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Kenya, just like other countries with endemic soil-transmitted helminths (STH), has conducted regular mass drug administration (MDA) program for the last 5 years among school aged children as a way to reduce STH infections burden in the country. However, the point of interruption of transmission of these infections still remains unclear. In this study, we developed and analyzed an age structured mathematical model to predict the elimination period (i.e., time taken to interrupt STH transmission) of these infections in Kenya. The study utilized a deterministic age structured model of the STH population dynamics under a regular treatment program. The model was applied to three main age groups: pre-school age children (2–4 years), school age children (5–14 years), and adult populations (≥15 years) and compared the impact of two interventions on worm burden and elimination period. The model-simulated results were compared with the 5 year field data from the Kenyan deworming program for all the three types of STH (Ascaris lumbricoides, Trichuris trichiura, and hookworm). The model demonstrated that the reduction of worm burden and elimination period depended heavily on four parameter groups; drug efficacy, number of treatment rounds, MDA and water, sanitation and hygiene (WASH) coverage. The analysis showed that for STH infections to be eliminated using MDA alone in a short time period, 3-monthly MDA plan is desired. However, complementation of MDA with WASH at an optimal (95%) coverage level was most effective. These results are important to the Kenyan STH control program as it will guide the recently launched Breaking Transmission Strategy.

Keywords: mathematical modeling, deworming, soil-transmitted helminths, water sanitation and hygiene, Kenya


1. INTRODUCTION

Soil-transmitted helminths (STH) are part of a group of diseases categorized by the World Health Organization (WHO) as neglected tropical diseases (NTDs). The three main types of STH are Ascaris lumbricoides (roundworm), Trichuris trichiura (whipworm), and hookworms (Necator americanus and Ancylostoma duodenale) (1, 2). STH are estimated to be endemic in about 166 countries and affect more than two billion people globally (1). A further four billion people are estimated to be at risk. These infections occur mainly in the rural areas of Sub-Saharan Africa, Latin America, China, and South East Asia (3).

STH are mainly caused by lack of safe drinking water, proper sanitation (practice of open defecation), and hygiene (poor practice of handwashing and walking barefoot on contaminated soil) (4). STH are generally transmitted through ingestion of nematode eggs from contaminated soil (A. lumbricoides and T. trichiura) or through active penetration of the skin by larvae in the soil (hookworm) (5). As such, the infection prevalence and intensity are strongly inversely correlated with the access to and use of improved sources of water, sanitation and hygiene (WASH) (6). Infected individuals show a broad range of symptoms including nausea, tiredness, abdominal pain, and loss of appetite that can attenuate malnutrition and increased rates of anemia (7).

STH can be effectively controlled through preventive chemotherapy (PC) to most at risk groups of individuals using any of the four WHO-recommended anthelminthic drugs; albendazole, mebendazole, levamisole, or pyrantel. However, albendazole and mebendazole are the most preferred drugs because of their higher efficacy against all the three geohelminths (8, 9). Further, WHO recommends that complimentary WASH interventions should be implemented to sustain the control achieved through PC (10). WASH interventions are vital in accelerating the interruption of STH transmission such that PC can be safely stopped in the long run without the risk of infection rebound (5, 11). However, it is unclear at what minimum coverage, effectiveness and time frame WASH should be implemented.

Majority of the STH endemic countries are now implementing mass drug administration (MDA) programs, either through school-based deworming (SBD) mainly targeting pre-school and school going children, or community-based deworming (CBD) targeting all age groups (12). CBD has been shown to be highly effective in reducing the community-wide morbidity associated with STH infections as compared to SBD programs, however it may be complex to implement unlike SBD programs which can be easily implemented through the school system (13). Although these programs have many benefits to the treated individuals, they do not prevent re-infections which can occur rapidly after treatment (14). Hence, there is need for individuals to adhere to treatment and programs to offer frequent and consistent MDA to maximize the benefits of PC (15). Both programs have two main advantages; reduction of worm burden, hence reduced morbidity for treated individuals, and reduction in further infection for all individuals (treated and untreated) as a result of overall reduction in transmission (16).

While researchers have disagreed over the years on the actual benefit of deworming on childrens' education outcomes, studies in which treatment is randomized at individual-level have shown to potentially underestimate the benefits of treatment and most often miss to capture externality benefits (17). However, randomization of treatment at school or community level allows for estimation of the overall program effect (17). Further, existing evidence still indicates that mass treatment of school children through MDA programs is a cost-effective health investment in low-resource settings (18).

Kenya has been implementing annual MDA through the SBD platform since the year 2012 targeting school going children (19–22). The aim of the Kenyan deworming program was to reduce the national STH infection burden to a level where the infections are no longer a public health problem [defined by a prevalence of below 1% (23)]. After 5 years (2012-2017) of implementation, the program has not achieved a community-wide treatment benefit due to four main challenges summarized as; (i) Which age group(s) should be targeted for treatment? pre-school aged children (PSAC), school aged children (SAC) or adults, (ii) How often should the treatment be delivered in each age group?, (iii) Under what conditions can transmission be eliminated by repeated treatment alone?, and (iv) Can elimination be achieved faster when contemporary interventions like WASH are added? Mathematical model would help us answer the above questions and inform on the right mix of strategies for the control of STH infections in Kenya.

In this paper we developed an age-structured mathematical model based on ordinary differential equations (ODE), which are part of deterministic models, to determine the impact of MDA and WASH interventions on worm burden and elimination period (i.e., time taken to interrupt STH transmission) specific to Kenyan infection transmission dynamics. Deterministic models have been widely applied to study STH transmission dynamics in various settings (11, 16, 24–32). We therefore used the modeling framework provided in these previous studies while incorporating additional important aspects to the model like full age-structure and comparison of impact of two interventions (MDA and WASH). We predicted the short-term (≤5 years) and long-term (>10 years) impact of the interventions under various MDA plans for each of the three STH species. The results of this model will be important to the Kenyan STH control program as well as to WHO since it clearly demonstrated the impact of the two key interventions on worm burden and elimination period. An important result at this time when control programs are rallying toward the WHO goal of STH elimination by the year 2030 (33).



2. MATERIALS AND METHODS


2.1. Kenyan National Deworming Program Context

Kenya launched a country-wide national deworming program in the year 2012. The program aimed to deworm all school going children living in 66 sub-counties determined to be endemic of STH infections, and subsequently reduce the infection prevalence to below 1%. To enable targeted delivery of treatment and following WHO guidelines on STH control (13), school children were targeted for annual MDA. The process and impact of the program is continuously being evaluated through a robust monitoring and evaluation (M&E) program which is independently conducted by the Kenya Medical Research Institute (KEMRI) as described elsewhere (19). The results of the first 5-year (2012-2017) impact of the program is outlined elsewhere (20). The current modeling analysis therefore is aimed at addressing the challenges the program faced on the first 5-years of implementation resulting in its inability to achieve community-wide treatment benefit. For a detailed description of this program's design, impact and challenges, please see previous M&E reports (19–22). Specifically, we developed a full age-structured mathematical model to answer the earlier outlined questions and inform on the right mix of strategies for the control and elimination of STH infections in Kenya.



2.2. Model Conceptual Framework

The helminth lifecycle can be simplistically represented as population of mature worms in the human host (Mi) and population of free-living infectious materials (i.e., eggs or larvae) in the environment (L). The host gets infected by getting into contact with the infectious materials in the environment and they also contaminate the environment with infectious materials. Unlike previous STH transmission models (16, 24, 26, 28), the current model stratified the host population into three commonly referred age groups: PSAC (2 to 4 years), SAC (5 to 14 years), and adults (above 14 years) (34, 35). Currently, there is increasing global interest in treating the PSAC and adults together with SAC, and studies have indicated that PSAC and adults if left untreated are likely to act as parasite reservoirs (36). It would therefore be important to understand their engagement in the community level transmission alongside the routinely treated SAC group.

The model conceptual framework is given in Figure 1. In the framework, the three different host groups are assumed to acquire infections and consequently contaminate the environment at distinctively different rates; βi(1 − ϕ) and λi(1 − ϕ), respectively. For each host, worm burden distribution is over-dispersed and assumed to follow negative-binomial distribution with aggregation parameter k, implying that majority of individual hosts harbor few worms while a minority of hosts have consistently higher worm burdens. The mature worms in each host group have similar mortality rate, μ, while the mortality rate for the free-living infectious materials in the environment is denoted by μL. Additionally, the model incorporates two interventions, mass treatment (MDA) and WASH. The effect of mass treatment which is simulated as instantaneous killing of the mature worms in the host is given by the function ci. On the other hand, WASH which has a long term deterrent effect on the transmission and contamination of the environment with infectious materials, is simulated as the proportion of hosts in each group who have access to and use of improved water sources and sanitation facilities. It is important to note that here, we are simulating the combined effect of improved water source and sanitation, at a constant rate ϕ.


[image: Figure 1]
FIGURE 1. Conceptual framework showing a three age-structured model.




2.3. Model Specification

In this study, we formulated a three age-structured mathematical model for STH transmission based on the previous models by Chan et al. (16) and Truscott et al. (26). However, our model differs from these other models by explicitly including the dynamics of the infectious materials in the environment, complete categorization of the total population into three main age groups of interest to control programs, and comparison of the effect of two interventions (MDA and WASH). As explained in the conceptual framework, the human population was categorized into three age groups, namely; PSAC, SAC, and adults to enable us mimic a community-wide STH control program.We developed three model scenarios; first scenario is when no intervention was assumed (Model 1), second scenario is when only MDA intervention was assumed (Model 2), and last scenario is when both MDA and WASH interventions were assumed (Model 3).


2.3.1. Model With No Intervention

The first model is when no intervention was assumed and it culminated into a four-dimensional system of ODE as follows.

[image: image]

From the model, the quantity (L) denotes the per capita infectiousness of the shared reservoir, the parameter μ denotes the mortality rate of the mature worms in the host, and βi for i = p, c, a denotes the strength of infectious contact with the reservoir for each age group. The quantity λi for i = p, c, a describes the relative per capita contributions of infectious materials by each age group. The parameter ni for i = p, c, a gives the proportion of the population in each age group. The parameter μL gives the rate of decay of infectious materials in the environment.

The function f(Mi; k, γ) gives the mean egg production rate from a host population with mean worm burden (M) and assumed to follow a negative binomial distribution with aggregation parameter (k). As described by Anderson and May (29), the function has the form,

[image: image]

The parameter, exp(−γ), describes the impact of the density-dependence egg production on host's worm burden (24).Further, model 1, as it is, ignores the effect of sexual reproduction and assumes that all eggs generated by female worms in each host group are fertile (non-sexual reproduction). However, in reality, the production of fertile eggs by female worms requires the presence of at least one mature male worm. Hence, to include the effect of sexual reproduction in model 1, we multiply the egg production function, f(M; k, γ), by the mating probability factor ψ, as was given by Truscott et al. (28),

[image: image]
 

2.3.2. Model With MDA Intervention Only

The second model is when MDA intervention was assumed and it culminated into a four-dimensional system of ODE as follows. We modified the above model 1 by introducing treatment effect denoted as, ci = −ln(1 − gih)/τ, to examine the impact of MDA on mean worm burden and egg output for each age group. Here, gi denoted the proportion of individuals treated in each age group per treatment round, h the drug efficacy, and τ the interval between treatment rounds. Actually, the term gih represented the effective treatment coverage for each age group. This treatment impact equation has been previously used in other STH models (28, 31). It is important to note that we assumed a continuous model for the impact of a long sequence of regular treatment cycles. Hence, the impact of this assumption is analogous to an additional death rate for the parasite population.

[image: image]
 

2.3.3. Model With MDA and WASH Interventions

The third model is when both MDA and WASH interventions were assumed and it culminated into a four-dimensional system of ODE as follows. Again, we modified the above model 1 by introducing both the treatment effect, ci, and WASH effect, ϕ, for 0 ≤ ϕ ≤ 1. Here, we assumed a cumulative effect of WASH defined as the proportion of individuals in each group of the population who have access to and use of improved water sources and sanitation facilities.

[image: image]
 


2.4. Model Outcome Measures

In this analysis, we were interested in predicting the mean worm burden levels in each of the host's age group over a period of time and the transmission interruption period (elimination). The behavior of the outcomes were assessed based on the different mix and plans of the projected implementation of key interventions (MDA and WASH).



2.5. Equilibria and Basic Reproduction Number

Here, we show the calculations of our model equilibrium values defined as the solution of a dynamical system where the state variables does not change with time (37), and the basic reproduction number R0 defined as the average number of new parasite offsprings caused by one typical parasite, from one generation to the next (38). Generally, if R0 > 1 then there will be epidemic and if R0 < 1 the infection will die off. We used the next-generation matrix (NGM) approach to determine R0 for each of the three models (1, 2, and 3). The matrix related the numbers of new adult worms in consecutive generations. With this approach, then R0 was defined as the largest eigenvalue of NGM or spectral radius.


2.5.1. Calculation of R0 and Equilibrium Values for Model 1

Calculating R0 for model 1: From model (1) we obtain the following and with the assumption that f(Mi; k, γ) = Mi;

[image: image]

We then extract the NGM as follows;

[image: image]

Where A = npλp, B = ncλc, C = naλa, D = (npλp+ncλc+naλa), [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image] Solving the eigenvalues ui of NGM (5) using det(NGM − uI) = 0 gives the following eigenvalues;

[image: image]

Therefore, the R0 is given as the spectral radius of NGM,

[image: image]

and simplified as follows;

[image: image]

Therefore, the overall R0 for model (1) is given by;

[image: image]

Hence, the R0i for each age group is a given as;

[image: image]

Calculating equilibrium values for model 1: The relevant equilibrium values were obtained by solving the generalized equations in (1) when the left hand side (LHS) was equated to zero.

In this case, the equilibrium mean infectious materials in the environment (L*) is given as

[image: image]

Therefore;

[image: image]

Subsequently, the equilibrium mean worm burden ([image: image]) was derived by substituting Equation (8) and (9) into (1),

[image: image]

Hence,

[image: image]

We therefore get [image: image] by setting (10) to zero,
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2.5.2. Calculation of R0 and Equilibrium Values for Model 2

Calculating R0 for model 2: From model (2) we obtain the following and again with the assumption that f(Mi; k, γ) = Mi;

[image: image]

We then extract the NGM as follows;

[image: image]

Where A = npλp, B = ncλc, C = naλa, D = (npλp+ncλc+naλa), [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image]

But the matrix (13) above is the same as that given in (5), and its spectral radius was (H−KG−JF−IE), we then subsequently derive R0 as,

[image: image]

Therefore, the overall R0 for model (2) is given by;

[image: image]

Hence, the R0i for each age group is a given as;

[image: image]

Calculating equilibrium values for model 2: The relevant equilibrium values for model 2 were obtained by solving the generalized equations in (2) when the LHS was equated to zero.

Using the same procedure described for model 1, it is easy to see that the equalibrium function for (L*) is the same as that of Equation (9).

We then obtain equalibrium mean worm burden ([image: image]) by substituting (9) and (15) into (2),

[image: image]

But,

[image: image]

Hence,

[image: image]

and ([image: image]) is given as,

[image: image]

which is the same as that given in (11).



2.5.3. Calculation of R0 and Equilibrium Values for Model 3

Calculating R0 for model 3: From model (3) we obtain the following and again with the assumption that f(Mi; k, γ) = Mi;

[image: image]

We then extract the NGM as follows;

[image: image]

Where A = npλp(1 − ϕ), B = ncλc(1 − ϕ), C = naλa(1 − ϕ), D = (npλp(1 − ϕ) + ncλc(1 − ϕ) + naλa(1 − ϕ)), [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image]

But the matrix (19) above is the same as that given in (5), and its spectral radius was (H − KG − JF − IE), we then subsequently derive R0 as,

[image: image]

Therefore, the overall R0 for model (3) is given by;

[image: image]

Hence, the R0i for each age group is a given as;

[image: image]

Calculating equilibrium values for model 3: The relevant equilibrium values were obtained by solving the generalized equations in (3) when the LHS was equated to zero.

In this case, and using the same procedure as described for model (1), L* is given as

[image: image]

Therefore;

[image: image]

We then obtain equalibrium mean worm burden ([image: image]) by substituting (21) and (22) into (3),

[image: image]

Hence,

[image: image]

and ([image: image]) is given as,

[image: image]

which is the same as that given in (11).

From the calculations of the mean worm burden for all the models as seen in Equations (11), (17), and (24), we see that the models attained same equilibrium points for the mean worm burden regardless of the incorporated interventions. This imply that if the interventions are not implemented consistently and for long enough period or stopped early, then the infections will rebound (re-infection) and the mean worm burden in the hosts will raise to the initial levels. A concept that has been supported in previous epidemiological and modeling studies (11, 14). However, the maximum attainable R0 values were observed to vary based on the model considered.




2.6. Model Parameter Estimates

The default parameter values used in this analysis are given in Table 1. They represented scenario for all the three STH species; A. lumbricoides, hookworm, and T. trichiura. Some of the parameters were estimated using field data collected in Kenya, a community where children population, particularly SAC, previously had twice the exposure to infectious materials in the environment compared to adult population. While the remaining parameters were estimated from past modeling and simulation studies. Currently, treatment is offered to SAC through annual MDA program with a net drug (albendazole) efficacy of 80% but this varies by the specific STH species. The output of this model was compared with the five-year Kenyan deworming program results (see subsection 3.1) for all the three STH species.


Table 1. Model parameters with default values for each of the three STH species used in all calculations (unless otherwise stated).

[image: Table 1]




3. RESULTS


3.1. Summary of the Kenyan National Deworming Program Results

The Kenyan deworming program conducted yearly cross-sectional surveys before the annual treatment delivery (MDA) to determine the national STH infection levels. The program monitored two key outcomes during their surveys; the mean number of parasite eggs in each participating individual and the infection prevalence (%). From these outcomes, the program was interested in their decline over the years as the annual treatment progresses. Table 2 summarizes the results from the Kenyan program. We note that this program targeted SAC only through SBD program approach. However, adults and PSAC were only treated and sampled during the surveys only when they presented themselves at the nearest participating school.


Table 2. Summary of STH surveys in Kenya from 2012 to 2017.

[image: Table 2]


3.1.1. Mean Number of Eggs

The trend in the mean number of eggs per gram (epg) in each individual surveyed is summarized in Figure 2. From this figure we can conclude that; (1) the mean number of eggs for A. lumbricoides only reduced gradually over the years among SAC cohort but not among adults and PSAC, (2) the reduction in the mean number of eggs for hookworm was clearly observed among all the three age groups, and (3) no clear trend of reduction was observed for T. trichiura among any of the age groups. Additionally, we noted that there were higher mean number of eggs for A. lumbricoides compared to hookworm or T. trichiura, which all had lower number of eggs.


[image: Figure 2]
FIGURE 2. Trend of the hosts mean number of eggs per gram (epg) as observed from the 5-year national deworming program in Kenya. (A) Ascaris lumbricoides. (B) Hookworm. (C) Trichuris trichiura.




3.1.2. Infection Prevalence

Similarly, the trend in the infection prevalence among surveyed individuals is summarized in Figure 3. From this figure we can conclude that the infection prevalence reduced gradually among SAC but not the other age groups, and the reduction was well-pronounced in hookworm than the other STH species. Additionally, we noted that there were initially higher prevalence for A. lumbricoides and hookworm compared to T. trichiura. After the 5-year period, hookworm prevalence declined substantially to near-zero compared to the other STH species. This implied greater impact of the annual deworming program on hookworm compared to the other species.


[image: Figure 3]
FIGURE 3. Prevalence trend as observed from the 5-year national deworming program in Kenya. (A) Ascaris lumbricoides. (B) Hookworm. (C) Trichuris trichiura.


Clearly, the impact of the annual MDA by the Kenyan program was well-pronounced among the SAC compared to PSAC and adults. This is mainly true because the program targeted the SAC age group only. As shown, this program will not likely lead to community-wide infection elimination in the short run especially for A. lumbricoides and T. trichiura.




3.2. Model Results

Here, we give the results of the model simulation based on parameters outlined in Table 1. The model results mimicked closely the STH dynamics in Kenya as observed from the Kenyan deworming program results (subsection 3.1). As opposed to the outcomes surveyed by the Kenyan program, the model simulation was interested in two outcomes i.e., the mean number worms in each age group and the elimination period.


3.2.1. Ascaris lumbricoides

Analysis of model (1) for Ascaris lumbricoides showed that in the absence of any intervention, the model attains high endemic equilibrium values of varying levels in each compartment, i.e., 170 mean infectious materials in the environment and between 140 to 160 mean worm burden in the human hosts (see Figure 4).


[image: Figure 4]
FIGURE 4. Model 1 solution for Ascaris lumbricoides: Here, no intervention was assumed.


Analysis of model (2) for A. lumbricoides indicated that elimination of this parasite is possible at various levels of MDA plans. The analysis showed that; with annual MDA plan only (Figure 5A) elimination would be reached after a long period of 15 years. With 6-monthly plan (Figure 5B), elimination point would be reduced to 8 years and endemic worm burden shorten by a third. With 3-monthly plan (Figure 5C), elimination point would be shorten further to 6 years and endemic worm burden reduced by half.


[image: Figure 5]
FIGURE 5. Model 2 solution for Ascaris lumbricoides: We assumed various MDA plans as indicated in (A–C) i.e., τ = 1.0 for yearly plan, τ = 0.5 for 6-monthly plan, and τ = 0.25 for 3-monthly plan. We assumed treatment coverage of 75% for each host group and drug efficacy (h) of 80%. These assumptions followed the current WHO and NSBD guidelines (13).


Further, the results indicated that complementing annual MDA with WASH at various coverage levels effectively reduced mean worm burden as WASH coverage increased. Additionally, elimination period was reduced as WASH coverage increased (see Figure 6). Therefore, from the results of model (3), annual MDA complemented with 95% WASH coverage was most effective in shortening the elimination period for A. lumbricoides.


[image: Figure 6]
FIGURE 6. Model 3 solution for Ascaris lumbricoides: We assumed annual MDA plan with various WASH levels as indicated in (A–E) i.e., ϕ = 0 for no WASH, ϕ = 0.35 for 35% WASH, ϕ = 0.55 for 55% WASH, ϕ = 0.75 for 75% WASH, and ϕ = 0.95 for 95% WASH. Further, we assumed treatment coverage of 75% for each host group and drug efficacy (h) of 80%. These assumptions followed the current WHO and NSBD guidelines (13).




3.2.2. Hookworm

In the absence of any interventions, hookworm rose to an endemic equilibrium of between 20 and 35 mean worm burden in the hosts and 25 mean infectious materials in the environment (see Figure 7). Notably, the time taken for hookworm to reach endemic equilibrium level was shorter than for A. lumbricoides.


[image: Figure 7]
FIGURE 7. Model 1 solution for hookworm: Here, no intervention was assumed.


Figure 8 demonstrated the impact of MDA on worm burden and elimination period for hookworm. The results indicated that with yearly MDA plan alone (Figure 8A), hookworm infection can be eliminated in less than 5 years. Six-monthly (Figure 8B) and 3-monthly (Figure 8C) plans effectively reduced the endemic worm burden as well as shortened the elimination period. Notably, MDA alone was observed to be effective in eliminating hookworm within a shorter period than in A. lumbricoides.


[image: Figure 8]
FIGURE 8. Model 2 solution for hookworm: We assumed various MDA plans as indicated in (A–C) i.e., τ = 1.0 for yearly plan, τ = 0.5 for 6-monthly plan, and τ = 0.25 for 3-monthly plan. We assumed treatment coverage of 75% for each host group and drug efficacy (h) of 95%. These assumptions followed the current WHO and NSBD guidelines (13).


The impact of WASH was clearly observed on reducing the hookworm burden. WASH was most effective when implemented at higher (95%) coverage levels. Complementing annual MDA with WASH (at 95% coverage) was demonstrated to be highly effective in attaining a near-complete elimination of hookworm (see Figure 9).


[image: Figure 9]
FIGURE 9. Model 3 solution for hookworm: We assumed annual MDA plan with various WASH levels as indicated in (A–E) i.e., ϕ = 0 for no WASH, ϕ = 0.35 for 35% WASH, ϕ = 0.55 for 55% WASH, ϕ = 0.75 for 75% WASH, and ϕ = 0.95 for 95% WASH. Further, we assumed treatment coverage of 75% for each host group and drug efficacy (h) of 95%. These assumptions followed the current WHO and NSBD guidelines (13).




3.2.3. Trichuris trichiura

In the absence of any intervention, Trichuris trichiura rose to an endemic equilibrium of between 18 to 25 mean worm burden among the hosts and 40 mean infectious materials in the environment. We note that it took a longer time for T. trichiura to achieve endemic equilibrium compared to the other two STH species (see Figure 10).


[image: Figure 10]
FIGURE 10. Model 1 solution for Trichuris trichiura: Here, no intervention was assumed.


The impact of MDA on T. trichiura for various MDA plans and drug efficacy is demonstrated in Figure 11. Clearly we see that it will take longer than 10 years to eliminate T. trichiura under any of the MDA plans compared to the other species. Specifically, for T. trichiura we compared various drug efficacy levels for each MDA plan, and we see that the higher the drug efficacy level the shorter the elimination period. Unlike the other species, we noted that MDA alone will not eliminate T. trichiura in the short period; though, it will substantially suppress the worm burden (Figure 11). It is important to see the influence of varying drug efficacy on T. trichiura since the current drug (albendazole) being used by the Kenyan program has been shown to be less efficacious against it (40). Hence there is need of a highly efficacious drug as is the case when drug combination is used (40).


[image: Figure 11]
FIGURE 11. Model 2 solution for Trichuris trichiura: We assumed various MDA plans as indicated in (A–C) i.e., τ = 1.0 for yearly plan, τ = 0.5 for 6-monthly plan, and τ = 0.25 for 3-monthly plan. Additionally, for each MDA plan we varied the drug efficacy (h) as either 65% or 95%. We assumed treatment coverage of 75% for each host group. These assumptions followed the current WHO and NSBD guidelines (13).


The impact of WASH on T. trichiura is well-illustrated in Figure 12. Just like with the other species, complementing annual MDA with WASH was shown to be very effective in reducing the elimination period and worm burden. We observed that the WASH intervention was very effective when administered at a very high coverage level of 95%.


[image: Figure 12]
FIGURE 12. Model 3 solution for Trichuris trichiura: We assumed annual MDA plan with various WASH levels as indicated in (A–E) i.e., ϕ = 0 for no WASH, ϕ = 0.35 for 35% WASH, ϕ = 0.55 for 55% WASH, ϕ = 0.75 for 75% WASH, and ϕ = 0.95 for 95% WASH. Further, we assumed treatment coverage of 75% for each host group and drug efficacy (h) of 65%. These assumptions followed the current WHO and NSBD guidelines (13).




3.2.4. Sensitivity of R0 to MDA and WASH Interventions Parameters

During the assessment of the impact of key parameters associated with the MDA and WASH interventions, we observed that even if drug efficacy and proportion of individuals treated (treatment coverage) were increased to 100%, the annual MDA plan did not result in R0 being less than 1 (see Figure 13). This implied that annual MDA alone can not guarantee effective control or elimination of STH in the short period.


[image: Figure 13]
FIGURE 13. Showing the impact of MDA and WASH interventions parameters on R0 assuming an annual MDA plan. The parameters evaluated were drug efficacy (blue line), proportion of individuals treated (red line) and WASH coverage (green line). The values of all the parameters ranged from 0 to 100% (or 0 to 1.0).


In the bi-annual MDA plan, increasing the two parameters (drug efficacy and treatment coverage) to 100% resulted in R0 < 1, precisely the final R0 value achieved was 0.67 (see Figure 14). With the final R0 value here being below 1, it implied effective control of the infections and possible elimination in the long run.


[image: Figure 14]
FIGURE 14. Showing the impact of MDA and WASH interventions parameters on R0 assuming a bi-annual MDA plan. The parameters evaluated were drug efficacy (blue line), proportion of individuals treated (red line) and WASH coverage (green line). The values of all the parameters ranged from 0 to 100% (or 0 to 1.0).


Further, in the tri-annual MDA plan, varying the two parameters (drug efficacy and treatment coverage) resulted in R0 < 1, precisely the final R0 value achieved was 0.38 (see Figure 15). Again implying effective control of the infections and possible elimination in the short run.


[image: Figure 15]
FIGURE 15. Showing the impact of MDA and WASH interventions parameters on R0 assuming a tri-annual MDA plan. The parameters evaluated were drug efficacy (blue line), proportion of individuals treated (red line) and WASH coverage (green line). The values of all the parameters ranged from 0 to 100% (or 0 to 1.0).


Importantly, we noted that adding WASH intervention to any of the three MDA plans and varying it to 100% resulted in the final R0 = 0 (see Figures 13–15). This implied immediate impact of WASH that would accelerate attainment of complete elimination of the infections in the short run.

Impact of the treatment intervals (rounds) on R0 was demonstrated in Supplementary Figure 1. The results indicated that varying the treatment intervals to shorter periods (or rather higher number of rounds), resulted in R0 values being gradually reduced up to zero.



3.2.5. Impact of Interventions on Infectious Materials in the Environment

The model further assessed the impact of the interventions (MDA and WASH) on the mean number of infectious materials in the environment as shown in Supplementary Figure 2. From the analysis, we observed that MDA (treatment offered to host) was more effective in reducing the elimination period of the infectious materials in the environment compared to WASH (primarily prevention of infectious materials acquisition by the host). The elimination period reduced as the MDA rounds increased.





4. DISCUSSION

In this study, we presented the first STH transmission elimination mathematical model based on the STH dynamics specific to Kenya. The study used deterministic model to assess the impact of key interventions (MDA and WASH) on the mean worm burden and elimination period. These results are important to the STH control program in Kenya since it clearly demonstrated the impact of the interventions as well as the projected elimination period of the infections in the country. The key novelty in this study is the illustrated impact among all the three common species of STH, a rare feature in most of the previous STH transmission models (11, 16, 24, 28). This is an important aspect in our modeling since most control programs are now focusing on species-specific interventions (41, 42).

The model analyses showed that the reduction of worm burden and elimination period depended heavily on four parameter groups; drug efficacy (h), treatment rounds (τ), proportion of individuals reached with treatment (g), and WASH coverage (ϕ). Parameters τ, h, and g defined properties of the MDA intervention and ϕ properties of the WASH intervention. The analyses suggested that the impact of the interventions were very sensitive to the changes in values of the four parameter groupings, similar observation was made by Truscott and colleagues (26). Together all these parameters affected the R0, which is a "summary" parameter for the intensity of the transmission (43). Varying these parameters to higher values reduced R0 to low levels (below 1). Even though previous studies have estimated R0 for different STH species using variety of methods (28, 38), we focused its estimation to the STH transmission dynamics in Kenya.

From these analyses, we found that the endemic mean worm burdens in the absence of any interventions were low especially for hookworm and T. trichiura, and ranged from 140 to 180 for the case of A. lumbricoides, 20 to 35 for hookworm and 18 to 25 for T. trichiura. Previous studies have reported similar ranges of endemic worm burdens (16, 25–27, 31, 32, 44). However, this was still significantly higher than the critical levels below which a worm finding a mate becomes a problem [defined as critical worm burden, MSR, with approximate cut-off point of about one worm per host (26)]. If worm burdens goes below MSR, the decline in egg production reaches a point at which it balances the ability of the worms and infectious materials to persist in the host or environment, illustrating a "breakpoint" (43). Below the breakpoint are very low values of worm burden and characterized by stable parasite-free state (45). All our evaluated interventions, when administered at an appropriate level, had the effect of significantly reducing the worm burdens in all the three age groups to below MSR. Hence, this is viewed to have a negative impact on parasite production and subsequent transmission potential since there would be much fewer instances of both sexes infecting the same host. In context of this work, the annual MDA alone with drug efficacy of 80%, achieved MSR after about 15 rounds of annual treatment. The 3-monthly MDA achieved it after about 5 years. The results presented here are comparable to other STH modeling studies (16, 26, 28).

An important advantage of our work is the demonstrated impact of WASH as a complementary intervention to an MDA program. Only few modeling studies have compared the impact of these two interventions in a single modeling study (46). The analyses showed that with annual MDA alone (see Figures 5, 8, 11), STH control programs would take very long to reach elimination. Actually, during the assessment of the sensitivity of R0 to the intervention parameters, we showed that annual MDA programs would not drive R0 to below 1 (suggesting resurgence of infections after the program implementation) (see Figure 13). However, if the annual program is complemented with WASH at a sufficiently higher coverage level, preferably 95%, then the elimination period would be reached within a shorter period (see Figures 6, 9, 12). This is supported by the fact that whenever WASH parameter was added to the models and varied to maximum levels, R0 reduced to zero, implying complete elimination (see Figures 13–15). These analyses results offer the STH control programs the flexibility to choose on whether to continue with MDA alone (and at what level of treatment rounds) or to complement it with WASH.

Additional advantage of this work is the prediction of the lifetime of the infectious materials in the environment in relation to the two interventions as presented in Supplementary Figure 2. Majority of the previous STH models ignored the dynamics of the infectious materials in the environment. However, the few studies that incorporated it assumed that the infectious materials are highly infectious and followed the parasite dynamics in the host. In essence, this assumption is true when the influence of sexual reproduction on parasite population is considered in the absence of a regular intervention program (for example periodic treatment) (26). However, in the presence of a regular periodic treatment of a particular age group, the environment (reservoir) is viewed as a source of new infections and the larger the lifespan of the infectious materials, the more the environment becomes potentially infectious (47). Our results demonstrated that regular periodic treatment of the hosts (through MDA) was more effective in reducing the period of the infectiousness of the environment. However, we observed that WASH intervention did not offer significant advantage in reducing that period (see Supplementary Figure 2E). This is mainly true because treatment would “kill” the adult worms in the host hence reducing the host's ability to contaminate the environment.


4.1. Study Limitations

This study was not without limitations. (1) As much as we tried to estimate our parameters from field studies conducted in Kenya, there were far less large-scale studies conducted separately targeting each of the three age groups. Majority of the studies were on school-aged children. This forced us to estimate some of the parameter values for certain age groups or refer to previous model parameters. If future infection transmission models in Kenya are to be improved, investment in field surveys on all the three age groups to measure parameter combinations is desired. (2) Even though the Kenyan deworming program measured, through field surveys, outcomes (mean number of eggs and prevalence) slightly different from those we modeled (mean worm burden and elimination period), this variation did not cause any bias to the results or the overall study aim. All these outcomes helped define the infection control and elimination. (3) This current study did not evaluate the spatial heterogeneity, interaction terms between the parasites, possibility of zoonotic infections being observed in our study population, or applicability of our model to different regions of Kenya. Even though these considerations would be important since the control efforts are focused particularly towards transmission interruption, they were out of scope of the current analysis. Some of these limitations would be addressed in our future modeling analyses.




5. CONCLUSION

Kenya launched its breaking transmission strategy (BTS) in 2019, and therefore these results would be timely in guiding the implementation of this strategy. Specifically, the models demonstrated that for infections to be eliminated using MDA alone in a short time period, 3-monthly MDA plan is desired. However, complementation of annual MDA with WASH at a desired coverage level was most effective.
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Survey year # Schools # Examined Min Max Mean Min Max Mean
Year 1
PSAC 44 273 0 18018 1645.9 0 100 280
SAC 60 5938 0 8450 17175 0.9 61.7 335
Adults 51 201 0 14868 983.2 0 100 298
Overall 60 6412 0 18018 1466.0 0 100 30.7
Year 2
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Adults a7 118 0o 24024 914.3 0 100 186
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Year 3
PSAC 28 102 0 4776 627.1 0 100 126
SAC 60 6029 ] 5205 917.2 0 552 16.2
Adults 37 121 0 2754 2568 0 100 16.8
Overall 60 6252 0 5295 656.4 0 100 15.2
Year 4
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Adults 27 o7 0 1074 87.0 0 100 11.2
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Year 5
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SAC 60 6074 0o 5873 937.2 0 679 1356
Adults 34 84 0 9288 7455 0 100 1.1
Overall 60 6238 ] 9288 756.3 0 100 121

The surveys were conducted through the Kenyan national school-based deworming program which targeted school going children. Pre-school children and adls were essentially
surveyed only when they presented themselves to the nearest participating school.
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Over-dispersion (aggregation) parameter, k

Treatment effect, ;

WASH effect, ¢

A. lumbricoides

091
098
077
005
025
070
25
40
35
1 year
84 days
0.0035
0.57
Varied, see text
Varied, see text

Hookworm

18
22
25
005
025
070
20
30
40
2years
3 days
001
0.8
Varied, see text
Varied, see text

T. trichiura

031
028
025
005
025
070
1.92
1.92
1.82

2 years

10 days
001
011

Varied, see text
Varied, see text

Source

Estimated from Kenyan deworming data
(1
(26)
©9)
©9)
©9)
Estimated from Kenyan deworming data
Estimated from Kenyan deworming data
Estimated from Kenyan deworming data
@1
(29)
(28)
©2)
see text
see text





OPS/images/inline_10.gif
" ey





OPS/images/inline_1.gif





OPS/images/math_15.gif
e e
But;

[m 5> ﬂ.n.] _ Sipni

Therfors

d::l. s [uﬂn. Py ):ﬂ:f": y)n.A.] M

_ BRI Rf O ki

S B M





OPS/images/math_14.gif
o _ il Mi K y) i
= [+ X Bimi] fori=pca





OPS/images/fpubh-09-637866-g013.gif
[ ——





OPS/images/math_20.gif
(13)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Modeling the Interruption of the Transmission of Soil-Transmitted Helminths Infections in Kenya: Modeling Deworming, Water, and Sanitation Impacts



		1. Introduction



		2. Materials and Methods



		2.1. Kenyan National Deworming Program Context



		2.2. Model Conceptual Framework



		2.3. Model Specification



		2.3.1. Model With No Intervention



		2.3.2. Model With MDA Intervention Only



		2.3.3. Model With MDA and WASH Interventions









		2.4. Model Outcome Measures



		2.5. Equilibria and Basic Reproduction Number



		2.5.1. Calculation of R0 and Equilibrium Values for Model 1



		2.5.2. Calculation of R0 and Equilibrium Values for Model 2



		2.5.3. Calculation of R0 and Equilibrium Values for Model 3









		2.6. Model Parameter Estimates







		3. Results



		3.1. Summary of the Kenyan National Deworming Program Results



		3.1.1. Mean Number of Eggs



		3.1.2. Infection Prevalence









		3.2. Model Results



		3.2.1. Ascaris lumbricoides



		3.2.2. Hookworm



		3.2.3. Trichuris trichiura



		3.2.4. Sensitivity of R0 to MDA and WASH Interventions Parameters



		3.2.5. Impact of Interventions on Infectious Materials in the Environment













		4. Discussion



		4.1. Study Limitations







		5. Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/fpubh-09-637866-g012.gif





OPS/images/math_2.gif
M
ft;ky) = M+ M1 —er)ft





OPS/images/fpubh-09-637866-g015.gif
%

%

o

O —





OPS/images/math_22.gif
Pphiphp + Pctichc + Patlada

R = s o lur = o 7 Bom s Bond)]

(14)





OPS/images/fpubh-09-637866-g014.gif
o

%

o

O ———





OPS/images/math_21.gif
1
m [(ﬁ,n, + Benc + Pamta) + L.

G s+ Ao+ B

Fyiphp + Benche + Pataha
(+ ) [ur + By + Bene + Pana)]






OPS/images/math_17.gif
HBi 2 i Roif (Mi; & y Imi.
oA M=0
1B X Roif (Mis k, y )i

uM; =
3 Bini





OPS/images/math_16.gif
HBi 2i Rof \Mi & y Jmi
S g "M (10






OPS/images/fpubh-09-637866-g011.gif
AT bt e g iy BT et UK P gy O3 My A P 56 5 ey






OPS/images/math_19.gif
-1 0 0 e

G | [My
L0 e || M
0 0 -1 M,

3

4 8¢ uw |LL
(o) Tuted) Tuvca) — ().





OPS/images/fpubh-09-637866-g010.gif





OPS/images/math_18.gif
2 iRoif Miz ko yomi |
. Bini -

for i=p.ca (1)





OPS/images/math_13.gif
U (Mp: k¥ Inphy +f(Mi K yInche + f(Mai by Inaha)
— 1L+ Bottp + fone + Pana)| L= 0

[25:/( 23 y)nm] - [u,_ + Xi:ﬁm] L=0





OPS/images/crossmark.jpg
©

2

i

|





OPS/images/fpubh-09-637866-g005.gif





OPS/images/fpubh-09-637866-g006.gif





OPS/images/math_37.gif
Bi 2 i Roif (Mis &, y)n.

M = ==

for i=pca  (24)





OPS/images/fpubh-09-637866-g003.gif





OPS/images/inline_5.gif
S





OPS/images/fpubh-09-637866-g004.gif





OPS/images/fpubh-09-637866-g009.gif





OPS/images/fpubh-09-637866-g007.gif





OPS/images/math_9.gif
KG—-JF—-1E)





OPS/images/fpubh-09-637866-g008.gif





OPS/images/math_10.gif
Bpttp + Pt + Pata) + L] [ (Mata)) (Pa
" "
[ G- )
‘1‘ [(ﬁ,n, + Benc + Patta) + pL — i(ﬁ,n,x, + Bench

¥ ﬂ.n.h.)]

Byttyhp + Pettche + Pattaha
wlir + Bonty + Bette + Panta)]





OPS/images/cover.jpg
, frontiers
in Public Health

Modeling the Interruption of the
Transmission of Soil-Transmitted
Helminths Infections in Kenya:
Modeling Deworming, Water, and
Sanitation Impacts





OPS/images/math_1.gif
T =Bl —uMy
e _B1— M.
e _ p.L— uM,
& = [Zof Mz k y)mini]
TS

m





OPS/images/math_12.gif
Zibniki g o ®)
s for i=p.c.a )






OPS/images/math_11.gif
Ppliphp + Pellche + PaMla’

= Wl + Bony + Bone + B






OPS/images/fpubh-09-637866-g001.gif
ENVIRONMENT

oy 1)

HUMAN HOST

Worms in PSAC
»vl 04y

worLe)

. ]y sty 63

P o

:

Worms i SAC
)

oAy

ﬂ

]y oty 3

s

Worms nadts
(A






OPS/images/inline_7.gif
Il





OPS/images/fpubh-09-637866-g002.gif





OPS/images/inline_6.gif
|ty





OPS/images/inline_9.gif





OPS/images/inline_8.gif





OPS/images/inline_4.gif
H

_ D)





OPS/images/inline_3.gif





