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Abstract

Background—The World Health Organization (WHO) has recently developed a predictive
model to evaluate the impact of preventive chemotherapy programmes to control the morbidity of
soil-transmitted helminths (STH). To make predictions, this model needs baseline information
about proportion of infections classified as low, moderate and high intensity, for each of the three
STH species, however the epidemiological data available are often limited to prevalence estimates.

Methods—We re-analyzed available data of 19 surveys in 10 countries and parameterized the
relationship between prevalence of STH infections and the proportion of moderate and heavy
intensity infections.

Results—The equations derived allow feeding the WHO model with estimates of the proportion
of the different classes of infection intensity when only prevalence data is available.
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Introduction

Soil-transmitted helminths (STH) are a group of intestinal nematodes composed by Ascaris
lumbricoides (roundworms), Trichuris trichiura (Whipworms), Necator americanus and
Ancylostoma duodenale (hookworms). STH infections adversely affect nutritional status and
impair cognitive processes [1]. The public health intervention recommended by World
Health Organization (WHO) for the control of morbidity associated with STH infections is
the periodic administration of the anthelmintic medicines (albendazole or mebendazole) in
areas where prevalence of any STH infection equals or exceeds 20% [2-3]. This intervention
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is referred to as preventive chemotherapy and is currently implemented in 58 countries
covering over 260 million children [4].

In order to facilitate the assessment of the performance of STH control activities, WHO
recently developed a mathematical model [5] based on Markov methodology [6].

Briefly, for each STH species, the model is based on:

1- The assignment of each individual in one of the four Condition States (CS)
corresponding to the four classes of infection intensity defined by WHO [7]:
zero eggs, infected at light intensity, infected at moderate intensity and infected
at high intensity.

2- The calculation of the transition probabilities (TP) for an individual in one class
of intensity, to remain in the same class of intensity or to change class during
one year period of implementation of the control programme. We assumed that
the TP are constant over time.

This model predicts the changes in prevalence of STH infections occurring over time during
a control programme by applying multiple times the TP to the new CS. Figure 1 provides a
graphical representation of the model in the case of hookworms. By comparing changes
occurring in the context of their programmes with the references generated by the model,
programme managers can therefore assess the performance of activities implemented.

While the model requires entering prevalence of each class of intensity for each relevant
STH species, this information is not always available in the context of STH control
programmes. The purpose of this paper is therefore to describe the relation between total
prevalence and prevalence of infections of light, moderate and heavy intensity. Different
authors have described the relationship between prevalence and intensity of infection [8,9]
but this has never been done for the WHO classes of infection intensity [7].

Material and methods

We reviewed the available literature and contacted authors and other experts, requesting raw
data from baseline surveys of STH infection. We limited ourselves to only baseline surveys
— that is, surveys taken before the start of any control intervention. Our database included
data from 18 surveys conducted in 10 countries: Afghanistan, Brazil, Cameroon, Cambodia,
Ethiopia, Guinea, India, Lao PDR, Tanzania and Vietnam. The great majority (98%) of the
data was collected from school-aged children. In total, the number of individual data
analysed was 23 758, and the average number of individuals in each survey was 1 303 (range
350 — 3 436). Table 2 summarizes the sample size, diagnostic method applied and the
population surveyed. Details of the different surveys are reported elsewhere [10-16].

In 73% of the surveys (13/18) the parasitological laboratory method was the McMaster [17]
and in the remaining cases the Kato Katz [18-19]. The two methods demonstrated a strong
correlation especially in the classification of each infection in classes of intensity [20].

For each survey and each parasite we extracted from the available raw data:
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. the total prevalence of infection;
. the prevalence of infection of light intensity
. the prevalence of infection of moderate intensity;
. the prevalence of infection of heavy intensity.

The data were recorded in Microsoft Excel (version 14.0) and imported into R (version
3.0.2) for further analysis.

Association between infection prevalence and infection intensity was estimated in a
multinomial logistic regression (MLR). MLR is used to predict categorical placement in a
dependent variable where more than two outcomes are possible, based on at least one
independent variable [21]. In this study the three infection intensities represent mutually
exclusive outcomes for infected individuals. Prevalence of each infection intensity in a
population was measured as the probability of observing that intensity in a population given
total infection prevalence. Conditional probabilities (proportion of individuals among the
infected) were used to ensure that the prevalence of all three intensities sums to total
prevalence. To derive the multinomial logit model, one of the three outcomes (in this case
light intensity infection) is chosen as the reference outcome. Two independent binary
logistic regression models are then run, one for each of the remaining two outcomes,
moderate and heavy intensity. The regressand is the log risk ratio between the moderate (or
heavy) intensity and light intensity infection. The regression model is shown in equation 1.

In[7(y;=k[xi) /7 (yi=r[xi)|=Ba+P2xi  (equation 1)

Where

y = outcome in population i

k = categorical outcome (moderate or heavy intensity infection)
x = total prevalence in population i

r = reference outcome (light intensity)

Exponentiating the right hand side of the equation gives the risk ratio between moderate
(heavy) and light intensity infection. The probability of moderate (heavy) infection is then
derived by dividing the risk ratio by the probability of the light intensity infection, as
presented in equation 2.

(yi=k[xi)=exp(Bi1+Praxi)/m(yi=r[xi) (equation 2)

The prevalence of light intensity is given by equation 3, derived from the fact that the
prevalence of all three intensities must sum to one.
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m(yi=rlx)=1/(1+ - exp(Bia+Bi2xi)  (equation 3)

Details on theory behind multinomial logistic regression can be found in the statistics
literature [22].

Values were then converted to joint probabilities to present prevalence of intensity as a
proportion of the total population. All studies were assigned equal weights when running the
regressions. Results were compared to those obtained when studies were weighted by
sample size.

Different transformations of total prevalence were considered for the best possible fit: total
prevalence squared, the square root of total prevalence, the natural logarithm of total
prevalence, and the gamma exponential and the logistic transformations of total prevalence.
Other independent variables were also considered. The effect of income level on the
prevalence of moderate and heavy intensity was considered by adding countries’ national
Gross Domestic Product (GDP) per capita in constant US$ (2005 prices) at the time of each
study.[23] GDP per capita could serve as a proxy for water and sanitation coverage and
school attendance. Other variables, such as age of children tested were not taken into
account as the lack of information would have further reduced the number of studies
included.

Relative goodness of fit was measured using Akaike’s information criterion (AIC) [24]. AIC
compares quality of a models taking into account model deviance and the number of
parameters. Lower values indicate better fit. AIC was used to select the best-performing
model. The results of the best-performing models are presented for each species of helminth
in Table 3.

McFadden’s pseudo R? (pseudo-R2pcradden) Value was used as an objective measure of
goodness of fit [25]. It suggests the level of improvement over the null (intercept) model
offered by the full model. The null model assumes that the proportion of infected individuals
suffering from moderate and heavy infection does not vary with total prevalence. pseudo-
R2McEadden Fanges from 0 tol, but, unlike R2 in ordinary linear regression, values tend to be
significantly lower: pseudo-R?ceadden between 0.2 and 0.4 indicate excellent fit [26].

MLR does not assume normality or homoscedasticity and so confidence intervals cannot be
derived from standard error of parameters like in ordinary linear regression. We calculated
the 99% prediction intervals of the regression line by bootstrapping. Each study was
assigned 1000 random weights from a uniform distribution (0,1). We ran the regression
model 1000 times, made 1000 predictions, and extracted the mean, 0.5 and 99.5t
percentiles of these 1000 predictions, for the best estimate and 99% prediction interval.
Sensitivity of the regression model to sample size was assessed by weighting the studies by
sample size and re-running the regression. The prediction interval was obtained by
multiplying the randomly assigned weights by sample size N.

The full list of R packages used in this analysis is referenced in appendix 1.
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Results

The nine multinomial curves and the regression coefficients obtained from models with the
lowest AIC are presented in figure 2 and in table 3. GDP per capita did not improve the
predictive power of the models.

The curves and coefficients allow us to estimate graphically or mathematically the
prevalence of heavy, moderate and light intensity infections for each STH parasite, starting
from the total prevalence of infection. Moderate and heavy infection are of particular value
from the public health point of view because the individuals in these categories are the ones
suffering more for the morbidity caused by these infections [3] and are the target of the STH
control activities that aim at eliminating the infection as a public health problem (i.e.
eliminating the morbidity) [27]. In the case of hookworm a prevalence of infection of 75%
(0.75) graphically corresponds to a prevalence of about 7 % (0.07) of infection of moderate
intensity and 2 % (0.02) of infection of heavy intensity. Using the appropriate transformation
of total prevalence and the regression coefficients in table 3 one can use equations 1-3 to
compute the more precise result of 6.4% and 2.7% respectively. A table of prediction values
for all three helminths is presented in appendix 2. The predicted values for all three worms
across the range of total prevalence between 0.01 and 1 is presented in appendix 3. Results
for total prevalence greater than 58%, 94% and 98% for A. /lumbricoides, hookworm and 7.
trichiura respectively should be interpreted with caution as they span beyond our dataset.

The standard errors of coefficients are provided in table 3. It is important to note that
confidence intervals cannot be derived from these standard errors in the same way as
ordinary linear regression because MLR does not assume normality or homoscedasticity.
Prediction intervals were derived as described in the methods and are presented as shading
in figure 2.

Table 2 quotes pseudo-R2ceadden Values for each model. The 7. trichiura model provides
the best fit, with a pseudo-R2pcradden OF 0.19 indicating a very good fit[26]. The models for
A. lumbricoides and hookworm exhibit lesser goodness-of-fit. Parameters of the model
derived by weighting studies by sample size were close to those in the original model. The
table of coefficients and regression graphs are presented in appendix 3. Furthermore,
predicted prevalence values were identical to the nearest percentage point to those obtained
with the original, unweighted model.

Discussion

The results of this paper will allow national control programmes to estimate the prevalence
of moderate-intensity infections and that of heavy-intensity infections starting from the total
prevalence of each STH parasite. The parasite-specific equations will feed the STH Markov
model [5] in cases when the prevalence of infections of light, moderate and heavy intensity
is not known by programme managers. The changes in STH prevalence occurring
throughout the duration of disease control activities can therefore be predicted, even though
estimations obtained using this approximation will probably be less precise that those
obtained when data on infection of moderate and heavy intensity are known.

Trans R Soc Trop Med Hyg. Author manuscript; available in PMC 2017 September 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Montresor et al. Page 6

There are limitations to the use of our results for this purpose. We utilized datasets in which
the total prevalence and the prevalence of each class of intensity was evaluated with a single
stool examination conducted either with the Kato-Katz method or with McMaster method.
We recognize the low sensitivity of this methodology if compared with multiple samples of
the same specimen and multiple days sampling of the same individual [28]. Measurement
error in the independent variables can bias regression parameters towards zero, a statistical
problem known as regression dilution. Several statistical techniques can be used to address
regression dilution. However, the single sample is the method recommended by WHO [29]
for surveys and is universally used in the monitoring and evaluation of deworming
programmes; sensitivity of the tests used in our studies is therefore identical to that used in
practice. Low sensitivity of the diagnostic technique will thus appear as noise, rather than
bias, and correction for regression dilution is not recommended [30]. Bias will arise only if
the models derived in this study are used to estimate the classes of intensity in programmes
that use higher-sensitivity STH diagnostic techniques.

All the surveys utilized to calculate the curves and the equations for A. Jumbricoideshad a
prevalence of infection inferior to 62% (see figure 2). We expect therefore that the
estimations obtained with the corresponding equations to be less precise when the
prevalence for A. lumbricoides is over that limit (i.e. over 62%). The model predicting
intensity of 7. frichiura has stronger predictive power than the remaining two models, which
could be attributed to the sample size or factors not captured by the model. Nevertheless, all
points appear to be within or in close proximity to the prediction intervals.

An additional observation of our study is that infections of heavy intensity are absent when
the prevalence of any STH infection is less than 20%. This fact justifies WHO’s current
recommendation of implementing preventive chemotherapy when prevalence of any STH is
over 20%, as the focus of the WHO strategy is on control of morbidity, and morbidity is
negligible if intensity of infection is low [2, 3]. Although the significance of the 20%
threshold had been empirically recognized by the community of experts for a number of
years [31], this is the first demonstration from a large sample of individuals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Graphical representation of the Markov Model applied to hookworm infection data from

Vietnam. The circles represent the four possible condition states (CS) and arrows represent
the transition probabilities (TP) from one CS to another during one year of intervention.
For example in the case of individuals with “zero eggs” after the first year of intervention
87% of them remain not-infected, 10% became infected at light intensity and 2% became
infected at moderate intensity.
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Figure 2.
Relationship between the prevalence of infection and prevalence by intensity.

Multinomial logistic regression with equal weights assigned to all studies; grey bands
represent the 99% prediction intervals, size of points is proportional to study sample size.
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Table 1
Classes of intensity of STH infections
STH specie Uninfected (epg) Light-intensity Infections (epg) Moderate-intensity infections (epg)  Heavy-intensity infections (epg)
A. lumbricoides 0 1-4999 5000 - 49 999 >50 000
T. trichiura 0 1-999 1000 -9 999 >10 000
Hookworms 0 1-1999 2000 - 3999 >4 000

epg = eggs per gram of faeces.
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Details of the surveys included in this study

Page 12

Country Year | Samplesize | Laboratory method used | Population surveyed | Data collected at | Reference
Guinea 1997 1606 | Kato Katz SAC Baseline* 10
Tanzania (Zanzibar) | 2003 3436 | Kato Katz SAC Baseline* 11
Afghanistan 2004 1000 | Kato Katz SAC Baseline* 12
Lao PDR 2004 2885 | Kato Katz SAC Baseline* 13
Vietnam 2008 367 | Kato Katz WCBA Baseline* 14
Brazil 2011 350 | McMaster SAC Baseline* 15
Cambodia 2011 1018 | McMaster SAC Baseline* 15
Cameroon 2011 1483 | McMaster SAC Baseline* 15
Ethiopia 2011 412 | McMaster SAC Baseline* 15
India 2011 3274 | McMaster SAC Baseline* 15
Tanzania (Mainland) | 2011 508 | McMaster SAC Baseline* 15
Vietnam 2011 1779 | McMaster SAC Baseline* 16
Brazil 2012 980 | McMaster SAC Baseline* 16
Cambodia 2012 1023 | McMaster SAC Baseline* 16
Cameroon 2012 709 | McMaster SAC Baseline* 16
Ethiopia 2012 693 | McMaster SAC Baseline* 16
Tanzania (Mainland) | 2012 698 | McMaster SAC Baseline* 16
Vietnam 2012 1537 | McMaster SAC Baseline* 16
TOTAL 23758

SAC =School Age Children
Baseline*= before initiation of control activities

WCBA= Women of Child Bearing Age
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Table 3

Statistical models predicting the prevalence of light, moderate and heavy intensity infections from total
prevalence. Coefficients describe the relationship between the transformation of total prevalence f(x) and log
of the relative risk between moderate or heavy infection and light infection In[w(y;=k|x;)/m(yi=r|X;) (see
equation 1 for details). Negative intercepts indicate that when total prevalence is zero, log of the risk ratio is
negative. In other words the prevalence of light intensity infection is expected to be higher than the prevalence
of moderate or heavy infection. Furthermore, please note that when total prevalence is 0, predicted prevalence
is also O for all three infection intensities regardless of the intercept. This is achieved by regressing prevalence
conditional on infection, then multiplying it by total prevalence to convert it to prevalence among the whole
population. Coefficients for light infection are not included as light infection prevalence is derived from
moderate and heavy regressions (see equations 2-3). se = standard error of coefficients; glogis (total
prevalence) = logistic transformation of total prevalence

A. Lumbricoides Hookworm T. trichiura
f(x) glogis(total prevalence) glogis(total orevalence) glogis(total prevalence)
Outcome Moderate infection  Heavy infection  Moderate infection  Heavy infection Moderate infection  Heavy infection
Coefficient 0.5005658 0.7736967 0.4997493 0.7000658 0.471674 0.4993203
(se coefficient) [0.4891418] [1.9563929] [0.6744374] [1.1064873] [0.3380304] [1.8711727]
Intercept -0.5078976 -2.8866398 -2.885889 -3.967145 -1.589407 -5.394194
(se intercept) [ 0.7403698] [2.0053610] [1.232455] [2.165248] [0.7698707] [4.6762308]
pseudo-R2 0.08170531 0.1024159 0.1810675
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