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Summary: The impact of treatment for schistosomiasis in high endemicity settings is short-lived 

because treatment is far less efficacious than the WHO recommended Kato-Katz method would 

suggest, and reinfection occurs more rapidly than is detected by current surveillance timeframes. 

  1 



 2 

Background: 240-million people have schistosomiasis despite decades of interventions. Infections 2 

cannot be directly observed, and egg-based Kato-Katz thick smears lack sensitivity, impacting 3 

treatment efficacy and reinfection rate estimates. The Point-of-Care Circulating Cathodic Antigen test 4 

(POC-CCA) is advocated as an improvement upon the Kato-Katz, however improved estimates are 5 

limited by ambiguities in the interpretation of Trace results.   6 

 7 

Method: We collected repeated Kato-Katz counts from 210 school-aged children and scored POC-8 

CCAs according to manufacturer’s guidelines (POC-CCA+) and the externally developed G-Score. 9 

We used Hidden Markov Models parameterised with Kato-Katz; Kato-Katz and POC-CCA+; and 10 

Kato-Katz and G-Scores, inferring latent clearance and reinfection probabilities at four timepoints over 11 

six-months through a more formal statistical reconciliation of these diagnostics than previously 12 

conducted. Our approach required minimal but robust assumptions regarding Trace interpretations. 13 

 14 

Results: Antigen-based models estimated higher infection prevalence across all timepoints compared 15 

with the Kato-Katz model, corresponding to lower clearance and higher reinfection estimates. 16 

Specifically, pre-treatment prevalence estimates were 85% (Kato-Katz; 95% CI: 79-92%), 99% (POC-17 

CCA+; 97-100%) and 98% (G-Score; 95-100%). Post-treatment, 93% (Kato-Katz; 88-96%), 72% 18 

(POC-CCA+; 64-79%) and 65% (G-Score; 57-73%) of those infected were estimated to clear 19 

infection. Of those who cleared infection, 35% (Kato-Katz; 27-42%), 51% (POC-CCA+; 41-62%) and 20 

44% (G-Score; 33-55%) were estimated to have been reinfected by nine-weeks.  21 

 22 

Conclusion: Treatment impact was shorter-lived than only Kato-Katz-based estimates suggested, 23 

with lower clearance and rapid reinfection. Three-weeks-post-treatment captured longer-term 24 

clearance dynamics. Nine-weeks-post-treatment captured reinfection, but alone could not discern 25 

between failed clearance and rapid reinfection. Therefore, frequent sampling is required to 26 

understand these important epidemiological dynamics. 27 

  28 
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Over 240-million people live with schistosomiasis, disproportionately affecting those in low- 29 

and middle-income countries[1]. Humans are infected through contact with contaminated freshwater, 30 

where infective cercariae burrow through the skin. Once matured, Schistosoma mansoni reside in the 31 

mesentery venules, forming sexually reproducing dioecious pairs and remaining directly unobservable 32 

for up to 40 years, producing hundreds of eggs daily [2]. Whilst the worms cause little morbidity, eggs 33 

not expelled through defecation remain lodged in the intestines and liver causing inflammation. 34 

Chronic infections can result in varying levels of morbidity from abdominal pain and diarrhoea to 35 

enlarged liver and spleen [3], cancer [4] and death [5].  36 

 37 

The World Health Organization’s (WHO) 2021-2030 neglected tropical disease (NTD) 38 

roadmap, renews the commitment to eliminating schistosomiasis as a public-health problem [1, 6]. 39 

Key to this is the use of the anthelmintic praziquantel through mass drug administration (MDA). 40 

However, praziquantel acts only on adult worms leaving juveniles to mature within the human host, 41 

does not prevent reinfection [7, 8]and is rarely 100% efficacious even against adult worms. [9] 42 

Infection post-treatment could therefore be due to 1) inadequate clearance, 2) new infections since 43 

treatment (reinfection), 3) juveniles at treatment reaching maturation, 4) transient adult embryostasis 44 

[10], or a combination of these. Additionally, as worms cannot be directly observed diagnosis/ 45 

surveillance relies on proxy measures of infection without clear guidance on timescales of 46 

surveillance needed to characterise infection dynamics. Disentangling these factors is important for 47 

understanding treatment impact and required frequency of intervention.  48 

 49 

Historically, the WHO recommended Kato-Katz thick smears for diagnosis and mapping of S. 50 

mansoni. Despite widespread use, measuring only eggs, Kato-Katz has proven to be an imperfect 51 

method for estimating total worm burden and is plagued by low sensitivity and high variability within 52 

individuals [11]. The urine-based Point-of-Care Circulating Cathodic Antigen test (POC-CCA) is now 53 

also endorsed by the WHO. It detects a regurgitated antigen from any feeding schistosome worms, 54 

therefore detecting juveniles and reproductively quiescent pairs in addition to egg producing pairs 55 

detectable by Kato-Katz. The improved sensitivity of the POC-CCA is particularly evident post-56 

treatment and in low infection intensity settings such that its use greatly increased global 57 

schistosomiasis prevalence estimates [12].  58 
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 59 

The POC-CCA has traditionally been scored as Negative, Trace, +, ++, or +++ (henceforth 60 

POC-CCA+) providing a semi-quantitative indication of infection intensity. However, ongoing debate 61 

about the interpretation of Trace as negative or positive [8, 13-15], has resulted in significantly 62 

divergent prevalence estimates [8]. A new scoring method, the G-Score [16], uses pre-printed 63 

cassettes for direct comparison, with scores from G1 (negative) to G10 enabling more systematic 64 

scoring, with reduced inter-observer variation, and higher resolution. Studies have sought to compare 65 

the sensitivity and specificity of POC-CCAs and the Kato-Katz method [for example 11, 17] and more 66 

recently the G-Score [18]. However, because worm burden cannot be directly observed, there is no 67 

diagnostic gold standard.  68 

 69 

Latent class analyses (LCA) are a heterogeneous set of statistical models, of which Hidden 70 

Markov Models (HMMs) are a subset dealing with categorical latent (unobserved) variables. Valuable 71 

when there is no gold standard, the ‘true’ infection status of an individual is a latent variable 72 

probabilistically estimated from and diagnostics considered imperfect estimators of this status, such 73 

that each additional diagnostic adds information. This is beneficial, for example, when a diagnostic 74 

lacks sensitivity or specificity but can be complemented by an alternative imperfect diagnostic – such 75 

is the case for the Kato-Katz and POC-CCA. Such analyses have been used to investigate the 76 

relative accuracy of Kato-Katz, POC-CCA and other diagnostics [8, 13-15] at fixed timepoints and 77 

across different endemicity areas however, to date, the question of clearance and reinfection has not 78 

been addressed with an LCA framework. Previous modelling efforts have also failed to overcome two 79 

distinct challenges; firstly, previous LCA studies have made governing assumptions regarding Trace 80 

score interpretation, either considering Trace as positive or negative from the outset, presenting both 81 

versions of the results separately [13, 14], or resorting to brute-force methods that do not reflect the 82 

biological processes generating the data, instead taking a roundabout route to recapitulate the 83 

observed infection dynamics [8]. Secondly, the differences between egg- and antigen-based 84 

estimates of clearance and reinfection rates have not been truly quantified. In addition to these 85 

challenges, the robust analysis of G-Score performance is in its infancy.  86 

 87 
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Here, we present a HMM that identifies the relationship between the quantitative Kato-Katz egg 88 

counts, and the semi-quantitative POC-CCAs without making governing assumptions about Trace 89 

score interpretation. We quantify the rates of unobservable clearance and reinfection post-treatment 90 

by tracking the probability of infection at the individual level over six-months post-treatment. We 91 

incorporate three diagnostic methods including the new G-Score method, assessing the suitability of 92 

different diagnostic methods and quantifying the impact of treatment.  93 

 94 

Methods 95 

Sample and Data Collection 96 

Data were collected as part of a longitudinal study at Bugoto Lake View Primary School, 97 

Mayuge District, Uganda from 210 children with even sex distribution (Figure S1), aged between 6 98 

and 14. Stool and urine samples were collected prior to observed treatment with 40mg/kg 99 

praziquantel given after food, in (September 2017), and then three-weeks (October 2017), nine-weeks 100 

(December 2017) and six-months (March 2018) post-treatment. At each timepoint, stool samples 101 

were collected over three days for duplicate Kato-Katz (six slides). A single urine sample was 102 

collected from each child pre-treatment and at three-weeks and six-months post treatment, however 103 

at nine-weeks post-treatment a smaller sub-section of this cohort (55 children) provided urine 104 

samples. The implication of this, and incomplete data for some children, on model fitting is described 105 

in the methods. All urine samples were processed for POC-CCAs (Rapid Medical Diagnostics, Batch 106 

number: 180314027, Expiry date 03/2020) and scored with the POC-CCA+ and the G-Score [16]. 107 

Further details are in the supplementary materials. 108 

 109 

The model  110 

To estimate the unobservable clearance and reinfection dynamics of S. mansoni after treatment, 111 

we developed a discrete time stochastic HMM using the diagnostics data from our four timepoints. We 112 

fit three different versions of the model: A) Kato-Katz data; B) Kato-Katz and POC-CCA+ data; and C) 113 

Kato-Katz and G-Score data (figure 1). The Bayesian framework can make use of incomplete data, 114 

imputing missing values probabilistically as a function of a prior distribution on the data and the data 115 

itself. Additionally, the parameter sampling process utilises information from the neighbouring 116 

timesteps, further assisting the model-fitting process in the absence of data (of particular importance 117 
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in this case for the nine-week timepoint). Data from all the children were therefore included, even if 118 

incomplete, with missing data inferred. Imputed values did not contribute to the likelihood (fitting) of 119 

the model (see supplementary material for posterior distributions of all estimated parameters Figures 120 

S3-S8).  121 

 122 

Hidden Markov Models consist of unobservable (“hidden”) states, here the infection status of 123 

each individual (either infected or uninfected), and observable processes, here the outcomes of the 124 

different diagnostics, which are driven by the hidden states. Individuals with undetectable infections 125 

(negative by all diagnostic methods) were considered uninfected in the model, as status was 126 

estimated based on the diagnostic data at each timepoint.  Between each timestep, an individual 127 

could remain in the same state (i.e., remaining infected), or could switch to another state, for example 128 

an infected child becoming uninfected (Figure 1). From the diagnostic data and through the iterative 129 

sampling process used to fit the model (JAGS, implemented in R v.4.0.2 runjags package[19, 20]), 130 

the individual infection state at each timepoint was inferred. The probability of switching state can be 131 

interpreted as the clearance and reinfection probabilities respectively. We assumed no reinfection 132 

between treatment and three-weeks (figure S4 & supplementary material). 133 

 134 

The relationship between observed processes (the diagnostic results) and the hidden infection 135 

states was modelled as follows: For Kato-Katz, truly uninfected individuals must have zero counts 136 

(assuming 100% specificity). Infected individuals have a true infection intensity drawn from a Gamma 137 

distributed population-level mean at baseline, with an autoregressive (AR1) random walk component 138 

used to estimate true intensity at subsequent timepoints. We assumed an individual’s true infection 139 

intensity to be linearly correlated with this population mean with the over-dispersion of the Kato-Katz 140 

counts modelled with a negative-binomial distribution, accounting for inter- and intra-day variation. 141 

The variance in each step of the AR1 component was scaled to account for the length of the timestep 142 

and the effect of treatment (supplementary material).  143 

 144 

When modelling the POC-CCA+ and G-Scores, we assumed the true antigen value to be related 145 

to true infection intensity following a logistic function. The true antigen value ranges from 0 to 4 when 146 

using POC-CCA+ (representing from negative to +++), while it ranges from 0 to 9 when using G-147 
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Scores (representing scores from 1 to 10). The estimated values of these two diagnostics were 148 

allowed to vary around the true antigen value following a Gaussian (normal) distribution. The variance 149 

was calculated from the observed data and fixed in the model. 150 

Role of the funding source  151 

Funding providers had no role in study design, data collection, analysis, interpretation, or report 152 

writing. The corresponding authors had full access to all study data and had final responsibility for the 153 

decision to submit for publication. 154 

Ethical clearance 155 

Ethical Approval for data collection was granted from the Vector Control Division Research 156 

Ethics Committee (VCDREC/062), Uganda National Council of Science and Technology (UNCST-HS 157 

2193) and University of Glasgow Medical, Veterinary and Life Sciences Research Ethics Committee 158 

(200160068). Signed, or thumb printed, informed consent was obtained prior to data and sample 159 

collection from the parent/legal guardian of all recruited children and informed assent was obtained 160 

from all children aged eight and older. 161 

Results  162 

Population characteristics and pre-treatment prevalence  163 

Using the Kato-Katz data alone, the Kato-Katz model estimated the baseline prevalence of S. 164 

mansoni to be 85% (95% Credible Intervals (C.I.) 79% to 92%, Figure 2). The Kato-Katz and POC-165 

CCA+ model provided higher estimates of 99% (C.I. 97% - 100%) similar to the Kato-Katz and G-166 

Score model of 98 (C.I. 95% -100%; Figure 2).  167 

 168 

Treatment efficacy and reinfection rates 169 

We estimated the proportion of infected individuals that cleared infection (Figure 3A-C), and 170 

the proportion of those who had cleared, that became reinfected (Figure 3D-F). Using Kato-Katz data 171 

alone, 93% (C.I. 88-96%) of the children were estimated to clear infection during the six months of 172 

surveillance. This estimated clearance rate decreased when both Kato-Katz and POC-CCA were 173 

considered, with a mean of the posterior distribution of 72% (C.I. 64-79%) clearing infection with the 174 
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Kato-Katz POC-CCA+ model, and 65% (C.I. 57-73%) in the Kato-Katz and G-Score model. Estimates 175 

from all three models indicate that most clearance took place within three weeks of treatment (Kato-176 

Katz model: 96% (C.I. 92-98%), Kato-Katz and POC-CCA+ Model: 78% (C.I. 69-86%), Kato-Katz and 177 

G-Score model 93% (C.I. 85-99%)). For those who had cleared infection, 55% (C.I. 45-65%) were 178 

estimated to be reinfected within six-months by Kato-Katz whilst this increased to 63% (C.I. 50-74%) 179 

by Kato-Katz and POC-CCA+ and 64% (C.I. 51-76%) by Kato-Katz and the G-Score. All models 180 

agreed that over half of all reinfections had already occurred within nine-weeks post-treatment, 181 

however, reinfections continued to occur for the remaining four months.   182 

 183 

True schistosomiasis prevalence over time 184 

The above-described dynamics result in the infection prevalence at each timepoint shown in 185 

Figure 4. Prevalence estimated by Kato-Katz only, at three weeks post-treatment was 9% (C.I. 8-186 

11%). By six-months post-treatment the Kato-Katz model estimated this to have returned to 69% (C.I. 187 

64-74%). Alternatively, the additional use of the POC-CCA diagnostics, both the POC-CCA+ and the 188 

G-Score, estimated less efficacious treatment, with a prevalence estimate of 36% (C.I. 31-41%) and 189 

33% (C.I. 30-37%) respectively at three-weeks post-treatment. This was followed by an increase in 190 

prevalence by six-months post-treatment to 92% (C.I. 90-94%) and 91% (C.I. 87-95%) by POC-CCA 191 

+ and G-Score respectively.  192 

 193 

Discussion 194 

We quantified the temporal dynamics of S. mansoni clearance and reinfection over six-195 

months following praziquantel treatment. Our model framework improves upon existing models by 196 

making no assumptions regarding the interpretation of Trace POC-CCA scores. Our model was also 197 

suitable for the inclusion of G-Score data through a simple modification. A benefit of this approach is 198 

the flexibility imparted by the logistic function. If there were a linear relationship between the POC-199 

CCA results and infection intensity, the logistic function would take on a linear form. Furthermore, 200 

because the parameters of the logistic function estimated by the model are done so with regards to 201 

the data the model is fitted to, this framework can readily be applied to data from low prevalence/ 202 

intensity locations. Latent class analyses are often used in diagnostic sensitivity and specificity 203 

analyses but are limited in their practicality because of the artificial positivity thresholds implemented 204 
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for Trace results [13]. Our improved framework therefore lends itself, with some modification, to such 205 

analyses where it could provide a more direct and less subjective insight into diagnostic performance, 206 

and interpretation of the debated Trace/ G2 or G3 test results.  207 

 208 

It is of note, that these POC-CCAs were conducted in accordance with manufacturer’s 209 

guidelines at the time; with two drops of urine rather than the single drop and chase buffer as was 210 

historically used. There is evidence that this new method is less specific than the original method and 211 

can lead to a significant number of false positives [21]. We did not however, find concerning evidence 212 

of this in our data (Figure S2 & supplementary material). In short, the observed score variation 213 

between timepoints is accounted for by the stochastic score allocation in the model and the structure 214 

of the model itself, where the use of multiple diagnostics provides an improved indication of infection 215 

status compared to a single diagnostic (Figures S9-S13).  216 

 217 

Treatment efficacy is historically quantified by comparing egg counts before and after 218 

treatment. Our models indicate that this overestimates treatment efficacy and inadequately identifies 219 

and quantifies reinfection, with major implications for the timing of MDA. The WHO guidelines 220 

recommend annual praziquantel in high-risk communities [22]. Having shown reinfection within nine-221 

weeks post-treatment, our work indicates that even if annual treatment is efficacious, the prolonged 222 

time between treatments may not be sufficient to reduce the FOI. Our study was performed four 223 

months after MDA with only the recruited cohort being treated at this time, and therefore it is unlikely 224 

this would affect community-wide FOI. However, coverage in this community is known to be low [29] 225 

suggesting community-wide treatment may not be significantly more effective than a school-based 226 

programme unless coverage is increased. If so, it is likely that the FOI is not reducing in this area with 227 

MDA.  Furthermore, monitoring and evaluation is an important but often overlooked aspect of NTD 228 

control, however, when it does occur it most often happens alongside treatment. It is therefore clear 229 

from our results that key insights into the dynamics of S. mansoni re/infection are being missed. 230 

Sampling three-weeks post-treatment is sufficient for the characterisation of treatment efficacy (Figure 231 

3 A-C), and sampling nine-weeks post-treatment successfully captures reinfection dynamics, 232 

particularly using the POC-CCA G-score method. However, only sampling at nine-weeks post-233 

treatment would provide an insufficient estimate of clearance.  234 



 10 

 235 

The differences in epidemiological dynamics estimated between the Kato-Katz only, and 236 

Kato-Katz/ POC-CCA models can be explained by several hypotheses. The reduced rate of clearance 237 

in the Kato-Katz/ POC-CCA models is likely explained by non-egg producing worms or low levels of 238 

egg production. Surviving adults still produce detectable antigens, however, treatment-induced 239 

reproductive quiescence has been seen in Onchocerca and Ascaris [23, 24] and is supported by 240 

experimental evidence in S. mansoni [25]. Additionally, juveniles present pre-treatment are not 241 

susceptible to praziquantel, and although not reproductive, produce detectable antigens. Thirdly, in 242 

high endemicity areas, new juveniles could be contributing to the POC-CCA positive results post-243 

treatment. In all three instances, individuals could be egg-negative, but POC-CCA-positive at three 244 

weeks, and could resume or start egg production a few weeks later contributing to morbidity and 245 

transmission [7]. The difference between models incorporating Kato-Katz and POC-CCA data, and 246 

the Kato-Katz only model at three-weeks post-treatment, indicates the presence of adult and/or 247 

juvenile worms, but no detected eggs, in approximately 20-30% of the children. 248 

 249 

Rapid reinfection also shows that improving treatment accessibility and equitability [26] to 250 

demographic groups other than SAC is crucial [27]. Adults are only included in MDA in instances of 251 

high SAC prevalence, and coverage in adults remains poor [28], despite evidence of their contribution 252 

to transmission [27, 29]. Similarly, until a safe and efficacious paediatric praziquantel formula is in 253 

development [30], pre-SAC are rarely included in treatment programmes despite harbouring heavy 254 

infection loads and contributing to transmission and being at risk of morbidity [31, 32].  255 

 256 

A secondary treatment within weeks of the primary treatment to target the surviving juveniles 257 

has been suggested as a solution to rapid resurgence. Though shown to be effective [33], innate 258 

resistance has been seen in Mayuge District since 2005, around the interception of MDA in Uganda 259 

[34]. Thus, increasing treatment frequency may increase selection for resistance, and indeed increase 260 

the pressure for an already limited resource [1]. The presence of treatment resistance accentuates 261 

the importance of co-occurring mitigation strategies, like WASH (Water, Sanitation and Hygiene), into 262 

NTD management. WASH has been shown to reduce the odds of infection [35] however, overall, 263 

empirical research into the implementation, timing and success of WASH is still lacking [36].  264 
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 265 

To conclude, we present a HMM framework that makes no assumptions about the interpretation 266 

of Trace scores. Using Kato-Katz and POC-CCA data, including the recently developed G-Score 267 

method for POC-CCA, we quantified the temporal dynamics of clearance and reinfection of S. 268 

mansoni after treatment in a high endemicity area. Our results raise questions regarding treatment 269 

efficacy, the timing of surveillance, and what type of infection the POC-CCA test is detecting. 270 

Quantifying the probability of infection for those who receive POC-CCA Trace or G2/G3 scores will be 271 

integral to answering these questions.  272 
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Figure legends 415 

Figure 1. The three parameterisations of the Hidden Markov Model framework. Rectangles represent 416 

the biological process that is unobserved and gives rise through the dotted line to the observation 417 

process(es) in circles (i.e., the diagnostic data). Solid arrows indicate the direction of movement 418 

between each timestep - remain infected, remain uninfected, become uninfected (clearance) or 419 

become infected after having cleared (reinfection). A) Only Kato-Katz data are considered; B) Kato-420 

Katz and POC-CCA+ data; and C) Kato-Katz and G-Score data.   421 

Figure 2. Pre-treatment prevalence of Schistosoma mansoni estimated by each model. Model A, 422 

using Kato-Katz only is in green, Model B using Kato-Katz & POC-CCA+ is in purple and Model C 423 

using Kato-Katz & G-Score in orange. 424 

Figure 3. The clearance and reinfection dynamics of Schistosoma mansoni after treatment. The first 425 

row in each panel (A-F) is the posterior distribution of the total additive clearance (A-C) or reinfection ( 426 

D-F) after six-months of surveillance. Total clearance is shown as a proportion with respect to the 427 

number of infected children at the beginning of the study. Total reinfection is shown as a proportion 428 

with respect to the number of individuals who cleared infection. The following rows portray the 429 

temporal dynamics from baseline to three-weeks, three-weeks to nine-weeks, and nine-weeks to six-430 

months. The proportion of clearance at each timestep is shown as a proportion of total clearance, 431 

whereas reinfection is the proportion of children who were reinfected after having cleared infection in 432 

the previous timestep. The colours follow that of the previous figure, Model A, using Kato-Katz only is 433 

in green, Model B using Kato-Katz &POC- CCA+ is in purple and Model C using Kato-Katz & G-Score 434 

in orange.  435 

Figure 4. Disease prevalence displayed as proportion of the cohort infected at each timepoint, 436 

estimated by each model. The clouds of each colour correspond to draws from the posterior for each 437 

time point in each model.  438 

 439 


