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Abstract

Background Tungiasis, a neglected tropical parasitosis, disproportionately affects children. Few empirical studies
have reported neurocognitive and mental health outcomes of children with ectoparasitic skin diseases like tungiasis.
Pathophysiology of tungiasis suggests it could detrimentally affect cognition and behaviour. This study pioneered
the investigation of neurocognitive and mental health outcomes in children with tungiasis.

Methods This was a multi-site cross-sectional study including 454 quasi-randomly sampled school-children aged
8-14 from 48 randomly selected schools in two counties in Kenya and a district in Uganda. The participants were
stratified into infected and uninfected based on the presence of tungiasis. The infected were further classified

into mild and severe infection groups based on the intensity of the infection. Adapted, validated, and standardized
measures of cognition and mental health such as Raven Matrices and Child Behaviour Checklist were used to collect
data. Statistical tests including a multilevel, generalized mixed-effects linear models with family link set to identity
were used to compare the scores of uninfected and infected children and to identify other potential risk factors

for neurocognitive and behavioural outcomes.

Results When adjusted for covariates, mild infection was associated with lower scores in literacy [adjusted
B(af)=—8.9; 95% confidence interval (C/) — 17.2, — 0.6], language (af=—1.7; 95% Cl — 3.2, — 0.3), cognitive flexibility
(aB=-16.1;95% Cl— 104, — 1.7) and working memory (a3=—0.3; 95% C/ — 0.6, — 0.1). Severe infection was associated
with lower scores in literacy (aB=—11.0; 95% C/ — 19.3, — 2.8), response inhibition, (aB=—2.2; 95% Cl — 4.2,— 0.2), fine
motor control (@B8=—0.7; 95% Cl — 1.1, — 0.4) and numeracy (@B=-3; 95% C/— 5.5, — 0.4).

Conclusions This study provides first evidence that tungiasis is associated with poor neurocognitive functioning

in children. Since tungiasis is a chronic disease with frequent reinfections, such negative effects may potentially impair
their development and life achievements.
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Background

Tungiasis is a common parasitic infection in the tropics.
The infection occurs when a female sand flea (Tunga pen-
etrans) embeds in the skin. Tungiasis is endemic in South
America, the Caribbean, and sub-Saharan Africa and
disproportionately affects low-income communities [1].
Particularly children, but also the elderly and individuals
with disabilities are the most susceptible to tungiasis [2].
Children are also at critical stage of brain development
and are at risk of impaired neurocognitive and mental
problems.

Neurocognitive and behavioural development are
complex processes that involve distinct yet interre-
lated bioecological and psychosocial factors. Viral
infections like HIV [3] and parasitic infections like
schistosomiasis are associated with poor cognitive
abilities [4]. Psychosocial factors such as peer, family,
and school interactions also exert a significant influ-
ence on human cognitive development [5]. Schooling,
parenting behaviour, family socioeconomic status, and
orphanhood also influence cognitive development in
children [6].

Pathogenesis of tungiasis makes it plausible that it
can lead to adverse neurocognitive and mental health
outcomes. Inflammation at the entry site and bacterial
superinfection [7] cause pain and impair mobility and
social interactions [8]. Since learning occurs through
reciprocal interaction of the individual and the envi-
ronment [9], impaired interaction puts children with
tungiasis at risk for poor neurocognitive development.
Although the pathogenesis of tungiasis may contribute
to adverse neurocognitive and mental health outcomes
among affected persons, there is no implicating empirical
evidence. This study investigated the impact of tungia-
sis on neurocognitive and mental health in school-going
children.

Methods

Study design and setting

Community-based cross-sectional surveys were imple-
mented as part of a larger study investigating the disease
ecology of tungiasis in Matuga and Msambweni sub-
counties in Kwale, Kenya; Ugenya sub-county in Siaya;
and Bugiri in Uganda. The regions have various cultures
and ethnicities, including livestock-keeping practices,
soil features, and closeness to animal habitats, yet their
climate conditions are comparable. The recruitment of
participants and data collection was done between Feb-
ruary 2020 and April 2021.

Study size
The study aimed to test if the mean of outcomes were sig-
nificantly different in the two group. Therefore, a sample
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size for a two-sample means test was computed. The
study used category fluency as reference outcome. Previ-
ous study in a similar setting but with younger population
(mean age=5.2 years) reported a mean category fluency
of 15.97 [10]. Assuming a common standard deviation of
2 the study required at least 506 (253 infected and 253
uninfected) participants to detect at least 0.05 difference
in means at a=0.05 and power of 0.8. The sample size
was calculated using Stata [11]. However, the actual study
size was 454 (220 infected and 234 uninfected), mean dif-
ference of category fluency between the two group was
2.6 and a common standard deviation of 7, giving the
study a power of 0.97.

Study population and sampling procedure

The study targeted eight to fourteen-year-old children,
the most susceptible to tungiasis infection [2]. The
study established inclusion criteria that specified resi-
dency in a household with a natural soil floor, given its
known association with increased risk of tungiasis, and
the availability of an adult caregiver for informed con-
sent and interviews. In addition to those specified for
infected participants, eligibility criteria for uninfected
participants also required the absence of infected fam-
ily members. In stage I, sixteen public primary schools
were to be randomly chosen within each region from
a list of all existing public primary schools. However
due to the low prevalence of tungiasis in some regions,
additional 12 schools in Siaya and four schools in Kwale
were randomly selected. Moreover, due to the excep-
tionally low prevalence of tungiasis in the Bugiri region,
the decision was made to conclude data collection after
surveying only eight schools. As a result, the selection
outcome for Stage I comprised 28 schools from Siaya,
20 schools from Kwale, and eight schools from Bugiri.
In stage II, up to a maximum of 102 school-going chil-
dren were quasi-randomly selected in each school. This
process resulted in a total of 5331 pupils. Hands, and
feet of the 5331 pupils were visually inspected for tun-
giasis. Out of the 5331, 589 pupils were infected while
4742 pupils were uninfected. In each school, up to 10
infected and 20 uninfected pupils were then quasi-
randomly selected as index pupils from those with
tungiasis and those without, respectively. This process
resulted in selection of 361 from 589 infected pupils
and 729 pupils out of 4742 uninfected pupils as index
pupils as shown in Fig. 1. These index pupils were to
participate in the larger study. In stage III, six infected
and six uninfected children were quasi-randomly
selected in each school from the pool of index pupils.
The section of infected pupils at this stage was based
on severity of infection-aiming at three with severe
(>10 fleas) and three with a mild infection (<10 fleas)
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Fig. 1 Participant selection flow diagram. Orange represents infected children; green represents uninfected children. Yes, indicates pupils selected
for the next stage. No, indicates pupils excluded from the study
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where possible. Conversely, the selection of uninfected
children was done through a simple random process.
Overall, stage III resulted in selection of 253 of the 361
infected pupils and 523 of the 729 uninfected pupils.
This total of 506 pupils (253 infected and 253 unin-
fected pupils) formed the the final study group for neu-
rocognitive and mental health assessments (Fig. 1).

Study variables

Neurocognitive function and mental health problems
were main outcome variables. Five domains of neuro-
cognitive functioning were: attention, memory, lan-
guage, perceptual-motor, and executive function. These
domains are detailed in S1 of the Additional file 1. The
explanatory variable of interest was tungiasis status.
Other explanatory variables included in each model as
potential confounders were nutritional status (under-
weight, stunting, wasting), disability, perinatal compli-
cations, residence (Siaya, Kwale, Bugiri), socioeconomic
status (SES), school absenteeism (school days missed
in the week preceding data collection), orphanhood,
household size, ill family member, and both household
head-related factors (sex, relation to participant, age)
and caregiver-related factors (sex, relation to partici-
pant, age, spending time with the participant, exposure
to hugging or cuddling, correction method, caregiver
depression, and caregiver stress).

Data sources and methods of measurement

Diagnosis of tungiasis and classification of infection

Trained community health workers washed children’s
feet to expose embedded fleas. The feet and fingers of
the children were visually inspected embedded flea. The
selected participants were categorised infected if they
had at least an imbedded flea and uninfected if they did
not present with a flea. The embedded fleas were manu-
ally counted and the infected further categorised into
infection status as mild infection if they had less than
10 imbedded fleas and severe infection if they presented
with ten or more imbedded fleas.

Neurocognitive and mental health measures

Participants underwent approximately two-hour bat-
tery of tests administered by trained research assistants
to assess their neurocognitive abilities across multiple
domains. Language function was evaluated with the Early
Grade Reading Assessment (EGRA) [12] and Category
Fluency Test (CFT) [13], while attention was assessed
with the Comprehensive Trail-Making Test (CTMT)
[14] and Stroop Color and Word Test (SCWT) [15].
Working memory was evaluated using the backward digit
span task [16], and fine motor control was assessed with
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the bead threading test [17]. The battery also included
the Early Grade Maths Assessments (EGMA) [18], Stand-
ard and Coloured Raven Progressive Matrices (RPM) [19]
to evaluate numeracy and nonverbal intelligence, respec-
tively. The lower scores in these cognitive tests indicate
poor neurocognitive function. These tests are valid and
reliable for assessing their respective domains and have
been adapted for use in Kenya [20] and Uganda [10]. The
Child Behavior Checklist [CBCL] [21] was used to assess
mental health outcomes. In this study, the total score was
used to assess mental health problems, with higher scores
indicating more problems. The neurocognitive and men-
tal health measures are detailed in S1 in supplementary
material.

Covariates

Anthropometric measurements including height,
weight, and Mid-arm circumference (MUAC) were
used to assess nutritional status. Height was measured
using a stadiometer, weight was measured using a cali-
brated scale, and MUAC was measured using a flexible
tape measure. Height-for-age (HAZ) and weight-for-age
(WAZ) z-scores were calculated according to the Cent-
ers for Disease Control and Prevention (CDC) [22], with
HAZ z-scores<— 2 and WAZ z-scores < — 2 indicating
stunting and underweight, respectively, while MUAC
was used to evaluate wasting. Structured question-
naires were used to collect data on factors associated
with poor neurocognitive and mental health outcomes,
including disability child perinatal complications,
region of residence, child age, child sex, and school
grade level. Household socioeconomic status (SES) was
assessed using tetrachoric principal component analysis
(PCA) and the resulting wealth index was created based
on eigenvalue and scree plot as detailed in S2, S3 and S4
in the Additional file 1. Psychosocial covariates includ-
ing orphanhood, school absenteeism, household size,
and caregiver information were also collected. Respond-
ents’ relation to participant, age, spending time with the
participant, exposure to hugging or cuddling, correc-
tion method, and caregiver mental health (depression,
and stress).

Psychosocial covariates covered various topics such
as orphanhood (also assessed using binary response
options), school absenteeism (measured as the number of
days absent from school in the week preceding data col-
lection), household size (classified as either more than 2
adults or less than 2 adults), having a chronically ill fam-
ily member (also assessed using binary response options),
sex of household head, relation of the household head
to the child (classified as either "child" or "not child"),
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age of household head, sex of caregiver, age of caregiver,
and the relation of the caregiver to the child. Other fac-
tors assessed in the questionnaires included the amount
of time the caregiver spent with the child (reported as
"a lot of time" or "not a lot of time"), whether the child
was hugged or cuddled (assessed using a binary response
option of "yes" or "no"), and the caregiver’s methods
of correcting the child (reported as "beating" or "other
methods").

Caregiver mental health was measured using Patient
Health Questionnaire-9 (PHQ-9) and Parental Stress
Scale (PSS). The PHQ-9 is a self-report questionnaire that
measures depression by asking the respondent to rate the
frequency of their symptoms over the past 2 weeks on a
scale of 0—3 [23]. The questionnaire covers various areas
related to depression, and scores range from 0 to 27. In
this study depression cutoff was scores of 10 and above.
The Parental Stress Scale (PSS), a questionnaire used to
assess parental stress, includes 18 items covering vari-
ous aspects of parenting, and respondents rate how often
they experience stress related to each item on a 5-point
scale [24]. The total score is calculated by summing the
scores, with higher scores indicating higher levels of
parental stress. In this study CBCL, PHQ-9 and PSS had
acceptable alphas of 0.94, 0.87 and 0.68, respectively an
indication of internal consistency.

Measures to address bias and errors

The outcome assessors were distinct from the infection
assessors and were kept unaware of the participant’s
status to minimize potential biases, however, the sta-
tus could be known in participants with visible signs of
infection. Questionnaires and test score sheets were
adapted to the Research Electronic Data Capture (RED-
Cap) database [25], hosted at the International Centre of
Insect Physiology and Ecology (ICIPE). Responses were
recorded on tablets conditionally formatted to ensure
the validity, accuracy, and completeness of the data.
The study’s data collection involved in-person inter-
views and assessments performed by assessors trained
in neurocognitive evaluations. To accommodate diverse
local languages, the questionnaires were initially writ-
ten in English and subsequently translated into Kiswa-
hili, Dholuo, and Kisoga. Information bias was reduced
through pretesting, adjustments, and clarifications of
the questions before commencing data collection. To
promote consistency in the interview process, a work-
shop was held involving all assessors and investigators
to establish a common interpretation of the responses.
Moreover, to minimize misclassification bias, the asses-
sors verified the presence of other infection indicators
(like pain and itching) in infected.
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Statistical analysis

Data were analysed utilizing STATA software ver-
sion 15 [11]. The difference in distributions between
the uninfected group and each infected group, as well
as among all groups together, were compared using
binomial and multinomial tests, respectively. Continu-
ous data were presented as means and standard errors
(SE) if normally distributed or medians and inter-
quartile range (IQR) if skewed. For bivariate analy-
ses of continuous data, Mann Whitney U Test, or the
Kruskal-Wallis rank test was used to compare skewed
distributions while Two Sample Students ¢ test or anal-
ysis of variance (ANOVA) was used to compare means
of normally distributed data. Categorical data were
presented as frequencies with respective percentages
and their proportions compared using the Pearson Chi-
Square Test or Fisher’s Exact Test. Analysis of covari-
ates (ANCOVA), followed by the Scheffe Test was used
for pairwise comparison of adjusted means. Covariates
adjusted for included age, sex, grade, nutritional status,
care giver education, disability, school absenteeism and
SES.

For regression analyses, multilevel mixed effects gen-
eralized linear models with gaussian family and identity
link were used for bivariable and multivariable analyses
with the unique school identifier as a random effect to
identify factors associated with neurocognitive and men-
tal health outcome scores in children adjusting for age,
sex, and grade as priori confounders. Multivariate analy-
ses were conducted separately for each neurocognitive
and mental health outcome. Backward stepwise selection
was used to identify the most significant variables for
the model. An exhaustive model containing all predic-
tor variables was initially established. The variable with
the highest p-value was subsequently eliminated from
the model. This iterative process was continued until the
stopping criterion (P<0.05) was reached and the model
selected as final.

Results
Characteristics of participants
This study involved 506 participants, however 52
(approximately 10%) had crucial variables like age, sex or
grade missing at random and were excluded from analy-
sis. The exclusion resulted in imbalanced infected and
uninfected groups. Analysis was done on data from 454
participants, including 234 uninfected children, 109 chil-
dren with mild infection, and 111 with severe infection
(Table 1).

The three groups; uninfected, mild infection and
severe infection were differently disturbed by sex, age,
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Table 1 Socio-demographic, biological, and psychosocial characteristics of participants—comparison between uninfected, mild
disease, and severe disease groups

Characteristics of participants (all variables Total Uninfected Mild Severe Uninfected Uninfected Overall
presented as N (%) unless specified) N=454 N=234 disease disease vs Mild Vs severe Comparison
N=109 N=111 disease disease statistic
P-Value P-Value P-Value

Socio-demographic characteristics

Resi-  Siaya 208 (45.8) 105 (44.8) 45(413)  58(52.3) 0.501 0.001? <0.001?
dence  kyale 199 (43.8) 101(43.2) 46 (42.2)  52(46.8)
Bugiri 47.(104)  28(12.0) 18(16.5) 1(09)
Child's age in years, median (IQR) 11.0 11.0 10.0 10.0 <0.001° 0.011° <0.001¢
(9.0-120) (100-13.0)  (9.0-120) (9.0-12.0)
Child's ~ Females 185 (42.7) 128(547) 33(303)  30(27.0)  <0.001 <0.001 <0.001
SEX Males 248 (573) 106 (45.3) 76 (69.7) 81 (73.0)
School  Lower (Grade 1 to grade 4) 316 (73.0) 146 (62.4) 92 (84.4) 94 (84.7)  <0.001 <0.001 <0.001
grade  ypper (Grade 5 to class 8) 117 (270)  88(37.6) 17(156)  17(15.3)
SES, mean (SD) 8(07) 8(07) 18(07)  18(07) 0.837¢ 0.850¢ 04787¢
Biological characteristics
Nutri-  Underweight No 394 (86.8) 211(90.2) 93(853)  90(81.1) 0.188 0018 0.058
E‘;?j's Yes 60(132)  23(9.8) 16 (14.7) 21 (18.9)
Stunting No 403(88.8) 211(90.2) 24(862) 98(8823) 0.280 0.593 0.552
Yes 51(112)  23(98) 15(13.8)  13(11.7)
MUAC 189 190(180- 180 180 <0.001° <0.001° <0.001°
(175-20)  20.5) (170—199) (17.0-19.3)
Disabil- No 431(949) 224 (957) 01(927) 106 (95.5) 0.236 0461 0461
ity Yes 2361 10043) 8(73) 545
Peri-  No 400 (88.1) 208 (88.9) 98(89.9) 94 (84.7) 0.777 0.269 0424
natal ~ ve 4019 26011 11001 17(153)
compli-
cations
Psychosocial characteristics
Absen-  No 438(96.5) 223(953)  106(97.2) 109 (982) 0.561° 0237 0.396
teeism  yeg 1635  11(47) 3(28) 2(18)
Orphan No 424(934) 222(949)  102(936) 100 (90.1) 0.626 0.096 0.247
hood v 3066  12(51) 7 (64) 1(99)
House- Having two or less adults 288 (634) 144 (61.5) 71(65.1)  63(56.8) 0.521 0.397 0439
2;':1 Having more than two adults 166 (366) 90 (38.5) 38(349) 48(432)
Fam-  No 282 (63.0) 152 (65.0) 73(67.0) 63 (56.8) 0.715 0.142 0.228
iyl ves 166(37.0) 82 (35.0) 36(330) 48(43.2)
mem-
ber
HH Sex of HH Female 93(205) 49 (20.9) 22(202)  22(19.8) 0.872 0810 0.968
Paecatgrs Male 361(795) 185 (79.1) 87(798)  89(80.2)
Relation to child Notbio-  122(269) 62 (26.5) 28(257) 32(288) 0874 0.649 0.856
logical

Biological ~ 332(73.1) 172(73.5) 81(743)  79(71.2)
Age of HH, median (IQR) 46 (40-57) 45 (40-56) 45 (40-57) 48 (40-62)  0.841° 0.185° 0.4156°
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Table 1 (continued)
Characteristics of participants (all variables Total Uninfected Mild Severe Uninfected Uninfected Overall
presented as N (%) unless specified) N=454 N=234 disease disease vs Mild Vs severe Comparison
N=109 N=111 disease disease statistic
P-Value P-Value P-Value
Car- Sex of CG Female 417(91.9) 222 (94.9) 97(89.0)  98(8823) 0.872 0.028 0.052
fagcltvsrrs Male 3782  12(5.) 12(11.0)  13(11.8)
Relation to child Other 168 (37.0)  88(37.6) 43(394) 37(333) 0.744 0.440 0.619
Mother 286 (63.0) 146 (624) 66 (60.6) 74 (66.7)
Age of CG, median (IQR) 37(30-45) 37(30-45)  38(30-45) 36(30-45) 0.710° 0.645° 0.8730°
Time with child Notalot — 299(67.8) 153 (654) 75(688)  84(75.7) 0.532 0.054 0.156
Alot 142 (32.2) 81(34.6) 34(31.2) 27 (24.3)
Cuddle or Hug No 318(70.0) 166 (70.1) 71 (65.1) 81(73.0) 0.279 0.696 0408
Yes 136 (30.0)  68(29.1) 38(349) 30(27.0)
Child correction Beating 298 (65.6) 152 (65.0) 76 (69.7) 70 (63.1) 0.384 0.731 0.554
Others 156 (344)  82(35.0) 33(303) 41369
CG Depression No 269 (59.3) 151 (64.5) 60 (55.1) 58(52.3) 0.093 0.029 0.056
Yes 185(40.7)  83(35.5) 49 (449)  53(47.7)
CG PSS scores, median (IQR) 47 (42-51) 46 (41-50)  48(42-51) 48(42-51) 0.170° 0.131° 0.208°

SES Socioeconomic status, SD Standard deviation, IQR Interquartile range, MUAC Mid-Upper Arm Circumference, HH Household head, CG Caregiver, PSS Parent stress

scale, explain the p-values

Significant p-values and in bold. All P-values from Chi square unless specified
2 Fisher’s exact test

b Mann Whitney U Test

¢ Kruskal Wallis test

4Two sample Student’s t test

€ ANOVA

grade and MUAC (P<0.001) as shown in Table 1. A
higher proportion of participants with severe disease
were underweight than the uninfected (18.9% vs 9.8%;
P=0.018). Similarly, higher proportion severe infec-
tion group had male caregivers [13/111(11.8%)] than
infected [12/109 (5.1%)]. Compared to the uninfected,
the severe infection group had a higher proportion of
caregivers with depression (47.3% vs 35.5%; P=0.029).
Other characteristics of participants are presented in
Table 1.

Neurocognitive and behavioural outcomes

In the current study, the infected group had signifi-
cantly lower scores than the uninfected group in literacy,
language, response inhibition, working memory, fine
motor control, non-verbal intelligence, and numeracy,
as detailed in Table 2. The lower neurocognitive tests
scores suggest impaired neurocognitive ability. Infected
group had higher mean total problem scores than unin-
fected group (34.4 vs 32.2) indicating the presence of

behavioural and emotional issues. The uninfected, mild
infection and severe infections groups had significantly
different adjusted means in literacy, language, cognitive
flexibility, working memory, fine motor, and behavio-
ral problems after adjusting for included age, sex, grade,
nutritional status, care giver education, disability, school
absenteeism and SES. Compared to uninfected, mild
infection group had significantly lower scores in literacy,
language, cognitive flexibility, working memory, and
fine motor while severe infection had significantly lower
scores in literacy, fine motor, and behavioral problems as
shown in Table 3.

Covariates of neurocognitive and mental health outcomes

In the bivariable regression analyses, mild infection was
associated with lower scores in literacy, language, cogni-
tive flexibility, and working memory, while severe disease
was associated with lower scores in fine motor control
and higher scores in behavioural problems (Table 4)
Other factors associated with lower neurocognitive and
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Table 2 Comparison of neurocognitive and behavioral outcomes between uninfected and infected groups—summary of main

domains and sub-domains scores

Outcomes Overall, N=454 Uninfected, N=234 Infected, N=220 Differencein P
Mean (SE) Mean (SE) means (95% CI)®
Main domains Assessed sub- Min Max Mean (se)
domains
Language Literacy ability 8 142 946 (20) 103.6(26) 85.0(3.1) 186 (10.7-264)  <0.001%
Language 6 58 23.8(0.3) 25.0(0.5) 224(0.5) 26(1.3-3.9) <0.001
Attention Cognitive flexibility 6 140.7 40.5(1) 42.0(1.3) 389(1.5) 3.1(-08t07.0) 0.118°
Response inhibition 20 80 37.1(04) 382 (0.6) 36 (0.6) 2.2(0.5-3.9) 0011
Memory Working memory 0 9 2.8(0.1) 3(0.1) 25(0.1) 0.5(0.2-0.7) <0.001
Perceptual-motor Fine motor ability 4 153 9.9(0.1) 10.3(0.1) 9.4 (0.1) 0.9 (0.5-1.3) <0.001
Executive functioning Nonverbal intelligence 0 43 134 (0.4) 14.3 (0.5) 12.3(04) 2(0.6-34) 0.004°
Numeracy ability 0 50 39.6 (0.6) 414 (0.7) 37.7 (0.9) 3.7 (1.4-6.0) 0.002°
Behavioral outcome
Total behavioral problems 0 126 32.2(1) 30.1 (1.3) 344 (16) —-43(-84,-0.1) 0.0432

All p-values are from two sample Student’s t test unless specified
@ Welch's t-test

b Difference (score uninfected - score uninfected)

behavioural problem are shown in Table 4. After con-
trolling for covariates in multivariable analyses, the mild
infection was associated with significant lower scores in
literacy [adjusted beta co-efficient (af5) = — 8.9; 95% confi-
dence interval (CI): — 17.2, — 0.6] where on average, there
was 8.9 unit decrease in literacy score in mild infection
compared to uninfected as shown in Table 5. Similarly,
mild infection was associated with 1.7 (af=— 1.7; 95%
CI-3.2,-0.3),6.1 (af=—6.1; 95% CI — 10.4, — 1.7) and
0.3 (@f=-0.3; 95% CI — 0.6, — 0.1) unit decrease in lan-
guage cognitive flexibility and working memory, respec-
tively (Table 5). Severe infection was associated with
significant lower scores in response inhibition, fine motor
control, and numeracy. Averagely, severe infection was
associated with a 2.2 unit decrease in response inhibition
(af=— 2.2; 95% CI — 4.2, — 0.2) a 0.7 unit decrease in
fine motor control (af=— 0.7; 95% CI — 1.1, — 0.4) and
a 3 unit decrease in numeracy (af=— 3; 95% CI — 5.5,
— 0.4) (Table 5). Stunting was associated with lower
scores in language (aff=— 2.0; 95% CI — 3.9, — 0.2) and
numeracy (af=— 5.7; 95% CI — 9, — 2.4). Unexpectedly
wasting and perinatal complications were associated with
better response inhibition scores. Other factors indepen-
dently associated with lower scores in various domains
included residing in a specific geographic region, belong-
ing to households of larger size, having a chronically ill
family member, relation to the household head, caregiver
depression and caregiver stress (Table 5). After adjust-
ing for covariates, mental health outcomes were neither
associated with mild nor severe infection. However,
residing in Kwale (af=9.1; 95% CI 3.5, 14.7), having an
ill family member (aff=4.5; 95% CI 0.7, 8.2), caregiver

depression (af=11.4; 95% CI 7.7, 15.2), and caregiver
stress (a3=0.4; 95% CI 0.1, 0.6) remained significantly
associated with mental health outcomes.

Discussion

The primary objective of this study was to evaluate the
association between tungiasis and neurocognitive and
mental health outcomes in school-aged children. No
previous studies have reported the effect of T. penetrans
infections on neurocognitive and mental health out-
comes using validated assessment tools as employed in
the current investigation. This study analyses effects of
any ectoparasitosis on neurocognitive and behavioural
functions in children. This gap of knowledge, which the
present study pioneers to close, is particularly problem-
atic since it leads to underestimation of effects parasitic
diseases that are highly abundant in poor communities,
particularly in the tropics. Similar studies targeting other
skin disease such as scabies, pediculosis, and even cuta-
neous larva migrans caused by hookworms, preferably
based on a common set of tools to access neurocogni-
tive and behavioural outcomes, would help recognise the
impact of ectoparasitosis on health in children.

A significant association between tungiasis and vari-
ous neurocognitive domains in school-aged children was
observed. Even after adjusting for potential confound-
ers, tungiasis remained significantly associated with poor
literacy, language, cognitive flexibility, response inhibi-
tion, working memory, fine motor skills, and numeracy
scores. In the present study, various other factors were
associated with poor neurocognitive outcomes. These
included stunting, residing in a specific geographic
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region, belonging to households of larger size, having a
chronically ill family member, relation to the household
head, and poor mental health among caregivers. These
are well documented risk factors for poor neurocognitive
outcomes and for children with tungiasis these factors
exacerbate the negative impact of tungiasis on outcomes.

Effects of tungiasis might be either direct (e.g., because
pain and itching hamper concentration in school) or indi-
rect (e.g., due to stigmatisation). Potential direct effects
due to tungiasis-related pain and itching are obvious but
have not been investigated directly. It is well established
that pain can affect multiple neurocognitive and behav-
ioural functions [26]. The tungiasis-related stigma has
been suggested to negatively impact social interaction
and participation in educational activities among affected
children. A study in Kenya reported that children with
tungiasis experience difficulty in borrowing books from
their peers and catching up on missed schoolwork [27].
These findings may partially explain the poor perfor-
mance in language, attention, memory, perceptual and
motor control, and executive functions observed among
children with tungiasis in the present study.

We are only beginning to understand the underlying
pathophysiology of the impact of tungiasis on neuro-
cognitive ability and mental health in children. However,
several hypotheses have been formulated. One possibility
is that tungiasis-induced persistent pain may lead to defi-
cits in cognitive flexibility and working memory in chil-
dren [28]. Furthermore, intense itching and pain caused
by tungiasis have been postulated to be linked to poor
concentration and sleep disturbances [8]. The relation-
ship between sleep disturbance and cognitive impairment
is well-documented [29]. Significant poor performance
even after accounting for confounders suggests that other
mechanisms, such as upregulation of some host immune
responses especially during acute phases and mild stages,
are at play. Chronicity and severity of infection, in this
case, may desensitize [30] or exhaust [31] these immune
mediators, which may partially explain why some neuro-
cognitive scores such as cognitive flexibility and working
memory were negatively associated with mild infections
and insignificantly associated with severe infections
(inferring chronicity). However, none of the published
studies directly investigated effects of tungiasis on cog-
nitive and behavioural aspects. The present study found
no statistically significant association between tungiasis
and mental health outcomes after controlling for other
covariates. These results contrast with previous research
on other chronic skin disease (atopic dermatitis, psoriasis
and vitiligo) which showed a relationship between dis-
ease and mental health outcomes [32].

Overall, the findings support the hypothesis that tun-
giasis has a considerable negative impact on multiple
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neurocognitive functioning in children and may contrib-
ute to neurocognitive impairment. The potential long-
term effects of such impairment may include difficulty
in learning and performing academic tasks, reduced pro-
ductivity and earning potential in adulthood, and lower
overall quality of life. Of particular interest is the bidi-
rectional relationship between tungiasis neurocognitive
and mental health outcomes. The study not only high-
lights the potential for tungiasis to detrimentally affect
cognition and behaviour but also invites consideration
of the reverse scenario, where cognitive and behavioural
aspects might exert an influence on the occurrence and
severity of tungiasis. While this bidirectional perspective
adds complexity to the interpretation of the current find-
ings, the study design and analytical approach were pri-
marily geared towards exploring the impact of tungiasis
on neurocognitive and mental health outcomes. There is
need for further research to understand the mechanisms
underlying the observed associations, and to develop
effective interventions to mitigate the impact of tungia-
sis on neurocognitive functioning and overall health in
affected children.

One of the limitations of the present study is the fact
that presence of other pathogens was not accessed,
including parasites such as schistosomes, which are
known to be prevalent in the study population and have
been previously shown to have cognitive effects [4]. Due
to the cross-sectional study design, causality cannot be
inferred from the results obtained. Bidirectional causal-
ity between tungiasis and neurocognitive function was
not thoroughly investigated, with our study primarily
focussing on assessing the impact of tungiasis on neu-
rocognitive mental health outcomes. Therefore, future
longitudinal research including also potential effects of
other infectious diseases is recommended to confirm the
effects observed here. Utilizing a combination of neu-
ropsychological and neurophysiological measures would
also provide a more comprehensive understanding of
the short- and long-term effects of tungiasis on cogni-
tive outcomes in school-aged children. It would also be
beneficial to investigate potential mechanisms, such as
sleep and attention, through which tungiasis may directly
impact cognitive ability.

Conclusions

This study uncovers the profound detrimental asso-
ciation between tungiasis and the neurocognitive abili-
ties of school-aged children, highlighting a previously
overlooked link between this parasitic disease and poor
performance across multiple domains. While emphasiz-
ing the urgent requirement for comprehensive interven-
tions and targeted support systems, it is important to
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acknowledge the limitation of not thoroughly investigat-
ing the potential bidirectional influence between tun-
giasis and neurocognitive function. This calls for further
research to understand the underlying mechanisms and
develop effective interventions aimed at mitigating the
impact of tungiasis on children’s neurocognitive func-
tioning. The findings strongly advocate for heightened
awareness, improved healthcare measures, and resource
allocation to effectively address the far-reaching conse-
quences of tungiasis. Failure to address this critical issue
perpetuates the cycle of underestimating the devastating
effects of parasitic diseases on the cognitive development
and overall well-being of vulnerable communities.
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