given untreated drinking water. Nearly one-fifth of the children
in both groups were exposed to recreational water sources
(Table 2).

Weekly surveillance. Health outcomes. Over 90% of in-
tervention households reported CWF use since the previous
visit. Among households participating in > 20 (77%) weekly
rounds, 91.2% reported using the filter since the previous
weekly visit. Households reported filling the CWF between 1
and 3 times per week. During the study, approximately 12 of
120 filters were replaced within 7 days of incident because of
breakage, cracking, or slow flow. Self-reported diarrhea was
lower in the intervention group than that in the control group;
however, not statistically significant. Differences in fever,
cough, and difficulty breathing were similar between groups
(Table 3). Children in the intervention group were significantly
less likely to visit a health facility for diarrhea compared with
those in the control group (OR: 0.50; 95% CI: 0.30-0.83). An
attempt was made to verify all 507 reported health facility visits
for diarrhea, with 70% confirmed via direct chart abstraction
from the child’s medical records at the listed facility.

TABLE 1

MORRIS AND OTHERS

Diarrheal duration. Of the 175 observation days per child for
the memory aid, 90 (76 %) intervention and 94 (80%) control
group children had at least 140 (80%) days of data recorded.
The median number of diarrheal episodes was two (range
0-13) for the intervention group and one (range 0-12) for the
control group; this difference was not statistically signifi-
cant (IRR: 1.18; 95% CI: 0.87-1.59). In total, 69 (77%) of 90
children from the intervention group and 75 (80%) of 94 children
from the control group had at least 1 episode of diarrhea over
the study period. Among the 144 children with at least one
diarrheal episode, the median duration of diarrhea per episode
was significantly lower in the intervention group (2 days; range
1-16) than that in the control group (3 days; range 1-28) (IRR:
0.81; 95% CI: 0.67-0.98). Overall, the median number of total
reported diarrheal days, regardless of episodes, for all children
was not significantly different between treatment groups.

User acceptability. In total, 107 caretakers in the intervention
group completed the user acceptability survey. All care-
takers reported that water produced by CWF had an ac-
ceptable taste and that filters were easy to use and were an
improvement over previous water treatment methods used.
All reported that filtered water was used for drinking and that
enough water was filtered to meet their family’s needs. All
caretakers reported using filtered water for drinking; 87%
reported using filtered water for preparing food. Almost half
(N = 52) of the caretakers reported filling the CWF at least
once per day and 41.1% > 2 times per day. Three-fourths of
intervention caretakers (74.5%) noted an improvement in the
child’s health. Most caretakers (98.1%) reported that it was
easy to give their child filtered water; however, 43% of
caretakers reported that in addition to filtered water, they also
continued to give their child unfiltered water.

Laboratory findings. Stool testing. In total, 110 stool
samples were collected from 66 intervention children and

Baseline characteristics by treatment group

Intervention N = 120 (%) Control N =120 (%) P value*

Sex Female
Male

Median age at enrollment, months (range)t

Primary caretaker Mother
Other

Caretaker education Less than primary school education

Completed primary school education
or above

Own

Rent

Number of individuals per household, mean (range)§

Number of children under 60 months in household, median (range)t

Primary water source Surface water

Public tap

Rainwater

Borehole

Others||

Any chlorine treatment#

Boil

Strain through cloth

Others

Reported water treatment (< 24 hours)

Home ownership

Water treatmentq

66 (55.0) 62 (51.8) 0.60
54 (45.0) 58 (48.2) -
7 (4-10) 8 (4-10) 0.52
118 (98.3) 116 (96.7) 0.68%
2(1.7) 4(3.3) -
42 (35.0) 47 (39.2) 0.50
78 (65.0) 73(60.8) -
111 (92.5) 114 (95.0) 0.42
9 (7.5) 6 (5.0) -
5.8 (2-13) 5.7 (2-12) 0.77
2(1-7) 2(1-5) 0.59
47 (39.2) 40 (33.3) 0.32
35 (29.2) 35(29.2) -
15 (12.5) 26 (21.7) -
5 (4.2) 9(7.5) -
14 (11.7) 14 (11.7) -
73 (60.8) 70 (58.3) 0.69
22(18.3) 23(19.2) 0.87
11 (9.2) 19 (15.8) 0.12
7(5.8) 6 (5.0) 0.78
9(7.6) 8(6.8) 0.80

* P value based on X~ test.

1 Median and range reported, P value based on Wilcoxon rank sum test.
1 Fisher’s exact test.

§ Mean and range reported, P value based on two-sample t test.

|| Combined variable represents primary water sources reported by < 5% of either treatment group.

9 Represents what caretakers reported as usually used to make water safer to drink.
# Reported use of chlorine-based treatment including WaterGuard, PUR water purification sachet,

chlorine tablet, or bleach.
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TABLE 2

Baseline infant water consumption and exposures among those who
reported giving their child drinking water

Intervention

N=108 Control
(%) N=105(%) Pvalue®
Mean age at initial consumption, 4 (0.03-8) 4(0.1-9) 0.89
monthst
Age at initial water <1 12 (11.1) 10(9.5) 0.75

consumption, months

1-3 33 (30.6) 30 (28.6) -
4-6 55 (50.9) 60 (57.1) -
7-10 8(7.4) 5(4.8) -
Infant consumption of untreated 58 (53.7) 47 (44.8) 0.15
water
Recreational water exposure 21 (17.7) 20 (16.8) 0.86

via bathing or swimmingt

*P value based on x° test.
1 Mean and range reported, P value based on two sample t test.
1 Reported recreational water sources included river, lake, dam, and pond.

106 samples were collected from 67 control children. Samples
from 15% (N = 10) of intervention children and 12% (N = 8) of
control children were positive for Cryptosporidium by either
the enzyme immunoassay or the PCR method (OR: 1.18;95%
Cl: 0.44-3.13) (Table 4). Seven intervention children and one
control child tested positive using both methods.

Of the nine intervention children who were PCR positive for
Cryptosporidium, four children were positive for C. hominis
and four children were positive for C. parvum; one child was
positive for both C. hominis and C. parvum and one child
tested positive for C. hominis on two separate occasions. Of
the 10 Cryptosporidium-positive samples, four were C. hominis
subtype 1eA11G3T3 (including both samples from the child
who tested positive on two separate occasions), three were
C. parvum subtype IllcA5G3b, and one was C. parvum
subtype lleA7G1; two C. hominis—positive samples were
unable to be subtyped. Of all intervention children with
Cryptosporidium-positive stool specimens, only one house-
hold reported a slow-flowing CWF. No households with
Cryptosporidium-positive children reported having a bro-
ken CWF.

Of the five control children who were PCR positive for
Cryptosporidium, two children were positive for C. hominis
and three children were positive for C. parvum; one child
tested positive for C. hominis on two separate occasions.
Of the six Cryptosporidium-positive samples, two were
C. hominis subtype leA11G3T3 (both samples from the child

TaBLE 3

Weekly reported ilinesses and reported health facility visits for illness
in the intervention and control groups

Intervention Control P
liness (N =2,625) (N=2,746) Odds ratio (95% CI)  value
lliness

Diarrhea 200(7.6) 244(8.9) 0.86(0.64-1.16) 0.33
Fever 375(14.3) 396 (14.4) 1.00 (0.80-1.26) 0.97
Cough 418 (15.9) 447 (16.3) 0.97 (0.74-1.25) 0.80
Difficulty breathing 116 (4.4) 107 (3.9) 1.16 (0.77-1.75) 0.48
Any illness 412 (15.7) 507 (18.5) 0.83 (0.68-1.01) 0.06

Health facility visits
Diarrhea 25(1.00 53(1.9) 0.50(0.30-0.83) 0.01
Fever 145(5.5) 188(6.6) 0.80(0.61-1.05) 0.11
Respiratory 90(34) 79(2.9) 1.20(0.83-1.73) 0.34

illness

Any illness 234(8.9) 278(10.1) 0.88(0.71-1.09) 0.23

Cl = confidence interval.

who tested positive on two separate occasions), one was
C. hominis subtype 1aA26R3, two were C. parvum subtype
lIcA5G3b, and one was C. parvum subtype llaA11G3R1; two
C. hominis—positive samples were unable to be subtyped.

Seroincidence of Cryptosporidium. At baseline, 23 (9.7%)
children were seropositive for Cryptosporidium, 10 (8.4%) of
119 children in the intervention group and 13 (10.9%) of 119
children in the control group; this difference was not statisti-
cally significant. Among children who tested negative for
Cryptosporidium antibodies at baseline, 27 (28.4%) of 95 in-
tervention children and 25 (27.5%) of 91 control children had
seroconverted at the final visit (P = 0.89).

Water quality. Source water samples tested (N = 29) in-
cluded surface water (55%), rainwater (24%), unprotected
dug wells (10%), protected dug wells (7%), and tube wells/
boreholes (4%). The median temperature was 27°C (range
23-33°C), the median pH was 7.2 (range 6.2-8.4), and the
median turbidity was 71.1 nephelometric turbidity units (range
0.1-1,158.0). Free chlorine was not detected in any source
water sample. Nearly all samples (N = 28; 93%) were positive
for E. coli, with a median concentration of 469 most probable
number (MPN)/100 mL (range < 10-2.4 x 10* MPN/100 mL).
Cryptosporidium was not detected in any source water tested.

After 1 month of filter use, 71% (N = 80/112) filtrate samples
contained < 1 MPN E. coli/100 mL. At 3 and 6 months, per-
centages were not statistically different from month 1, with
73% (N = 78/107) and 70% (N = 75/107) of samples, re-
spectively, containing <1 MPN E. coli/100 mL. Percentages of
samples in high (101-1,000 MPN E. coli/100 mL) and very high
risk (> 1,000 MPN E. coli/100 mL) categories were low (1-5%)
and did not change considerably over time. Over the 6-month
study period, the median turbidity of filtered water ranged from
0.5t0 1.0 NTU and the median pH ranged from 7.5 t0 7.8. Free
chlorine was not detected in any filtrate samples. At 6 months,
retentate from 91 filters was analyzed. The median turbidity of
retentate was 113.0 NTU (range 2.6-1,591.0). At the study
end, two retentate samples (2%) were PCR positive for
Cryptosporidium; no oocysts were detected by microscopy.

DISCUSSION

Globally, diarrhea killed approximately one-half million
children in 2015.* Cryptosporidium is a leading cause of di-
arrhea in Kenya, where infants and young children are at
greatest risk.5'® We conducted a non-blinded, randomized,
controlled intervention trial in Siaya County, western Kenya, to
determine the effectiveness of household CWFs for reducing
the burden of diarrhea and cryptosporidiosis acquired by in-
fants and young children.

The early introduction of untreated drinking water from un-
safe sources places young children at high risk for diarrheal
illness and death; this practice was common among study
households. More than a third of study households relied on
surface water for drinking and less than 20% reported using a
treatment method (boiling) capable of inactivating Crypto-
sporidium; 87% of all study children reportedly received
household drinking water in infancy. In addition to drinking
water consumption, caretakers also reported supplementing
the child’s diet with food items that required water for mixing,
including porridge and cow’s milk. Given potential incon-
stancies in water treatment and possible recontamination
during storage, the percentage of study children at risk for



1266 MORRIS AND OTHERS

TaBLE 4

Number of intervention and control children with Cryptosporidium-
positive stool specimens

Intervention Control
children children P
(N=66[%]) (N=67[%] Oddsratio(95% Cl) value

10(15.2 8(11.9)f 1.18(0.44-3.13) 0.74

Test result per child

Cryptosporidium
positive by EIA
or PCR
Cryptosporidium
positive by EIAT
Cryptosporidium
positive by PCR§
Cl = confidence interval.
*Seven children were positive by both EIA and PCR.
1 One child was positive by both EIA and PCR.

1 EIA = enzyme immunoassay.
§ PCR = polymerase chain reaction.

8(12.1) 4(6.0) 2.02(0.60-6.76) 0.26

9(136) 5(7.5 1.63(0.51-5.22) 0.41

exposure to diarrhea-causing waterborne pathogens was
likely even higher than reported figures suggest.

During the course of the study, filters with decreased per-
formance or those reported as cracked or broken were
replaced, representing 10% of the filters distributed to in-
tervention households. Similar studies do not always provide
information on filter performance in the field, making it difficult
to broadly compare the performance of the filters used.*®*° In
a single study where performance information was provided,
more than 30% of the CWFs distributed to intervention
households were broken or temporarily out of service.®'
Although the replacement rate in the current study was con-
siderably less, additional consideration of CWF durability and
handling guidance is warranted.

Most intervention households (75.7%) reported using the
filter > 3 times per week. This was confirmed through direct
observation of water in the filter at the time of most of the
weekly household visits. A similar study in Bolivia also re-
ported high levels of consistent use.®"

Despite high levels of reported filter use among intervention
households, only moderate decreases in illness rates were
observed. The proportion of children with at least one diarrheal
episode over the study period was slightly lower in the in-
tervention group (77% versus 80% in the intervention and
control groups respectively) as was the median number of
diarrheal days (4.0 versus 4.5). Also, among children with at
least one diarrheal episode, the median duration of diarrheal
episodes was significantly reduced in the intervention group
(2 days versus 3 days in control group). Perhaps most im-
portantly, intervention children had a significantly lower in-
cidence rate for health facility visits for diarrhea, most of which
were confirmed via chart abstraction at health facilities. It is
unclear if the remainder was unconfirmed because of poor
record keeping at the health facility level, errors in the reported
facilities, reporting bias, or other reasons because we did not
have a specific process, such as a form at individual health
facilities, for prospectively capturing this information during
the trial. Ultimately, intervention children visited a facility for
diarrhea only half as frequently as children in the control group.
These findings suggest that CWF use in intervention house-
holds may have had an impact in decreasing severe diarrhea
from certain enteric pathogens that cause a longer iliness and
may have required a health facility visit.

Over the course of the study, stool samples from 18 children
with diarrhea (approximately 9% of all stool samples from
children with diarrhea) tested positive for Cryptosporidium

spp., comparable with rates from an earlier study in Guinea-
Bissau.®? Cryptosporidium positivity rates did not differ sig-
nificantly by the study group. At baseline, 9.7 % of children had
serologic evidence of previous Cryptosporidium infection.
By study end, 52 (28%) of 186 children had seroconverted
to positive, with no statistically significant difference in
seroconversion rates by group. Together, these findings
suggest that Cryptosporidium infection was common even
in children 10 months old and younger and that not all Cryp-
tosporidium infections were captured by stool sample col-
lection and testing. The equal rates of seroconversion in both
study groups suggest that the CWF either failed to remove or
inactivate Cryptosporidium in household drinking water, or
that study participants in the intervention arm acquired
Cryptosporidium from untreated drinking water or from other
sources (e.g., person-to-person transmission, consumption
of cow’s milk or other contaminated food items, or direct/
indirect animal contact) in much the same way that partici-
pants in the control group may have been exposed. Future
Cryptosporidium research should address other transmission
routes and risk factors.

No source water sample tested positive for Cryptosporid-
ium at baseline. However, this does not necessarily indicate an
absence of Cryptosporidium contamination. Elevated turbidity
in surface waters can impact the ability to recover microbes;
laboratory studies indicate that the DEUF method has an aver-
age recovery efficiency of 43% for C. parvum in turbid surface
water.*** However, source water sampling at baseline did in-
dicate high levels of fecal contamination. Nearly all (93%) source
water samples collected at baseline were positive for E. coli.

No E. coli were detected in more than 70% of filtrate sam-
ples in each of three sampling rounds, representing a sub-
stantial reduction in microbial contamination with filter use and
safe storage of treated water. There was a substantial re-
duction in turbidity in filtered water as compared with source
water, which likely improved user acceptance and uptake of
the treatment method. Filtered water was not tested for
Cryptosporidium presence or viability; these data would pro-
vide more direct evidence of CWF efficacy against Crypto-
sporidium in a household setting. The low level of detection of
Cryptosporidium in just 2% of retentate samples may be re-
lated to one of more factors, including 1) low concentration of
Cryptosporidium in source waters, 2) methodological con-
straints (e.g., low recovery because of the elution procedure or
high turbidity of retentate samples), or 3) poor filter perfor-
mance. Additional field studies of Cryptosporidium, including
studies assessing oocyst viability, in filters and in filtered
household drinking water are warranted.

Although caretakers in intervention households reported
high levels of filter use, 43% noted that they continued to give
their infant or young child unfiltered water. The inconsistency in
exclusive reliance on filtered drinking water could account for
the relatively small impact of the CFW on diarrhea and lack of
impact on cryptosporidiosis. Failure to rely exclusively on
household water treatment interventions for drinking water can
greatly diminish their impact.®®*** Furthermore, because the
filter is not portable and because filtered water has no residual
chemical protection against recontamination, intervention
children whose caretaker regularly used the filter at home may
still have been exposed to unsafe water outside the home.

This study had several important limitations. This was a
short-duration pilot study powered primarily to detect
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difference is reported diarrhea rates between study groups.
This limited our ability to detect difference in all included
measures between the treatment and control groups. Fur-
thermore, primary water sources may have changed from
baseline over the course of the study, and different water
sources may pose different levels of risk and thereby result
in reduced rates of exposure and illness from diarrheal
pathogens, including Cryptosporidium.®® In addition, as
funding was limited, costs associated with more compre-
hensive source water sampling were prohibitive. Expanding
water sampling to consider variations in source water
contamination and stored water in control households
would have provided additional insights into the potential
benefits of CWF use. Lastly, stool specimen collection
posed unique logistical challenges. When diarrhea was
reported and the infant did not produce a stool during the
visit, caretakers were asked to collect a sample of the next
stool for testing. However, returning to the home to collect
the child’s stool before the next weekly visit was logistically
challenging.

Ceramic water filters did improve water quality, and despite
the limitations of this study, it suggests that they reduced
the severity and duration of diarrheal episodes, even if their
impact on cryptosporidiosis was not directly observed. A
larger sample size, longer study duration, and increased em-
phasis on exclusive use of filtered water by study participants
may demonstrate more accurately the potential for CWF to
prevent diarrhea and specific infections such as cryptospo-
ridiosis. Continued research on the key exposures that influ-
ence rates of cryptosporidiosis among young children is
needed to better define more comprehensive interventions.
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