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1. Definitions

Table A. List of terminology and definitions used in the manuscript.

Terminology

Definition

Mf-positive person

Someone who is positive for Onchocerca volvulus microfilariae (mf) in a
single skin snip test.

APOC project

A geographical implementation unit for community-directed treatment
with ivermectin (CDTi) under the formerly African Programme for
Onchocerciasis Control (APOC). Each APOC project has its own
organisational structure responsible for implementing the recommended
CTDi strategy [1]; a list of all APOC projects is available in Supplement S3.

Onchocercal eye disease
(OED)

Functional visual impairment or blindness. Following the WHO criteria, we
define visual impairment as visual acuity in the range from worse than
6/18 to 6/60 and equal to or better than 3/60 in the better eye, which
covers both moderate and severe visual impairment. According to the
same guidelines, blindness was defined as visual acuity of less than 3/60
or a restriction of visual field to less than 10° in the better eye [2].

Onchocercal skin disease
(0OSD)

We considered six different subtypes of onchocercal skin disease (0SD),
namely severe itch, reactive skin disease, palpable nodules, hanging groin,
atrophy (<50 years of age), mild and severe depigmentation. We applied a
publicly available clinical classification and grading system [3] to define
the conditions.

P5-project

A combination of all areas in a country that are considered to be
hypoendemic for onchocerciasis (based on REMO surveys showing nodule
prevalence levels between 5% and 20%), that were not part of previously
defined APOC projects, and that are likely to require treatment or other
interventions for the purpose of onchocerciasis elimination [4].

P20-project

A combination of all areas in a country that are considered to be hyper-
and mesoendemic for onchocerciasis (based on REMO surveys showing
nodule prevalence levels of >220%), that were not part of previously
defined APOC projects, and that are targeted for MDA for the purpose of
onchocerciasis elimination [4].

Pre-control onchocerciasis
endemicity levels

Onchocerciasis endemicity levels to which simulations were aggregated in
our analysis are based on cut-offs in pre-control microfilariae prevalences
(all ages) as defined by Prost et al [5]: hypoendemic (<35%),
mesoendemic (235% - <60%), hyperendemic (260%-<75%), and very
hyperendemic (275%).




2. Data

2.1 Pre-control infection levels

We used a previously published raster map of the pre-control prevalence of onchocercal palpable
nodules across 19 APOC countries (Angola, Burundi, Cameroon, Central African Republic, Chad,
Congo, Democratic Republic of Congo, Equatorial Guinea, Ethiopia, Gabon, Kenya, Malawi,
Mozambique, Nigeria, Rwanda, South Sudan, Sudan, Tanzania, Uganda), based on Rapid
Epidemiological Mapping of Onchocerciasis (REMO) [6,7]. REMO surveys were carried out by APOC
in a spatial sample of >14,000 villages, examining 30-50 adults for infection with onchocerciasis by
assessing the presence of sub-cutaneous onchocercal nodules. Two APOC countries were found
negative for Onchocerca volvulus infections (i.e. Kenya, Rwanda) [6] and were omitted from our
analysis. We obtained the pixel-level infection data, and stratified each APOC project over six
endemicity categories (Table B) by mean microfilariae (mf) prevalence to capture non-linearities
between prevalence of infection and morbidity. We report results stratified by four endemicity

categories, such as defined by Prost et al. (1979) [5] (Table A).

Table B. The estimated population at risk of onchocerciasis infection living in countries formerly
under the APOC-mandate stratified over six endemicity categories. Population at risk for the year
1995 is based on a geostatistical analysis of REMO data combined with census data on the size of the
population at risk in each geographical implementation unit. We then corrected the population
densities of 1995 to 1990 (see section 2.2). Population numbers for the year 2030 are based on the
assumption that populations grow by 2.75% each year and that the population does not move
significantly between the different endemicity levels. Onchocerciasis endemicity levels are based on

previous classification by Prost et al. [5] (Table A).

Endemicity = Cut-offs for prevalence Population at risk
Onchocerciasis category for  of skin microfilariae in (millions)
endemicity levels which analysis  the general population
were performed (all ages) 1990 2030
Hypoendemic 1 > 1% - <35% 49.3 145.8
Mesoendemic 2 235%-<47% 13.3 39.2
3 247% - <60% 8.7 26.5
Hyperendemic 4 260% - <66% 2.9 8.7
5 266% - <75% 3.1 9.3
Very hyperendemic 6 275%-100% 1.6 4.7
Total 78.9 234.4




2.2 Population size

The population size per APOC project for 1995 was previously collected through a census conducted
by community drug distributors for estimating the amount of ivermectin required in mass
treatments. For projects where such information was not available, we used the population sizes as
previously estimated and published by others [4,8]. We were interested in the population size for
1990 as some APOC projects already initiated treatment between 1990 and 1995. To correct the
population size from 1995 to 1990, we used data from the United Nations Population Division [9].
On the basis of these data, we assumed an annual population growth of 2.75%. The pre-control
population size for the year 1990 per APOC project was calculated by multiplying (1/1.0275)"5 with
the available population size in 1995 (reduction in population size between 1995 and 1990). We
estimated the population density for 2020 and 2030 by multiplying the pre-control country-specific
population sizes by an assumed annual population growth factor of 1.0275”¢t, where t is the time in

years.

2.3 History of control

We used a previously published APOC treatment database which contains information on pre-control
endemicity, MDA start year, MDA frequency per year, and treatment coverage per APOC project up
to November 2013 [8]. We adopted a recently updated version of the MDA data which includes some
additional projects that were previously categorised as not requiring MDA, but do require MDA after
all as described elsewhere [4]. For APOC projects where MDA was expected to start between 2013
and 2017, we consulted the ESPEN portal and corrected MDA start year where possible [10]. We also
considered ivermectin distribution for lymphatic filariasis (LF) in areas that were endemic for both
LF and onchocerciasis. For areas that initiated MDA before 2017 according to ESPEN, we assumed
that MDA will continue until at least 2030 at the same coverage and frequency as previously reported
[4,8]. For mesoendemic and hyperendemic areas that were not yet under MDA by 2017, according to
ESPEN (in 2018), we assumed MDA initiation by 2019, irrespective of any feasibility concerns (e.g.

post-conflict, Loa loa).

The WHO recommended in 2020 to suspend all epidemiological surveys and MDA activities for
Neglected Tropical Diseases tackled by preventive chemotherapy and transmission control (PCT)
due to severe acute respiratory syndrome coronavirus 2 disease 2019 (COVID-19) pandemic [11].
This has led to severe disruptions of MDA programmes throughout all onchocerciasis-endemic

countries. To account for the COVID-19 pandemic in our analysis, we have set the therapeutic



coverage of MDA in the year 2020 to zero for all APOC projects; in case bi-annual MDA was provided

both rounds were assumed to be missed.

We further assumed that untreated hypoendemic areas suspected of loiasis co-endemicity (“P5
areas”, Table A) will remain untreated until at least 2025. This is in accordance with the Mectizan
Expert Committee/Technical Consultative Committee (MEC/TCC) guidelines that recommended
modified individual treatment rather than MDA in areas hypoendemic for onchocerciasis with known
or suspected loiasis [12]. Hypoendemic areas that are non-endemic for loiasis were assumed to start
MDA by 2023 with population coverage levels as reported by Kim et al [8]. The underlying
assumption is that L. loa-free hypoendemic areas will start additional mapping of onchocerciasis-
endemic areas earlier than loiasis-endemic areas and will be able to start MDA more rapidly due to

absence of implementation obstacles related to loiasis.

For APOC projects with a history of civil war (e.g. South Sudan from 1982 to 2005 and from 2013 to
2018; CAR from 2004 to 2007 and from 2012 to present), the treatment history was defined as
follows. We assume that the impact of civil war on treatments before 2013 has been accounted for in
the CDTI database through 2013 [13]. For MDA coverage of South Sudan and CAR since 2013, we
consulted the ESPEN portal [10]. When the MDA coverage was unknown or not reported (mostly
between 2013 and 2016), we assumed no MDA was provided. The mean coverage per region (i.e.
APOC project, first administrative level) was calculated by averaging reported coverages over
implementation units (IU, second administrative level of the countries) in the region, discarding

reported coverages of >100%. [14]

The treatment history in Liberia, which was not included in the CDTi database by Kim et al. [8] and
experienced civil war between 1989 to 2003, was characterised as follows. The ESPEN portal only
started recording MDA coverages in Liberia since 2015. ESPEN did report cumulative MDA rounds in
Liberia ranging between three to 11 rounds by 2013 (meaning that MDA likely started between 2002
and 2010 in most IUs) [10]. Due to civil war, we assume that country-wide MDA programmes started
in 2004 with an average therapeutic coverage of 60%, which increased to 70% between 2007 and
2009 and to 82% since 2010. These assumptions on therapeutic coverage over time are based on
data from the Ministry of Health in Liberia [15]. Liberia was severely affected by an outbreak of Ebola
Virus Disease (EVD) between 2014 and 2015 [16]. ESPEN reports a country-wide therapeutic
coverage of 49% in 2015, so we adapted this coverage also to 2014 to account for the EVD outbreak.



We applied the reported MDA epidemiological coverages between 2015 and 2019, as reported by
ESPEN. MDA coverage of ivermectin distribution was averaged, as described above. We assumed that
all NTD programmes were suspended in 2020 due to the COVID-19 pandemic, including all MDA
activities. We further assume that the MDA coverage for 2021 to 2030 remains on average stable
similar to the reported coverage of 2019. REMO surveys estimated that the population at risk for
onchocerciasis in 1999 was 1.1 million [15], and this number was used to estimate the population at

risk in 1995 using the UN population division growth factor [9].

In addition, in the current study we also consider that vector control was systematically implemented
on the island of Bioko (Equatorial Guinea) [17,18]. In Uganda, an onchocerciasis elimination policy
was launched in 2007 with the objective to eliminate onchocerciasis through bi-annual treatment
with ivermectin using MDA and/or vector control/elimination [19,20]Most endemic districts in
Uganda were henceforth treated bi-annually with ivermectin MDA since 2007. For APOC-projects
Phases I to IV and P5Uganda, we assumed bi-annual MDA since 2007. As there were some remaining
endemic foci that started MDA bi-annually at a later timepoint, we assumed that bi-annual MDA
started in 2012 for Phase V. In addition, Uganda applied focal vector control over its various APOC
projects (i.e. temephos river larvaciding, ground larvaciding, and trapping crabs)[20-22]. As result,
vector control was applied in various endemic foci in Uganda through monthly or two-monthly cycles
during different time periods for different durations (many foci applied vector control for a combined
total duration of two or three years). Several vector control efforts were already initiated in
1994 /1995. We account for local vector control in Uganda by simulating three continuous years of
vector control during the initial years of vector control between 1994 and 1997. In many foci in
Uganda, transmission of onchocerciasis has been interrupted and in some foci the disease has been

eliminated [20-25].

A similar MDA database was also used to evaluate the impact of MDA on the number of
onchocerciasis-loiasis co-infections in sub-Saharan Africa [4], but we made some further
improvements accounting for security issues due to civil war, COVID-19, bi-annual MDA, and vector
control. However, the MDA start year for several APOC projects used in this study deviates from the
earlier published database [13]. See S4 Text for the APOC treatment database, used to simulate the
impact of MDA and vector control on the prevalence of 0. volvulus infection and onchocercal

morbidity within each APOC project.



3. Mathematical modelling

3.1 Model background

We used the mathematical model ONCHOSIM to predict trends over time in the prevalence of
infection and a wide range of clinical manifestations due to onchocerciasis. ONCHOSIM is a well-
established mathematical model for simulating transmission and control of onchocerciasis in a
dynamic population [26]. A detailed formal description of ONCHOSIM has been published elsewhere
[27]. As previously, individual host participation in preventive chemotherapy was assumed to be a
mix of random and systematic participation (some people are more inclined to participate than
others). Ivermectin is assumed to clear 100% of the mf from the host, and to permanently reduce the
capacity of female worms to produce mf by, on average, 34.9% [25]. We further assumed that
treatment temporarily stops mf production by adult female worms altogether; mf production then
gradually recovers over a period of 11 months on average. As in previous modelling exercises

[26,28,29], we assumed no effect of ivermectin on prepatent worms.

3.2 Generic disease module

A new model extension for simulating morbidity due to onchocerciasis in ONCHOSIM (WORMSIM
version 2.76) was recently developed and quantified, and is described elsewhere [27]. In short, the
disease module allows simultaneous simulation of multiple subtypes of clinical manifestations (i.e.
severe itch, reactive skin disease, palpable nodules, hanging groin, atrophy (<50 years of age), mild
and severe depigmentation, and vision loss). The module allows conditions to be reversible or
irreversible, and/or to be part of a continuum of manifestations (i.e. depigmentation: mild and severe
depigmentation; vision loss: visual impairment and blindness), taking account of excess mortality

due to blindness.

Within the new morbidity module, clinical manifestations due to 0. volvulus infection are assumed to
be caused by the death of mf triggering inflammatory reactions (e.g. by the release of Wolbachia)
(skin and eye manifestations), or presence of adult female worms (palpable nodules). For each
individual, the morbidity module keeps track of a “tissue damage” counter, which increases as a
function of mf death or presence of adult female worms. The process of damage accrual is modelled
in terms of three parameters per clinical manifestation: a damage threshold for the minimum amount
of tissue damage associated with presence of the symptom, a regression rate for healing of tissue
damage, and the level of inter-individual variation in susceptibility to tissue damage development.

Together, these three parameters determine the shape of the community-level association between
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prevalence of infection and a specific condition or continuum of clinical manifestations, as well as age
patterns in morbidity at given levels of infection in the community. More information about the
biological assumptions and implementation of these disease parameters in the model can be found

elsewhere [27].

The pre-control association between the age-patterns in prevalence of each subtype of onchocercal
skin disease (0SD) was quantified using data from a large multi-country dataset originating from
forest areas [27]. Palpable nodules, severe itch and reactive skin disease (RSD) were considered to
be acute, reversible clinical manifestations where regression of symptoms can occur after ivermectin
treatment. The speed of reversion was calibrated using longitudinal trends in the prevalence of
infection and morbidity after initiation of MDA [30,31]. The pre-control prevalence of onchocercal
eye disease (OED) was quantified using various datasets on the community-level prevalence of
infection and morbidity from forest and savanna areas [32-39]. Both stages of vision loss (visual
impairment + blindness) were considered to be irreversible. More details on parameter

quantifications for morbidity can be found elsewhere [27].

3.3 Simulations per APOC project

We divided each APOC project into six endemicity categories (Tables A and B) and for each category
calculated the mean mf prevalence across pixels [6]. Next, in ONCHOSIM we calibrated the parameter
for relative biting rate (rbr) to reproduce the mean pre-control mf prevalence in each project and
endemicity category. As in previous ONCHOSIM modelling studies [8,26,29,40], exposure
heterogeneity was set at k = 3.5. The rbr parameter was calibrated by simulating pre-control mf
prevalences (all ages) for a grid of rbr values with steps of 0.01 (Fig A). Then, for each project and
endemicity category, we mapped the mean pixel-level mf prevalence to a value for rbr, using linear
interpolation. The corresponding rbr values were used in further simulations for the effect of MDA

on infection and morbidity.

S$3 Text provides an overview of the history of control and assumptions about future MDA used in
the simulations. We assumed that vector control reduced vector abundance by 97.5%. Due to the
absence of pre-control pixel-level data from the island of Bioko [6], based on literature we assumed
that the overall crude pre-control mf prevalence on the island was 75.2% [41]. To reproduce this

very high mean pre-control mf prevalence, we assumed that the island population was distributed



over the two highest endemicity categories (with average mf prevalence of 68.5% and 79.1%,

respectively) at a ratio of 25:43 such that average prevalence over the whole population was 75.2%.

Fig A. Association between relative biting rate (rbr, x-axis) and the pre-control mf prevalence (all
ages, y-axis) as predicted by ONCHOSIM. The level of exposure heterogeneity was set at k = 3.5.
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As ONCHOSIM cannot simulate stable infection with a community mf prevalence of below ~30%
(these simulations result in spontaneous fade-out of transmission), we calculated the manifestations
of disease prevalence in hypoendemic areas (endemicity level 1) as a ratio of the model-predicted
morbidity prevalence in mesoendemic areas (endemicity level 2) (Table B), as previously done [40].
To assess which ratio in morbidity prevalence between mesoendemic versus hypoendemic areas
would correspond to what is reported in the field, we performed a meta-analysis of published data
on the prevalence of various subtypes of skin manifestations in hypoendemic versus mesoendemic
areas [42,43]. For this purpose, we classified the different subtypes of skin manifestations in three
groups corresponding to similar levels of acuteness and reversibility: (1) acute, reversible conditions
(i.e. RSD and severe itch); (2) palpable nodules (i.e. slowly reversible); and (3) chronic, irreversible
conditions (i.e. hanging groin, atrophy, depigmentation). In the meta-analysis, we estimated the
relative difference in prevalence of aforementioned three groups of skin manifestations (i.e. using a
log link function), allowing for random effects to capture heterogeneity between the two studies as
well as between individual types of skin manifestations within each of the three groups. The results

of the meta-analysis are visualised in Fig B. Trends in mf prevalence in hypoendemic areas were
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derived by scaling trends for mesoendemic areas by the same amount as acute, reversible conditions,

as these two metrics follow each other closely over time [27].

For six APOC projects (i.e. NY Cuanza Norte in Angola, Jigawa and Zamfara in Nigeria, Sudan and
Sudan Abu Hamed in Sudan, Phase 2 in Uganda), the total population of the APOC project lived in
hypoendemic areas and thus would result in spontaneous fading out of transmission in the model.
To correct for this, we manually set an mf prevalence in endemicity level 2 (mesoendemic areas)
corresponding to the average mf prevalence of all endemicity level 2 APOC projects combined (here:
a mean mf prevalence of 39.4%). In this way, ONCHOSIM would be able to make predictions about
the infection and morbidity prevalence within these APOC projects for mesoendemic areas (level 2),
and then we could apply the ratio as provided in Fig B to estimate the prevalence of infection and
morbidity in hypoendemic areas as opposed to mesoendemic areas. The model-predicted prevalence

in mesoendemic areas (level 2) for these six APOC projects was further disregarded.
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Fig B. Results of the meta-analysis of published data [42,43] on the prevalence of OSD in

hypoendemic versus mesoendemic areas. The risk ratio (RR) represents the factor that should be

multiplied by the morbidity prevalence in mesoendemic areas for each corresponding clinical

manifestation to calculate the morbidity prevalence in hypoendemic areas.

Hypoendemic Mesoendemic
Symptom Cases Non-cases Cases Non-cases Weight(%) Risk Ratio [95% CI]
Palpable nodules
Murdoch et al. 2017
Nodules.2 04 2250 665 2427 H 10.04% 0.19[0.15, 0.23]

Murdoch et al. 2002
Nodules 1 84 1536 144 552 }—I—{

Summary RR of meta—analysis: Palpable nodules (Q = 3.10, df = 1, p = 0.08; P= 67.8%) .

Irreversible skin disease
Murdoch et al. 2017

Hanging groin_2 10 2334 44 3048 }—l—{

Any depigmentation 2 21 2323 83 3009 }—I—{

Atrophy.2 95 2249 148 2944 }-l{
Murdoch et al. 2002

Hanging groin.1 1 1619 1 695 ‘ = }
Any depigmentation.1 103 1517 28 668 M
Atrophy.1 3 1617 0 696 }7—’

Summary RR of meta-analysis: Irreversible skin diseases (Q = 32 60, df =5, p = 0.00; 2= 87.2%) ‘

Reversible skin disease
Murdoch et al. 2017

Severe itch 2 462 1882 754 2338 H
RSD.2 67 2277 172 2920 M
Murdoch et al. 2002

Severe itch.1 83 1537 130 566 }—I—{

RSD 1 150 1470 70 626 M

Summary RR of meta—analysis: Reversible skin diseases (Q = 6592, df =3, p=0.00; = 96.0%) ’

T
0.05 025 1
Risk Ratio

9.92%

8.12%
9.11%
9.93%

1.91%
9.39%
1.71%

10.23%
9.86%

9.90%
9.88%

0.25[0.19, 0.32]
0.21[0.16, 0.29]

0.30[0.15, 0.59]
0.33[0.21, 0.54]
0.85[0.66, 1.09]

0.43 [0.03, 6.86]
1.58 [1.05, 2.38]
3.01[0.16, 58.19]

0.66 [0.33, 1.32]

0.81[0.73, 0.90]
0.51[0.39, 0.68]

0.27 [0.21, 0.36]
0.92[0.70, 1.21]
0.57 [0.34, 0.97]

Note: There was some deviation in the clinical definition of severe itch between the Murchoch et al 2017 and 2002 studies.

In Murdoch et al 2017, itching was defined as any itch with clinically normal skin (i.e. no evidence of onchocercal skin

disease, nor any other itchy skin disease) [42]. In Murdoch et al 2002, itching was defined as troublesome itching with

insomnia to try to exclude itching from other causes than onchocerciasis [43].
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4, Disease burden calculation

In this section, we describe how the disease burden of onchocerciasis was calculated in terms of
disability-adjusted life years (DALYs), which are defined as the sum of Years Lived with Disability
(YLDs) and Years of Life Lost (YLLs) [44,45]. DALYs measure the time lost due to the effects of a
condition in terms of (1) the time spent disabled by a condition (YLDs), weighted by the severity of
the condition; and (2) time lost due to premature mortality by the condition (YLLs). One DALY

represents one year of healthy life lost [44,45].

4.1 Years Lived with Disability

YLDs were calculated by multiplying the model-predicted number of prevalent cases with symptoms
with a weighted severity level of the condition. These so-called disability weights have been
developed for a very wide range of conditions as part of the Global Burden of Disease (GBD) studies
[46,47]. The disability weights are estimated on the scoring of the severity of a health state by a
participant assessed through face-to-face, telephone and online surveys from nine countries across
all continents worldwide[44,48]. Although these is some variability in the scoring of disability
weights for vision loss and blindness between respondents due to various factors [49], we have used
the disability weights for visual impairment and blindness as most recently published by the GBD
[44]. As these conditions were designed to be generic and not necessarily specific to any particular
disease, we mapped each of the symptoms considered in this study to a condition associated with a
disability weight in the GBD project. For OED, we adopted disability weights for functional vision loss
directly from GBD (Table C). For OSD, we used a set of disability weights that were previously
compiled by the consulting experts on onchocerciasis for the GBD 2010 study (which included co-
authors Murdoch, Stolk, and Coffeng). This previously developed scheme considered three general
severity levels of OSD (0SD level 1: slight, visible physical deformity that is sometimes sore or itchy,
0SD level 2: visible physical deformity that is sore and itchy, OSD level 3: obvious physical deformity
that is very painful and itchy), each of which could be associated with itch or not. Where previously,
each of aforementioned severity levels encompassed a suit of OSD types, for our current analysis, we
mapped each specific subtype of OSD to one of the severity levels. The disability weights and lay

descriptions for each of the OSD types are shown in Table C.
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Table C. Disability weights and lay descriptions for each clinical manifestation attributable to
onchocerciasis. Disability weights are based on a previously published multi-country study by

Salomon et al. [44].

Clinical manifestations Assigned Lay description in GBD for the assignment of disability
disability weight
weight (95%CI)
Onchocercal skin disease (0SD)
Severe itch 0.188 Disfigurement with itch or pain: level 2. Person has a visible

physical deformity that is sore and itchy. Other people
stare and comment, which causes the person to worry. The
person has trouble sleeping and concentrating.

Reactive skin disease 0.048 Disfigurement: levels 1 and 2. See footnote."
(RSD)
Palpable nodules 0.011 Disfigurement: level 1. Person has a slight, visible physical

deformity that others notice, which causes some worry
and discomfort.

Depigmentation
Mild (partial) 0.011 Disfigurement: level 1. Person has a slight, visible physical

deformity that others notice, which causes some worry

and discomfort.

Severe 0.067 Disfigurement: level 2. Person has a visible physical

(complete) deformity that causes others to stare and comment. As a

result, the person is worried and has trouble sleeping and

concentrating.

Atrophy 0.011 Disfigurement: level 1. See above

Hanging groin 0.405 Disfigurement: level 3. Person has an obvious physical

deformity that makes others uncomfortable, which causes

the person to avoid social contact, feel worried, sleep

poorly, and think about suicide.

Onchocercal eye disease (OED)
Visual impairment 0.031 Distance vision: moderate impairment. Person has vision
problems that make it difficult to recognize faces or
objects across a room.

Blindness 0.187 Distance vision: blindness. Person is completely blind,
which causes great difficulty in some daily activities,
worry and anxiety, and great difficulty going outside the
home without assistance.

*RSD was defined as the presence of acute papular onchodermatitis (APOD), chronic papular onchodermatitis (CPOD),
and/or lichenified onchodermatitis (LOD). To account for the resulting mix of severities of reactive skin conditions, we
calculated an average disability weight, weighted by the prevalence of the three conditions in the multi-country dataset
(APOD: 7.44%, CPOD: 12.89%, LOD: 1.23%) [43]. The three disability weights used for APOC, CPOD, and LOD were based
on previous discussion with experts (dr. Michele Murdoch, professor Roderick Hay) for estimates by the Global Burden
of Disease. APOD was assigned the disability weight for disfigurement: level 1 and CPOD and LOD were assigned the
disability weight for disfigurement: level 2.

Concurrence correction of disability weights

To correct YLD estimates for potential concurrence of multiple symptoms in the same individual
(which can hypothetically lead to the sum of disability weights for concurring symptoms to exceed
1.0), we apply a multiplicative correction [50] to avoid overestimation of YLDs due to onchocerciasis

[51]. Previous work has shown that there was considerable overlap of onchocercal morbidity within
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individuals from a hyperendemic rainforest area of Cameroon, i.e. predominantly the occurrence of
RSD and severe itch [50]. Different subtypes of OSD may lead to similar expressions of disability, e.g.
stigmatisation (such as for depigmentation, hanging groin, atrophy, RSD) or low self-esteem due to
skin disfigurement (e.g. RSD, open wounds due to scratching as a result of severe itching) [52]. It has
therefore already been suggested by others that any overlap between clinical manifestations due to
the same disease should be taken into account in burden estimates [50,53-55]. We choose to add up
DALY estimates for OED and OSD without concurrence correction based on the notion that the two
groups of symptoms involve completely different mechanisms of imposing a burden on an individual
[50]. Any resulting potential overestimation of YLD will be limited because OED is relative rare

compared to OSD (i.e. the concurrence correction would only affect a small number of people).

As such, we used a multiplicative approach in the estimation of disability weights to correct for non-
random overlap of subtypes of OSD in the calculation of disease burden due to onchocerciasis. To do
this, we first simulated all possible combinations of subtypes of OSD using ONCHOSIM, after which
we obtained the prevalence of condition A and / or B (A|B), A|C, B|C, and A|B|C (here an example of
three conditions that potentially concur). We then calculated the number of cases by multiplying the
predicted prevalence with the population at risk. We could then calculate the number of cases with
condition A and B (AMB), AMC, BMC, and AMBMC (see Fig C). For example, condition AMB was
calculated by:

Condition AMB = (condition A(unc) + condition B(unc)) — condition A|B

Where:

Condition AMB = Persons with both conditions A and condition B

Condition A(unc) = Persons with at least condition A, and potentially also condition B and/or C.
Condition B(unc) = Persons with at least condition B, and potentially also condition A and/or C.

Condition A|[B = Persons with condition A and/or B.

In order to calculate the disability weight for each of the combinations of subtypes of OSD possible,
we used the disability weights as assigned to each clinical manifestation (Table C) and applied the
multiplicative model [53,54], using the following formula (here example of two concurrent

conditions):
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DWAMB = 1 — (1 — DwA) * (1- DwB)

Where:

Dwang = The disability weight of the combined presence of conditions A and B (A/MB).
Dwy = The disability weight of condition A as provided in Table C.

Dwg = The disability weight of condition B as provided in Table C.

The burden was then calculated by multiplying the corrected disability weight for each possible co-
morbidity with the number of cases of the respective concurring conditions (here an example of two

concurrent conditions):

Burden(AmMB) = Dwang * Cases condition A/hB
Where:
Burden (AMB) = the total burden of condition A and condition B, for which it is as yet unknown which
proportion of the burden is attributable to condition A and which proportion is

attributable to condition B.

As we were interested in the burden of each unique clinical manifestation separately, we calculated
the relative proportion of the burden attributable to each condition (here example: DALYA and

DALY3). This was done using the following equation (here an example of two concurrent conditions):

Relative proportion of YLD, out of the YLDpng = YLDpnB * ﬁ
and
Relative proportion of YLDy out of the YLD = YLDpng * %

The total DALYs for each clinical manifestation corrected for co-morbidity was then calculated by
summing for each possible co-morbidity the relative proportion of DALYs due to that subtype of OSD.
Based on a theoretical maximum correction approach in case of maximum non-random concurrence
of the six skin manifestations (i.e. severe itch, RSD, depigmentation, atrophy, hanging groin, palpable
nodules), we calculated a reduction of 6.7% in total YLDs for OSD as compared to the uncorrected
YLDs. To avoid the more than ten-fold increase in number of simulations required to perform the
concurrence for each project and endemicity category (i.e. to simulate all symptom combinations
AMBM ...), and yet be conservative, we simply applied the aforementioned maximum concurrence

correction for OSD of 6.7% to all projects and endemicity categories.
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Fig C. Venn diagram representing how the total burden of multiple clinical manifestations is
calculated, correcting for concurrency of symptoms using a multiplicative model. Here we used an
example of three clinical manifestations only. Here, the total number of YLD would be 57.3 when not
accounting for concurrence (i.e. calculating the burden for each symptom separately and then

summing up), and is 55.9 (-2.3%) when correcting for concurrence with the multiplicative model.

AMB

Severe itch (A) Dw: 0.227 RSD (B)
Dw: 0.188 N: 12 Dw: 0.048
N: 25 YLD: 2.63 N: 20
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Dw: 0.011
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YLD: 2.47

4.2 Years of Life Lost

The YLL measure captures the years of life lost due to premature mortality compared to the
remaining life expectancy based on a counterfactual life table for a person of the same age but without
the condition [56]. Of all the clinical conditions considered in this analysis, blindness is the only
condition that has been associated with excess mortality [57,58]. We therefore calculated the YLLs

for blindness only, stratifying by bioclimate (savanna vs forest areas) and the six endemicity levels.
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Because ONCHOSIM itself does not provide output on life years lost or moment of death due to excess
mortality, we estimated YLLs from ONCHOSIM output on prevalence of conditions using Sullivan life

table methodology.

The counterfactual life table for individuals unaffected by onchocercal blindness was derived from
the age distribution in sub-Saharan Africa as estimated by the UN Population Division for the year
2000 [59]. This life table was also used to simulate human demography in ONCHOSIM (Fig D). For a
life table of individuals who are affected by onchocercal blindness, we calibrated age-specific excess
mortality rates such that the life table reproduced the reduction in life-expectancy for blind
individuals as simulated in ONCHOSIM (i.e. a reduction of 50%). As the average age of onset of
onchocercal blindness depends on the endemicity (more highly endemic means younger average age
of onset) and pathogenicity of the parasite strain (forest vs. savanna bioclimate), the number of YLLs
per prevalent case of blindness was calculated by age, endemicity category, and bioclimate. Table D

provides a summary of the total number of YLLs per endemicity category and bioclimate.

Fig D. Human cumulative survival probability (y-axis) in ONCHOSIM by age (x-axis).
1
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Table D. Estimated absolute number of pre-control Years of Life Lost (YLL) due to blindness,

stratified by onchocerciasis endemicity levels and bioclimate.

Cut-offs for prevalence of skin

Onchocerciasis Population size YLL per prevalent case of
microfilariae in the general
endemicity levels (millions) blindness*
population (all ages)
Forest Savanna
Hypoendemic > 1% -<35% 49.3 4.327 6.631
Mesoendemic 235%-<47% 13.3 5.632 6.870
247% - <60% 8.7 6.173 7.298
Hyperendemic 260% - <66% 2.9 6.265 7.766
266% - <75% 3.1 6.721 8.243
Very hyperendemic 275%-100% 1.6 7.287 8.774

* As ONCHOSIM does not produce output on the number of new cases but only prevalent cases of blindness, years of life
lost was calculated and expressed per prevalent case. These estimates are should be considered approximate as they are

based on Sullivan life table analysis comparing two cohorts of blind and non-blind people in an equilibrium situation.

5. Sensitivity analysis

We performed univariate sensitivity analyses to assess the impact of biological and programmatic
assumptions used in our analysis on the estimated number of cases with skin mf and onchocercal
morbidity by 2030. An overview of the assumptions (and alternatives) assessed in these sensitivity

analyses is presented in Table E.

Fig E-G present the estimated number of cases with mf-infection and morbidity by 2030 taking
account of alternative assumptions as compared to baseline assumptions. The predicted number of
cases with infection (mf-positivity and palpable nodules) by 2030 (Fig E-F) will increase
considerably if MDA coverage is systematically being over-reported. We predict between 2,534
thousand and 6,375 thousand more mf-infected cases by 2030 in case of a 10% point or 20% point
over-reporting of MDA, respectively, over the full duration of the MDA provided, and between 706.8
thousand and 1,894 thousand more cases respectively with palpable nodules. MDA over-reporting
impacts the estimated number of cases with OED by 2030 to a lesser extent, as the development of
clinical eye damage is much more progressive, yet we still predict between 41.2 thousand and 88.5

thousand more OED cases by 2030.
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Table E. Biological and programmatic parameters assessed in the sensitivity analysis.

Parameter Value in main analysis Values in sensitivity analysis
Fraction of the population 0 1% 5%
permanently excluded from
MDA
Reduction in remaining life 50% 40% 60%
expectancy at onset of
blindness
Regression rate of eye 0 0.01" -
damage

Scaling factor for morbidity
prevalence in hypoendemic
areas relative to
mesoendemic areas*

Mf infection (all ages) 0.57 0.33
Worm infection 0.57 0.33
Acute conditions (RSD 0.57 0.33
and severe itch)
Palpable nodules 0.21 0.33
Chronic conditions (HG, 0.66 0.33
atrophy, DPM, vision
loss)
Over-reporting of MDA None 10 percentage 20 percentage
coverage points points
Start of MDA in hypoendemic L. loa-endemic areas: roll- L. loa-endemic L. loa-endemic
areas without MDA up to outin 2025; areas: roll-out in areas: roll-out in
2017 2024, 2026;
L. loa non-endemic areas: L. loa non-endemic L. loa non-endemic
roll-out in 2023. areas: roll-out in areas: roll-out in
2022 2024
Impact on MDA due to COVID- No MDA provided in 2020 MDA provided as usual
19 pandemic (one or two missed rounds)

* In the sensitivity analysis we assume that blindness is irreversible, but as long as an individual is not (yet) blind,
visual impairment is reversible. The number of 0.01 is the fraction of “eye damage” that an individual recovers from
each month, such that in absence of new damage, the damage declines exponentially as a function of the regression
rate p (i.e. a reduction in total damage of 1 — (1 — p)*%). This means that for p = 0.01, after one year 11% of damage
would “heal”, and after 5 years 45% of the damage would heal (N.B. in absence of new damage due to ongoing
infection).

# Factors applied in the sensitivity analysis are derived from Coffeng et al. [40], who assumed that the prevalence of
infection and morbidity in hypoendemic areas is 1/3 of that in mesoendemic areas.

On the other hand, fewer cases with infection (mf-positivity and palpable nodules) would be expected

than currently estimated for 2030, if we assumed a different ratio in the prevalence of infection
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between mesoendemic versus hypoendemic areas (Fig E-F): there may be up to 905.1 thousand and
252.4 thousand fewer mf-positive cases and cases with palpable nodules respectively by 2030. To a
lesser extent, an earlier start of MDA in untreated areas would help to reduce the case estimates of
mf-positivity and palpable nodules by 2030 with 797.4 thousand and 115.9 thousand fewer cases

respectively than according to the baseline assumption.

Fig E. Results of the univariate sensitivity analysis with each of the alternative assumptions (coloured
bars) for various parameters as compared to the baseline assumption (vertical black line) on the
predicted number of cases with infection (mf-positivity, all ages) by the year 2030. Numbers of cases

are presented in thousands.

Mf-positive

Alternative prevalence ratio among hypo:mesoendemic areas*-

No MDA interruption due to COVID-19 in 2020+

MDA starts two years earlier in untreated hypoendemic areas

MDA starts one year earlier in untreated hypoendemic areas-

20% points overreporting of MDA coverage 1

10% points overreporting of MDA coverage 1

Regression rate of eye damage 0.014

Higher excess mortality due to blindness (60%) (main analysis: 50%)1
Lower excess mortality due to blindness (40%) (main analysis: 50%)1
Systematic non-participation to MDA of 5% (baseline: 0%)1
Systematic non-participation to MDA of 1% (baseline: 0%)1

6000 8000 10000 12000

Number of mf-positive cases in 2030 (x1000)

Caption: *Alternative ratio of morbidity prevalence in hypoendemic versus mesoendemic areas (see Table E).

The case estimates for OED by 2030 greatly depend on the assumptions applied to the possibility of
regression of eye damage once symptoms have developed (Fig G). If we assume a 1% rate of damage
regression that allows for healing of eye symptoms with a constant fraction of damage that is healed
with every monthly time step, then we predict 358.4 thousand fewer cases with visual impairment
or blindness. If we assume higher (60%) excess mortality due to blindness, we predict 26.1 thousand
fewer OED cases. As many pre-control hypoendemic areas are in the savanna bioclimate, alternative
assumptions on the prevalence ratio among hypoendemic versus mesoendemic areas impact the

OED case numbers considerably (191.4 thousand fewer cases).
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Fig F. Results of the univariate sensitivity analysis with each of the alternative assumptions (coloured
bars) for various parameters as compared to the baseline assumption (vertical black line) for the
predicted number of cases with palpable nodules by the year 2030. Numbers of cases are presented

in thousands.
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Fig G. Results of the univariate sensitivity analysis with each of the alternative assumptions (coloured
bars) for various parameters as compared to the baseline assumption (vertical black line) for the
predicted number of cases with onchocercal eye disease (OED) for forest and savanna areas by the

year 2030. Numbers of cases are presented in thousands.
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