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Abstract

Background: Schistosomiasis is a debilitating neglected tropical disease that infects over 200 million people worldwide. To
combat this disease, in 2012, the World Health Organization announced a goal of reducing and eliminating transmission of
schistosomes. Current control focuses primarily on mass drug administration (MDA). Therefore, we monitored transmission
of Schistosoma mansoni via fecal egg counts and genetic markers in a typical school based MDA setting to ascertain the
actual impacts of MDA on the targeted schistosome population.

Methods: For 4 years, we followed 67 children enrolled in a MDA program in Kenya. Infection status and egg counts were
measured each year prior to treatment. For 15 of these children, for which there was no evidence of acquired resistance,
meaning they became re-infected following each treatment, we collected microsatellite genotype data from schistosomes
passed in fecal samples as a representation of the force of transmission between drug treatments. We genotyped a total of
4938 parasites from these children, with an average of 329.2 parasites per child for the entire study, and an average of 82.3
parasites per child per annual examination. We compared prevalence, egg counts, and genetic measures including allelic
richness, gene diversity (expected heterozygosity), adult worm burdens and effective number of breeders among time
points to search for evidence for a change in transmission or schistosome populations during the MDA program.

Findings: We found no evidence of reduced transmission or schistosome population decline over the course of the
program. Although prevalence declined in the 67 children as it did in the overall program, reinfection rates were high, and
for the 15 children studied in detail, schistosome egg counts and estimated adult worm burdens did not decline between
years 1 and 4, and genetic diversity increased over the course of drug treatment.

Interpretation: School based control programs undoubtedly improve the health of individuals; however, our data show that
in an endemic area, such a program has had no obvious effect on reducing transmission or of significantly impacting the
schistosome population as sampled by the children we studied in depth. Results like these, in combination with other
sources of information, suggest more integrated approaches for interrupting transmission and significantly diminishing
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schistosome populations will be required to achieve sustainable control.
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Introduction
Recently, there has been increased awareness of the massive

global health burden of schistosomiasis and other neglected
tropical diseases (N'TDs). Notably, in 2001, Resolution 19 of the
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World Health Assembly called for increased drug treatment of
NTDs to reach a minimum coverage of 75% of school aged
children in endemic areas (WHA 54.19). Thus, the initiation of
multiple mass drug administration (MDA) programs was prompt-
ed [1]. School aged children have been specifically targeted
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Author Summary

Schistosomiasis is a chronic and debilitating disease.
Current control focuses primarily on mass drug adminis-
tration (MDA). We monitored schistosome transmission via
fecal egg counts and genetic markers in a school based
MDA setting to learn how the intervention was influencing
transmission or the targeted schistosome population. For 4
years, we followed 67 children enrolled in a MDA program
in Kenya, and for 15 of these, we repeatedly acquired in
depth genetic data regarding the schistosome populations
they harbored. Although prevalence declined in the 67
children, we found no evidence of reduced egg counts/
worm burdens in those that reacquired infections and
genetic diversity of schistosomes increased over the
course of treatment. Our data indicate that this school
based MDA program had a strong benefit to individual
health as fewer children were infected over time. However,
this decline does not appear to be due to schistosome
population reduction, and may be caused by either
acquired resistance or behavioral changes of the children.
In conclusion, control programs based on chemotherapy
alone or based on only a subset of the population will
need to be supplemented with additional approaches if
we are to achieve the WHO goal of eliminating human
schistosomiasis by 2025.

because they are suspected to harbor the heaviest worm burdens
and thus experience a high degree of morbidity from infection.
Additionally, school systems provide infrastructure within which
such programs can successfully operate, a key consideration for
lowering the cost of drug administration.

Traditionally, the primary goal of MDA programs has been to
reduce worm burdens in individuals and thus reduce the morbidity
caused by NTDs. However, a revised roadmap published by the
World Health Organization in 2012 reaches further: toward the
elimination of NTD transmission in some regions [2]. To a large
part, this goal is being facilitated by a major increase of
pharmaceutical donations to expand coverage of MDA. With this
goal In mind, it is important to determine if current deworming
programs are moving toward elimination by reducing schistosome
transmission in endemic regions where MDA programs are
ongoing. This knowledge is critical to inform control protocols
to achieve the WHO goals.

It is challenging to determine if drug treatment of a focal
group of patients is reducing the entire schistosome population in
a region (especially so for worms in untreated people) and thus
the force of infection. For schistosomes, the force of infection has
been defined as the rate of establishment of patent infections.
Ideally, one would treat all infected people; however, this is often
not logistically possible. Population genetic estimates indicate
that schistosome populations are large and widely distributed,
not only geographically but also among snails, human hosts of a
wide range of ages and reservoir hosts [3-6]. Thus, most MDA
programs treat a portion of people infected with schistosomiasis,
exposing only a portion of the schistosome population to drug
treatment while the rest of the population remains in “refugia”,
isolated from drug exposure. Because the goal of most
deworming programs is to reduce worm burdens in individuals
and thus morbidity (rather than elimination or reducing the
force of infection), success is typically assessed by comparing
infection intensity (worm burden estimated by fecal egg counts)
and prevalence of infection in the treated portion of the
population from before treatment to some time point afterwards.
It is difficult to use these data to assess the reduction of the larger

PLOS Neglected Tropical Diseases | www.plosntds.org

Schistosome Burden and Mass Drug Treatment

schistosome population for two reasons. First, infection starts in
infancy and schistosomes are long lived (5-10 years) [7-9], thus
pre-mass drug treatment levels of infection reflect long term
accumulation of worms and should be higher than recoloniza-
tion levels after treatment clearance [10]. Second, it has been
shown that a large portion of individuals treated for schistoso-
miasis acquires partial resistance to reinfection that is measur-
able within 2-3 drug treatments [11-15]. Thus, a decrease in
schistosome burdens in the treated portion of the population is
expected, and this decrease may not reflect an actual decrease in
the entire schistosome population or in the force of infection. In
fact, it is possible that the force of infection could actually be
increasing even when worm burdens of the treated individuals
are declining due to acquired resistance in the treated
population.

One way to monitor the change in schistosome populations is to
monitor those treated individuals who do not acquire resistance to
reinfection after repeated treatments (i.e. those that remain
susceptible). Such individuals were termed “phenotypically
susceptible” by Black et al. 2010 [11] because they failed to
produce protective immunity after repeated drug treatment.
Assuming comparisons are not made with pre-control baselines,
treatment is successful, and prior worm burdens are cleared, the
worm populations acquired by patients after treatment can be
measured by the number of schistosome eggs released in a fecal
sample via the Kato-Katz methodology [16,17], especially when
coupled with genetic data on miracidia from these eggs. Genetic
data can provide an additional and powerful perspective because
they can be used to estimate worm burdens within an individual
([i.e. number of breeding pairs represented by sibling groups 18]),
to detect overall population declines (i.e. population bottlenecks
[19,20]), and measure genetic diversity which is a measure of the
parasite’s ability to adapt to environmental pressures [21].

Some attempts have been made to assess changes in
schistosome populations following drug treatment. Norton et al.
[21]. monitored changes in microsatellite populations of Schis-
losoma mansont miracidia (n=20 per child) derived from
Tanzanian school children following a single round of treatment
and found a significant decline in genetic diversity [21]. They
noted this was true even for young children entering the school
who had not been treated previously. Following the fate of
infections in individual hosts as an important indicator of efficacy
of control was also suggested. Using cytochrome c oxidase I as a
marker, Betson et al. [22] found substantial genetic diversity of S.
mansoni within both children less than six years old and their
mothers (they examined 1347 parasites from 35 mothers and 45
children) [22]. They did not observe any change in schistosome
genetic diversity before or six months after treatment in samples
collected from the same individual or from the same family. The
authors noted that even exposure times of 1.5 years were
sufficient to result in genetically diverse infections in young
children.

Within the context of a typical school-based MDA program in
central Kenya targeting S. mansont for control on an annual basis,
we took an approach that emphasized a deeper sampling of
miracidia within individual children, and that began with
examination of children for four years following treatment.
Deeper sampling enables the calculation of novel measurements
of worm burdens within a patient and also enables genetic
diversity to be more accurately measured because the bias that is
introduced by including related parasites in the sample can be
reduced (see Steinauer et al. [23]). We used both fecal egg counts
and genetic measures to assess changes in phenotypically
susceptible children over a 4 year period (2008-2011).
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Materials and Methods

Ethical Statement

This protocol was approved by both the Kenya Medical
Research Institute (KEMRI) Scientific committee and the
KEMRI Ethical committee. Parents/guardians of all children
involved provided written informed consent on behalf of all child
participants. Informed consent was obtained by first holding a
meeting with the parents/guardian to explain the purpose of study
followed by a question and answer session. Thereafter, they were

requested to sign the written consent forms on behalf of the
children.

Sample collection

A school-based schistosomiasis and soil-transmitted helminth
(STH) control project in Mwea, Kenya was established in 2004
through a collaboration between the Japan International Coop-
eration Agency (JICA) and the Kenya Medical Research Institute
(KEMRI). Mwea is a large rice growing region in the Kirinyaga
County, central Kenya. The Thiba and Nyamindi Rivers that pass
through this area serve as source of water for the irrigation
schemes, and schistosomiasis transmission is believed to take place
primarily from the irrigation canals that supply water to the rice
schemes. A pilot study in 2004 measured prevalence of helminths
in school aged children followed by MDA (praziquantel and
albendazole) [24]. At this time, the human population of the area
was estimated to be 125,000 and the prevalence of Schistosoma
mansont in school aged children was 47.4%.

Starting in 2004, the KEMRIJICA Project administered
annual doses of anthelmintics to all school aged children (>
40,000) in the region regardless of their infection status. This
treatment included a single dose of 40 mg/kg of praziquantel
using the tablet dose pole to determine the number of tablets [25]
and albendazole in a 400 mg single dose. Prior to the beginning of
the program a baseline determination of prevalence and intensity
of parasitic infections through examination of stool samples of class
three children (age range 5-14 years) was undertaken [26]. Our
study recruited the subjects by randomly sampling among the
children who had previously tested positive within this cohort. We
focused on infected individuals because we were seeking those that
were not acquiring resistance to reinfection with repeated drug
treatment. Starting in 2008, we followed 67 students previously
enrolled in the KEMRI-JICA Project. These students were
between 5 and 14 years of age and were from four primary
schools: Kirogo (00°39S/37°23E), Nyamindi (00°40 S/37°24E),
Mukou (00°40S/37°20E) and Ngurubani (00°41S/37°21E). The
schools are less than 8 km apart ([figure in 3]). Prior to each
treatment, fecal samples were obtained from three consecutive
days and infection was assessed using the Kato Katz methodology
[16,17]. Following each treatment, there was a three month
follow-up stool exam for each child, and each child was found to
be negative (treatment was successful in every case). For the Kato-
Katz procedure, two slides per patient were examined for
schistosome eggs.

To assess population level reduction in schistosome transmis-
sion, we collected genetic data from the schistosome infrapopula-
tions of 15 of the 67 children. These 15 children were deemed
phenotypically susceptible throughout the four year time period
because they became reinfected at every time point with large
worm burdens (as determined by egg counts) indicating high
susceptibility of these children. More of the 67 children also fell
into the phenotypically susceptible category, but we only compiled
genetic data from the 15 children from whom we were able to
collect samples at each sampling period. Miracidia were collected

PLOS Neglected Tropical Diseases | www.plosntds.org

Schistosome Burden and Mass Drug Treatment

from their fecal samples and used for microsatellite genotyping.
Schistosome miracidia were hatched from fecal samples [27] and
individuals were genotyped at 12 microsatellite loci [28] and
included GenBank accession numbers: AF325695, AF325698,
AF202965, AF202966, AF202968, 146951, M85305, R95529,
AF202968, AI395184, AI067617 and BF936409.

Data Analysis

We compared reductions in fecal egg counts in the 15
phenotypically susceptible children and in the other 52 children
over the 4 time points (annual samples prior to MDA 2008-2011)
using a repeated measures ANOVA with Systat 11 (Systat
Software, Inc.). Data were natural log transformed to meet the
assumptions of parametric statistical tests. Single degree of
freedom polynomial contrasts were used to determine the
significance of trends in the data over time. The hypothesis was
that a reduction in the force of infection of schistosomiasis would
be matched with a reduction in fecal egg counts in all children and
in the 15 phenotypically susceptible children.

We also compared population genetic parameters across the four
time points at two levels: populations within each patient
(infrapopulations) ([e.g. 21]) and all patients combined (component
population) ([e.g. 10]). We hypothesized that significant reductions
in the schistosome population should be accompanied by reductions
in all of these genetic parameters over the four year time period.

For the infrapopulation level analysis, we first compared two
estimators of the worm burdens within a patient: the number of full
sibling families, and the effective number of breeders (Ny,). These
parameters were compared across all time points using repeated
measures ANOVA for each dependent variable. The number of full
sibling families is a measure of the number of breeding worms
within a patient (worm burden) because the miracidia collected in a
fecal sample are offspring of the adult worms inside the patient. The
offspring were partitioned into their families based on shared alleles
using COLONY v.2.0 [29,30]. COLONY has been shown to
accurately reproduce schistosome families using genotype data at
the same microsatellite loci [18]. N}, was estimated using the sibling
assignment method implemented in COLONY [31]. Ny, is the
effective population size N. measured from a single breeding cohort
(miracidia derived from a single patient).

We also compared two measures of population genetic diversity:
allelic richness and gene diversity (expected heterozygosity). We
corrected our datasets for the bias induced by related miracidia in a
fecal sample by inferring the family structure present in a sample,
and then resampling the dataset to include only one member of each
family [18,32]. Ten resampled datasets were generated and both
parameters were calculated using FSTAT 2.9.3 [33]. Parameters
were natural log transformed and compared across patients between
the first and last sample using repeated measures ANOVA (Systat
11, Systat Software, Inc.). One patient was removed from the
analysis due to high family structure and resulting low sample size in
the resampled datasets (n = 6 unrelated individuals remaining after
correction, thus all individuals sampled fell into one of 6 families).

At the component population level (all patients combined within
a year), we used permutation tests on the 10 corrected datasets to
determine significant differences in gene diversity and allelic
richness between year 1 and year 4 of the MDA program. These
tests were performed with FSTAT and 10,000 permutations were
used to determine significance.

Results

Table 1 provides a summary of the 67 children investigated,
and includes their gender, age at baseline, and pre-treatment egg

October 2014 | Volume 8 | Issue 10 | e3221



Schistosome Burden and Mass Drug Treatment

9609 ozey rreL oL 9 E| lueqnInbN <€41L
89/ 434 9LLL 0918 9 W lueqninby %6191
88¢C og€ 6l 08t 9 E| lueqnInbN *0Ldl

8t 0 0 74 L W obouny 8La)
¥9C 0 8y 88¢C oL 4 oboury YLAN
74 0 89L 2661 6 4 obouny 8LLON
0 0 ozl 0 6 E| oboury 618
k4 ozl (47 (1]74 8 E| obouny 09AN
ozl L ozl 798 8 E| oboury 89AN
ozl 801 o€ [430]1 L E| oboury| ¥ZON
74 ore 0 8t L E| oboury| LTAN
0 g€ 0 ¥8L¢T L E| oboury| €La)

0 o€ o€ ¥997 L W obouy LW

0 9sz¢ ore 74 L 4 obouny €EAN
9 89/ 95zt (44 L 4 obouny 90AN
9 891 0 434 L W oboury 8La)
6L o€ 8001 096 9 E| oboury *CELEL

YogT 9Lz 434 00¥C 9 W obouny *98L
009 9 z1sL 0096 9 E| oboury X0T18L

0951 891 Y0€T 088¢ 9 W oboury| *SLal

74 0 0 T L W 1putweAN LLAN
0 0 oclL 216 6 E| 1putweAN L9AN
o€ 0 887 (413 6 E| 1putweAN LLON
0 0 89 61 8 W 1putweAN 9ZLON
T 9% o144 (44 8 W 1purweAN LY
€ 8t 74 69 8 E| 1putweAN ¥8DN

0 8t 0 (44 8 E| 1purwieAN L8aM
9 6l 8t (44 L E| 1putweAN seayl
0 88T 96 8t L E| 1putweAN 9¥ON

88 Y0€T TSt 0096 9 E| 1putweAN *PaL

96¢L 9591 v8LT 08Y 9 W 1putweAN *68L

96 9591 98 8001 9 W 1putweAN *OLIW

vrL9 ¥29 orz9 (434 9 W 1putweAN 4

(9d3) (9d3) (9d3) (9d3)
b aeaA € Jea) Z 1eap L Jeap aulaseq je aby 1apuan Jjooyds ai 3 dwes

'spouad JU3W1eas} [ENUUR INOJ Sy JO Udes e (Z1ey-01eYy AQ Paulwia1ap S99) JO
weib 1ad sHHa sbesane) syunod 665 Juswiesn-aid pue ‘Buldseq 1e abe Uapuab Jisyy buipnppul palebiisaaul uaIp|IYd £9 JO sdnsudIdeIeyd diydelbowap sy} jo Alewwns v *L djqel

October 2014 | Volume 8 | Issue 10 | e3221

PLOS Neglected Tropical Diseases | www.plosntds.org



Schistosome Burden and Mass Drug Treatment

LOO0Y' LZZ€000"Paud jeunol/LZg L 0L:I0p

T8l 0 0 ¥8€ oL E| noyny LLAN

0 0 0 891l oL W noyny 8EYM

0 0 80Y £ 6 E| noyny SYAN

0 0 88¢ 8 6 W noyny 6EAN

T 0 96 %2 6 E| noyny 8ZLON

TL9 ozl ¥8¢ 98 8 E| noyny SEAN

ozl 9 A 133 8 E| noyny YEAN

0 [ 24! 8¢S 8 E| noyny 8/AN

il [ T 2 8 W noyny SLAN

0 8t 0 9T 8 E| noyny 95U

0 74 8t 24 8 W noyny £99)

ore 61l 8 ¥8€ L E| noyny SYON

9Lz 9T 09¢ vl L E| noyny £€ON

v8€ [434 0 8zLlL L W noyny 6EAN

74 8¢ 6l 453 L W noyniy LLON

891 8001 434 T L E| noyny LSW

8y v8LT 0 69¢ L E| noyny TLLAN

0 891 0 9T L W noyn LYON

ozel Y0ET 09€9 ozey 9 E| noyny AN

¥Z0€ Y0£z 4314 8zl 9 E| noyny <IN

0v0zT 9T 43% 0882 9 W noyny *pLal

8z€T 4 089/ oovz 9 W noyniy X0€18L

8zl 891 (024 A 9 E| noyniy 60LON

0 0 0 96 L W lueqninbN YPAN

801 0 8t 61 oL W 1ueqnInbN OLLON

8 0 0 T8l oL E| lueqninbN LLON

0 0 0 zLe oL W 1ueqnInbN 99AN

0 0 09¢ 0 6 W lueqninbN Lzay

(A 0 88T 9T 6 E| 1ueqnInbN 6VAN

0 9z 9l 133 8 E| 1ueqnInbn ¥/5N

0 8 vz A 8 E| 1ueqnInbN 6€ON

89 0 89/ ozl 8 W lueqninbN 9LAN

(437 0 43% il 8 E| 1ueqnunbn 9LLON

0 [434 ove [ 44 L E| lueqninbN LLON
(9d3) (9d3) (9d3) (9d3)

b aeap € Jea) Z 1ea) L Jeap auiaseq je aby I3puan Jjooyds al @jdwes

quo) *L d|qel

October 2014 | Volume 8 | Issue 10 | e3221

PLOS Neglected Tropical Diseases | www.plosntds.org



Schistosome Burden and Mass Drug Treatment

200¥ LZZE000" Paud'jeuinol/LZgL"0L:op

'S0 01 1°0 Jo onel

°N/9N ue buisn pajewnnsa si (°N) 9zIs SNSUad dW0s01SIYds 3y} ‘wuaiied (oes 104 "UaAIb e (]D) [eAISIUI 9OUIPHUOD %56 Pue (IN) SI9Paaiq JO JSqUINU 9AIIDY Palewlss ayl (u) padAlousb eipesiw Jo Jaquinu oyl quaied yoes Jo4

00t1-08¢ 68L-70L oL ¢6  0C0Z-v0¥ €6C-8YL (44 LL  0S/1-0S€ orZ-8cl S/1L L8  0€TL-9%C 691-26 €cl /8 Sl
008-09L SLL-9S 08 18  0€CL-9vC 8/1-88 €Cl L9  06/1-8S€ 8/7-6CL 61 (74 006-08L cEL-19 06 SS L
0/8Ll-¥LE 96¢-8¢lL /81 /8 0561-06€ (VVA4m 440 S6l 06 0EYC-98Y £T€-981L €ve SoL 0SC1-0S¢C /1-06 scl €L €l
01SZ-¢0Ss LEE-S61L (14 8Ll 0zeL-¥9¢ €918 (43} 14 0/1-87€ ore-6cClL vl 98 0Sl1l-0€C 651-€8 SLL VL 4%
0LV—¥6 [5ras a4 ya4h 0€S—90L £€8-€ 139 o (VA 74774 oreE—€8L yAZ4 L8 08-91 €Cv 8 LS Ll
0t91-8Z¢€ 6€C9LL 9l L 0ze-v9 ¥S-0C [43 Sy 0801-9l¢C 6¥71-8L 80L 18  099l-zee 0€z-scl 91 L8 oL
0981-TL€ 9LT-S€L 98l (174 04T1-¥ST L6 el 6 0orL1-82C 91-€8 il 89 0S/-0S1 cLL-LS SL 8% 6
0LLL-¥EC 191-88 LLL S8  0CLL-tPE 86C-€LL /Ll €S 09¢€l-tLT 00Z-S6 9€L 09  00€L-09C 981-€6 0€L 89 8
0/0l-¥LC 091-9£ L0L 09 087-95 6v-L1 8¢ €8 0£9-€lL 00L-9% L9 LS 0L8-79l 8L1-9S L8 8S L
086-961L ovL-LL 86 8/  09SZ-ClS PEE-10C 95¢C 6€l (V) 44urdS4 9LE-S6l 144 oSl 0€S1-90€ 661-0CL €SL 8zl 9
0zeL-vie S/1-/8 (44} €9  08ll-9¢€C 091-88 8Ll €0L [0 2414 vl 144 L8  009l-0C¢ 90Z-s¢l 09l L S
0€01-90C lyL-S/ €0l 01 0S1-80€ 0¢¢—801L Sl 9L 0561-06€ 68—Vl S61l €L 0ZyL-¥8¢ S0C—€0L il 89 4
060Z-8LY Loe-677L 60¢ 18 0Zs—0L £LL-9€ [4 98 06¥71-86C €0C-¢ClLL (94} 98 066—861L [4 4 ¥A 66 €L €
06~ 161 LEL-CL 16 9L 00CL-0¥7¢C 891-68 ocl 18 0LC1-¥SC 8l-t6 Lzl 89 0LSl-co€ 90C¢-¥LL LSl 68 [4
00LZ-0Zvy G87-091 olLc €0l 0851-91¢€ 0zT-LLL 8G1L 18 00¢-0% 8¢l (14 18 0CcLL-P¥E €ec-0¢el (44} 96 L
°N D IN u °N D IN u >N D IN u °N D IN u jusned

t deap [RLLIN T Aed) [RELEYN

‘Allenuue pajeasy ale A9yy Yoiym ul wesboid uonessiujwpe Bnip ssew e uj pa|jo4ud UJp|iyd> pabe |0oyds UYL JO SUSPING SWOSOISIYDS JO SalewIsd |elodwa] T dqeL

October 2014 | Volume 8 | Issue 10 | e3221

PLOS Neglected Tropical Diseases | www.plosntds.org



10000+

Schistosome Burden and Mass Drug Treatment

e 80004 ° o

o

O  6000- * .
1

o

Q' o0 L

w 4000-

(=]

g - e ~
W 2000- " .

5000 .

4000+

S

o

O 3000-

[ o®
o

(o X

» 20004 .
o)

o)

L

10004 s,

Year

Figure 1. Mean number of schistosome eggs per gram of feces in patients for four years during annual mass praziquantel
administration to school aged children. A. 15 patients deemed “phenotypically susceptible” to schistosomiasis during MDA from which genetic
samples were collected. Differences were due to a decrease in prevalence rather than a reduction in egg counts in infected individuals B. 52 randomly
sampled children. Note the difference in scale of the Y-axis of both figures as egg burdens were much higher in the phenotypically susceptible group.

doi:10.1371/journal.pntd.0003221.g001

counts (average eggs per gram of feces determined by Kato-Katz) at
each of the four annual treatment periods. Table 2 indicates for the 15
phenotypically susceptible children mvestigated in depth, for each
annual observation, the number of miracidia genotyped (N), the
effective number of breeders (N,), and the schistosome census number
(N,). We genotyped a total of 4938 parasites from these children, with
an average of 329.2 parasites per child for the entire study, and an
average of 82.3 parasites per child per annual examination.
Repeated measures ANOVA of the 15 phenotypically suscep-
tible children indicated that egg counts were significantly different
among years (Fs49=>5-662, P=0-002) (Fig. 1A). Prevalence of
infection in all 67 patients declined significantly from 97% at year
one level, to 77.6% in year 2, and 68.7% in years 3 and 4 (Fisher
exact test Yrl v. Yr 4, P=0-0001) (Fig. 1B). After the first year,
three individuals were not found infected in any subsequent years,
and three additional children remained negative for the remainder
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of the study after treatment in the second year. Polynomial
contrasts indicated significant second and third degree trends
(quadratic and cubic) (Fy;4=8-012, P=0-012, F,,4,=7-014,
P=0-014), but not a significant linear trend (first degree)
(F1,14=1-183, P=0-183) (Fig. 2A). The trend was a decline in
egg counts through years 1, 2, and 3 and then an incline back to
original levels in year 4. Egg counts in the remaining 52 children

also changed significantly over time (I3 ;55=9-89, P<<0.001)
(Fig. 2B) with a significant linear trend (F, 5, = 39-562, P<<0.001),
but not quadratic or cubic trends (F,5, =18, P=0-176;

Fi51=0:005, P=0-946). The lincar trend was a decline over
the four years. This change appeared to be driven by an increase
in uninfected individuals (egg counts of 0) rather than a decrease in
egg counts of infected individuals, as indicated by the decline in
prevalence) because a one-way ANOVA using only values from
infected individuals indicated no significant differences between
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Figure 2. Mean changes in genetic estimators of schistosome worm burdens collected from humans during four years of an annual
mass treatment program. Lines indicate means. A. number of full sibling families standardized according to sample size. B. effective number of

breeders as estimated using the sibling assignment method.
doi:10.1371/journal.pntd.0003221.g002

years (F3145=1-019, P=0-604). Thus, fewer children were
infected; however, those that became reinfected did not have
significantly lower burdens.

The number of full sibling families and effective number of

breeders did not show statistically significant change over time (full
sibling families: Fs549=0-397, P=0-756; Ny: 0-757, P=0-757)
(Figure 3). Allelic richness and gene diversity significantly
increased over time (allelic richness: F ;06 =416-2, P<<0.0001;
gene diversity: Fy 196 =123-5; P<<0.0001). Significant interactions
were detected between patient and time for both parameters
(allelic  richness: Fy5196=159-5; P<0.0001; gene diversity:
Fi3,106 = 159-5; P<<0.0001) indicating that for some patients, these
values decreased over time.
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Discussion

The findings of our study highlight the ability of schistosomes to
remain stubbornly entrenched in endemic areas despite school
based MDA. Over a period of four years, we found a reduction in
the number of children infected with schistosomiasis, a primary
goal of the JICA/KEMRI program. This program has undoubt-
edly reduced or prevented severe morbidity caused by schistosome
infection in children. However, we have found no evidence of an
overall reduction of schistosome transmission in the region either
by monitoring worm burdens via either egg counts or using genetic
parameters to monitor population changes. We saw changes in egg
counts in our 15 phenotypically susceptible patients over time, but
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this change was a decline in years 1-3, but one that was followed
by an increase back to initial levels in year 4. Also, in the other 52
children, although some did not become reinfected at some of the
sampling times which is certainly a desired outcome of control, we
saw no change in the egg burdens over the four years of study for
these individuals when they did reacquire infections. Furthermore,
among our 15 phenotypically susceptible children, we detected an
increase in genetic diversity over the course of treatment, which
would not be expected had a population bottleneck or significant
decline actually occurred due to treatment. Increased diversity is
unlikely to be explained by selection due to the MDA program
because these microsatellite markers are presumably neutral with

PLOS Neglected Tropical Diseases | www.plosntds.org

regard to drug resistance or immune evasion. The mechanism
driving the increase in genetic diversity is unknown and could be
due to population increase (more individuals means more chance
of novel mutations), or immigration from other surrounding
schistosome populations (outbreeding). Although annual treat-
ments of all school aged children in the Mwea region has been
successful in reducing infection in children, it appears to have had
no effect on the overall transmission of schistosomes in the region.
This observation is consistent with that of Kihara et al. [26] who
observed that following each round of treatment, prevalence
increased, albeit not to baseline levels. Note that our sampling did
not include a baseline measure.
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Interestingly, annual prevalence in the 67 children was seen to
decline over time, but this decline was not matched in the egg
counts of infected individuals. Following MDA, prevalence is
predicted to rapidly rise to pre-control levels, while mean worm
burden rises much more slowly due to the highly non-linear
relationship between prevalence and intensity (large changes in
intensity result in very small changes in prevalence) [34]. This
pattern may be reflecting acquired resistance after repeated drug
treatment or behavioral changes as the children age and due to
education. Another explanation is a lack of reliability of the Kato
Katz technique to accurately measure worm burdens [18,35,36].
Understanding the reasons behind these changes is important for
successful monitoring and also for successful modeling of MDA
strategies and should be further investigated.

Our findings differ from recent studies that detected a reduction
in genetic diversity (allelic richness and gene diversity) of
schistosomes collected from fecal samples of children enrolled in
a school based treatment program near Lake Victoria in Tanzania
[10,21]. In these studies, a reduction in allelic richness and gene
diversity (heterozygosity) was found between baseline infection
levels and a single year following treatment. The differences
between these studies and ours may indicate important differences
in local epidemiology, MDA programs, or monitoring protocols.
For instance, sampling schemes differed greatly between our
studies. We sampled over four years rather than between baseline
and year 1 which gives a longer perspective on population
changes.

Our modest sample size of patients did not appear to limit
statistical power to detect deviations from the null hypothesis of no
change among years as we were able to reject the null hypothesis
in many of our analyses. The patterns we found did not fit the
hypothesized decline over time. Also, in a previous study of
schistosome genetic diversity, resampling simulations indicated
that data from only 10 hosts are enough to achieve sufficient
statistical power to detect differences in genetic diversity [10].
Here we note that caution may be required in extrapolating our
results for thesel5 children to the schistosome population in the
entire Mwea scheme area. However, these children come from
different schools within the scheme which varied in their baseline
prevalence and level of transmission. From our results, we are
confident that large declines in the schistosome population, such as
those nearing elimination, were not occurring in the Mwea
population. Due to costs, a tradeoff between in depth sampling,
number of individuals, and number of years to sample is
mevitable. By choosing an increased depth of sampling over four
years, we were able to look at longer term patterns of change, use
novel measures of population change (N}, and FSF), and more
accurately measure genetic diversity after correcting for bias that is
present when collecting miracidia from a patient.

Our findings coincide with recent modeling results that indicate
deworming programs targeted solely at school aged children are
likely to be limited in terms of their impact on community-wide
parasite transmission even at high levels of drug efficacy (95%) and
coverage of school aged children (85%) because of the relatively
small portion of the parasite population exposed to treatment [37].
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