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1 Model Description
An individual-based micro-simulation was created in C++ to model the HIV epidemic in western Kenya and
capture the care experience of HIV-positive individuals progressing through the various stages of an ART pro-
gramme.

1.1 Demography
The model describes the population of Kenya from 1970 to 2030. To begin, a cohort of individuals is created that
captures the age distribution and size of the population of Kenya in 1970. Thereafter, annual population growth is
captured through births uniformally distributed throughout the year.

The initial population size in the model, together with population growth is driven by data from The World
Bank from 1970 onwards.3 We initially populate the model with the correct population size for Kenya in 1970
(Table S1), along with the correct age distribution for that year (Table S2). We then calculate population growth
from 1971 onwards to estimate the annual increase in population size (Table S1). This is then used to specify the
number of births from 1971 onwards. However, World Bank population projections cease in 2020; and from this
year onwards population growth is held constant.

The sex ratio in Kenya is defined as 1:1 by the Central Intelligence Agency World Factbook.4 Natural life-
expectancy is determined at birth using mortality rates from the United Nations World Population Prospects
Database (Fig S1).1 Acquisition of HIV is driven by incidence estimates from UNAIDS, available from Spec-
trum (Section 1.2 & 2).2 Once infected, HIV-related life expectancy and disease progression are dependent upon
current CD4 count and WHO stage (Section 3).
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Figure S1. Survival curves calculated from non HIV-related mortality rates from United Nations World
Population Prospects Database.1
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Table S1. Population size and growth in Kenya.
Year Population Size Growth Since Previ-

ous Year
Increase in Population Size Since
Previous Year

1970 11,252,466 - 11,252,466
1971 11,653,161 3.56% 400,695
1972 12,072,791 3.60% 419,630
1973 12,513,032 3.65% 440,241
1974 12,973,337 3.68% 460,305
1975 13,454,455 3.71% 481,118
1976 13,956,681 3.73% 502,226
1977 14,480,389 3.75% 523,708
1978 15,027,062 3.78% 546,673
1979 15,597,909 3.80% 570,847
1980 16,192,118 3.81% 594,209
1981 16,811,300 3.82% 619,182
1982 17,455,742 3.83% 644,442
1983 18,122,818 3.82% 667,076
1984 18,805,615 3.77% 682,797
1985 19,501,240 3.70% 695,625
1986 20,210,650 3.64% 709,410
1987 20,933,141 3.57% 722,491
1988 21,664,272 3.49% 731,131
1989 22,399,180 3.39% 734,908
1990 23,165,081 3.42% 765,901
1991 23,941,680 3.35% 776,599
1992 24,726,053 3.28% 784,373
1993 25,509,128 3.17% 783,075
1994 26,274,354 3.00% 765,226
1995 26,997,312 2.75% 722,958
1996 27,715,841 2.66% 718,529
1997 28,423,951 2.55% 708,110
1998 29,139,406 2.52% 715,455
1999 29,868,767 2.50% 729,361
2000 30,619,430 2.51% 750,663
2001 31,394,794 2.53% 775,364
2002 32,194,766 2.55% 799,972
2003 33,009,355 2.53% 814,589
2004 33,854,958 2.56% 845,603
2005 34,711,022 2.53% 856,064
2006 35,592,109 2.54% 881,087
2007 36,507,978 2.57% 915,869
2008 37,454,707 2.59% 946,729
2009 38,437,769 2.62% 983,062
2010 39,466,361 2.68% 1,028,592
2011 40,521,914 2.67% 1,055,553
2012 41,602,357 2.67% 1,080,443
2013 42,698,936 2.64% 1,096,579
2014 43,805,499 2.59% 1,106,563
2015 44,918,079 2.54% 1,112,580
2016 46,035,724 2.49% 1,117,645
2017 47,161,767 2.45% 1,126,043
2018 48,298,133 2.41% 1,136,366
2019 49,446,272 2.38% 1,148,139
2020 50,610,060 2.35% 1,163,788
2021 51,801,240 2.35% 1,191,180
2022 53,020,455 2.35% 1,219,216
2023 54,268,367 2.35% 1,247,912
2024 55,545,650 2.35% 1,277,283
2025 56,852,996 2.35% 1,307,346
2026 58,191,112 2.35% 1,338,116
2027 59,560,722 2.35% 1,369,610
2028 60,962,569 2.35% 1,401,846
2029 62,397,409 2.35% 1,434,841
2030 63,866,021 2.35% -

Data from The World Bank.3
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Table S2. Age distribution of Kenya in 1970 stratified by sex.
Age Category Male Probability Female Probability
0 to 4 0.1016 0.1012
5 to 9 0.0791 0.0797
10 to 14 0.0641 0.0648
15 to 19 0.0520 0.0527
20 to 24 0.0385 0.0389
25 to 29 0.0274 0.0278
30 to 34 0.0250 0.0257
35 to 39 0.0237 0.0237
40 to 44 0.0200 0.0193
45 to 49 0.0166 0.0154
50 to 54 0.0139 0.0130
55 to 59 0.0118 0.0108
60 to 64 0.0096 0.0092
64 to 69 0.0069 0.0077
70 to 74 0.0046 0.0056
75 to 79 0.0025 0.0034
>80 0.0015 0.0023

Data from United Nations World Population Prospects.5
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1.2 Model Overview
The model simulates the lives of individuals concurrently until death (either naturally or from AIDS). Throughout
an individual’s lifetime, new events may occur (i.e. they acquire HIV). This model allows events to be scheduled
and executed dynamically according to a set of rules defined by each event.

All individuals enter the model with an HIV-negative serostatus. We model the initial spread of HIV infection
among our population based on national HIV incidence estimates published by UNAIDS (Section 2). Upon
acquisition of HIV, we model HIV progression through declining CD4 count and the development of WHO stage
infections (Section 3). We allow HIV-tests to occur from 2004 onwards to mimic the rollout of HIV-testing in
Kenya. Care seeking behaviour is driven by current health status and previous experience of care. We model in
detail each stage of HIV care and allow eligible individuals to initiate treatment from 2004 onwards (Section 4).
Treatment eligibility guidelines in 2004 are a CD4 count of <200 cells/µl or WHO Stage IV.6 These are updated
in 2011 to a CD4 count of <350 cells/µl or WHO Stage III/IV as per Kenyan Guidelines.7

The model is a time-to-event simulation, and contains a chronologically ordered queue of events to be exe-
cuted. When an individual is created, the model records the calendar-time at which they enter and calculates a
natural death date by taking into consideration the number of years an individual will likely live (Fig S1). Life
history events are then executed chronologically until an individual dies. Events can take the form of natural
history events (such as the birth or death of an individual) or HIV care related events (such as an HIV-test or ART
initiation).

After an event is executed, the state of an individual may change (e.g. if an individual receives a CD4 test result
confirming their eligibility for treatment), the model senses this change and schedules the appropriate event (e.g.
an ART initiation event). New events enter the event-queue and the model continues scheduling and executing
events until time reaches 2030. At this point the model stops and produces a list of outputs from the simulation.

Source code and relevant scripts to replicate results are available at: https://github.com/olneyjack/

CareCascade
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2 HIV Incidence
In the model, from 1970 to 2002, the number of new HIV infections is determined by national estimates published
by UNAIDS, sourced from the Spectrum software by Avenir Health.2 Spectrum provides us with the number
of incident infections that are estimated to have occurred in a particular year (Table S3). We then divide these
infections amongst the population by age and sex, according to age and sex specific incidence rate ratios (IRR’s)
also provided by Spectrum (Table S4).

Table S3. Incident cases of HIV per year.
Year Incident Cases
1980 140
1981 355
1982 1,134
1983 1,791
1984 3,418
1985 6,444
1986 11,887
1987 21,704
1988 38,623
1989 66,784
1990 108,993
1991 165,074
1992 226,131
1993 269,547
1994 275,327
1995 243,681
1996 195,612
1997 152,571
1998 121,318
1999 101,327
2000 99,767
2001 93,594

Estimates sourced from Spectrum.2

Table S4. Incident Rate Ratio’s (IRR’s) stratified by age and sex.
Age category Male Female
0 to 4 0 0
5 to 9 0 0
10 to 14 0 0
15 to 19 0.244859 0.431475
20 to 24 0.790423 0.979206
25 to 29 1 1
30 to 34 0.989385 0.848891
35 to 39 0.854318 0.684447
40 to 44 0.670484 0.550791
45 to 49 0.493512 0.440263
50 to 54 0.358977 0.336719
55 to 59 0.282399 0.239474
60 to 64 0.259244 0.16789
64 to 69 0.264922 0.146594
70 to 74 0.254788 0.171352
75 to 79 0.164143 0
>80 0 0

Estimates sourced from Spectrum.2
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At the beginning of each year we calculate the number of new infections (I) occurring in each age category
(a) and sex category (s) through the following equation:

Ia,s = λ ·Sa,s · IRRa,s (1)
Where S is the number of susceptible individuals stratified by age category (a) and sex category (s). IRR is

the incidence rate ratio for the corresponding age and sex category from table S4. λ is the transmission rate and is
calculated annually through dividing the number of incident cases in the current year (from table S3) by the sum
of all susceptible individuals multiplied by their IRR in each age and sex category as follows:

λ =
Incident Cases

∑a,s(Sa,s · IRRa,s)
(2)

We model the impact of interventions on incidence by weighting the infectiousness of HIV-positive individuals
and deriving a transmission probability. We calculate the transmission probability in 2002 as by this time in the
epidemic incidence has already peaked, and is relatively stable (Fig S2).
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Figure S2. Modelled incidence against estimates from Spectrum.

From 2002 onwards, incidence is driven by the weighted infectiousness of HIV-positive individuals multiplied
by the transmission probability (Equation 3); where β is the transmission probability, w is the infectiousness
weighting and I is the number of HIV-positive individuals in each infectiousness category k (Table S5).

Incident Cases = β ∑
all k

(wk · Ik) (3)

Table S5. Infectiousness weights by health state.
Health State Category Infectiousness Weight

(w)
Source

HIV-positive, CD4 count >500 cells/µl (un-
treated)

1.35 Based on 3 months with acute
infection and 6.25 years at CD4
>500, and 10-fold infectious with
acute infection

HIV-positive, CD4 count 350-500 cells/µl
(untreated)

1.00 Reference cell

HIV-positive, CD4 count 200-350 cells/µl
(untreated)

1.64 Donnell et al. (2010)8

HIV-positive, CD4 count <200 cells/µl (un-
treated)

5.17 Donnell et al. (2010)8

HIV-positive, on ART and virally suppressed 0.1 Estimate
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However, we first need to calculate the transmission probability. Therefore, we rearrange equation 2 and
extract the value of β on the 31st of December 2001 (Equation 4).

β =
Incident Cases
∑all k(wk · Ik)

(4)

With the value of β fixed, we then alter the calculation of λ to:

λ =
β ∑all k(wk · Ik)

∑a,s(Sa,s · IRRa,s)
(5)

This equation is used from 1st January 2002 onwards and allows the transmission rate to be controlled by the
number of infectious individuals in the model. The new definition λ is used in the calculation of new infections by
age and sex category and replaces the previous definition in equation 2. Thus, when interventions are implemented
from 2010, the indirect impact of these interventions on reducing HIV incidence is accounted for by allowing
incidence to be driven by the infectiousness of individuals in the population.
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3 HIV Natural History Model

3.1 Structure
Upon acquiring HIV, an individual is assigned an initial CD4 count category (<200, 200-350, 350-500, >500
cells/µl) and is assumed to begin with WHO Clinical Stage I infection.9 We capture HIV progression by describing
CD4 count decline and the acquisition of WHO Stage defining conditions. For example, progression from CD4
>500 and WHO Stage I is captured by competing hazards of health decline to CD4 350-500 and also to WHO
Stage II infection.

Additionally, individuals are exposed to a CD4 & WHO Stage specific HIV-related mortality hazard. This
hazard also competes with the hazards of CD4 decline and WHO Stage progression. HIV-related mortality hazards
are independent of natural mortality. If the model encounters the HIV-related death date prior to encountering the
natural death date, the individual has suffered an HIV-related death.

All individuals acquiring HIV first progress through the pre-ART side of the natural history model (Fig S3).
Once individuals become eligible for treatment, and have progressed through the relevent care stages (Section 4),
and if they adhere to ART, they transition to the on-ART side of the natural history model. Propensity to adhere
to ART is a person-specific characteristic that is determined for each individual at the time they enter the model.
When transitioning to the on-ART side of the natural history model, individuals stay in the same health statae (i.e.
when an individual with CD4 <200 and in WHO Stage III initiates ART, they move into the <200 WHO Stage
III category of the on-ART model).

Once an individual initiates and adheres to treatment, their CD4 decline reverses and they can recover from
any WHO Stage defining conditions. It should be noted that WHO Stage conditions can still develop on this side
of the model; thus allowing the model to capture potential failures of treatment among patients adhering to ART.
Additionally, if a patient’s CD4 count falls below 500 cells/µl prior to ART initiation, their CD4 count will not
recover to more than 500 cells/µl if treatment is initiated. This assumption was made in response to findings by
Lawn et al. (2006) illustrating CD4 count reconstitution among patients initiating ART in Cape Town, South
Africa.10 The mortality hazard for an individual of a particular health state on the on-ART side of the model is
less than that of the same individual on the pre-ART side of the model, thereby giving ART a survival advantage
(Section 3.2). Natural history parameters are shown in fig S3 with corresponding definitions and values detailed
in table S8.

3.2 Calibration
Calibration of the natural history model involved developing a deterministic version of the natural history model
and calibrating it to all available surveillance data from the literature using least square regression in Berkeley
Madonna.11 To begin, the literature was reviewed to identify relevant studies that would enable us to calibrate all
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Figure S3. Natural history model flow diagram. HIV progression through CD4 categories (>500, 350-500,
200-350 and <200 cells/µl) and WHO Stages (I, II, III, IV) depends on an individuals treatment status. If an

individual initiates ART but subsequently stops, they transition back to the pre-ART side of the model.
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aspects of the natural history model. Where possible, data from cohort studies was utilised; although, in some
situations data from cross-sectional studies was used. Data sources are listed below in tables S6 and S7.

Table S6. Data sources for natural history calibration of the pre-ART model.
Outcome Location Description Conditions Use in model Reference
Pre-ART survival East Africa & South

Africa
Survival function (calculated from
model fits with Weibull distribu-
tion)

25-29 years old, 4 years be-
tween last negative and first
positive HIV test

Fitting pre-ART survival curve Todd et al.
(2007)12

CD4 count decline Europe Progression rates for each CD4 cat-
egory (calculated by fitting com-
partmental model to estimates by
Eaton & Fraser, unpublished)

≥16 years old, maximum of
3 years between last negative
and first positive test

Fitting CD4 >500 to 350-500 pro-
gression rate, 350-500 to 200-350
progression rate and 200-350 to
<200 progression rate

Lodi et al.
(2011)13

Initial distribution of CD4
counts

Europe Distribution of individuals across
CD4 categories after seroconver-
sion (estimated by Eaton & Fraser,
unpublished)

≥16 years old, maximum of
3 years between last negative
and first positive test

Initial distribution of individuals
across pre-ART CD4 categories

Lodi et al.
(2011)13

Progression through WHO
clinical stages

Vancouver Progression rates through WHO
Clinical Stages

Seroincident homosexual men Fitting WHO I to WHO II progres-
sion rate, WHO II to WHO III pro-
gression rate and WHO III to WHO
IV progression rate

Schechter et al.
(1995)14

Europe & Australia Rate of AIDS events (WHO Stage
III/IV conditions) stratified by CD4
count

Treatment naive individuals or
those treated in zidovudine
monotherapy era, AIDS-free
with at least 1 day of active
follow-up with viral load and
CD4 count available

Fitting pre-ART WHO stage pro-
gression and recovery rates

Cascade Col-
laboration et
al. (2004)15

Pre-ART mortality rates strat-
ified by CD4 count & WHO
clinical stage

Cape Town, South
Africa

Mortality rates by CD4 count
crossed with WHO Clinical Stage

Individuals not receiving an-
tiretroviral therapy

Fitting pre-ART mortality rates by
CD4 count and WHO Clinical
Stage

Badri et al.
(2006)16

Rural south-west
Uganda

Median survival time from when
first seen in a specific WHO Clin-
ical Stage

Seroconverted in last 7 years Fitting pre-ART survival by WHO
Clinical Stage

Morgan et al.
(1997)17

Rural south-west
Uganda

Median survival time from when
first seen in a specific WHO Clin-
ical Stage

Seroconverted in last 7 years Fitting pre-ART survival by WHO
Clinical Stage

Malamba et al.
(1999)18

Person-time spend in each
CD4 category and WHO clini-
cal stage

Rakai, Uganda CD4 category distribution (<200,
>200) stratified by WHO Clinical
Stage (1 & 2, 3 & 4) and vice versa

Not mentioned Average person-time spent in each
CD4 category, stratified by WHO
Clinical Stage

Kagaayi et al.
(2007)19

Addis Ababa,
Ethiopia

CD4 category distribution (<200,
200-499, >500) stratified by WHO
Clinical Stage (1,2,3,4) and vice
versa

18-44 years old Average person-time spent in each
CD4 category, stratified by WHO
Clinical Stage

Kassa et al.
(1999)20

Jinja, Uganda CD4 category distribution (<200,
>200 and <350, >350) stratified
by WHO Clinical Stage (1 & 2, 3 &
4) and vice versa

None mentioned Average person-time spent in each
CD4 category, stratified by WHO
Clinical Stage

Jaffar et al.
(2008)21

Mengo, Jinja and
Kasana in Uganda

CD4 category distribution (<200,
>200 and <350, >350) stratified
by WHO Clinical Stage (1,2,3,4)
and vice versa

≥18 years old and ART naive Average person-time spent in each
CD4 category, stratified by WHO
Clinical Stage

Baveewo et al.
(2011)22

Pre-ART mortality stratified
by WHO clinical stage

Rural south-west
Uganda

Cumulative mortality at year 1 and
year 4, crossed by WHO Clinical
Stage

Seroconverted in last 7 years Pre-ART cumulative mortality
crossed by WHO Clinical Stage at
year 1 and 4

Morgan et al.
(1997)17

Rural south-west
Uganda

Survival estimate at 6 years, crossed
by WHO Clinical Stage

Seroconverted in last 7 years Pre-ART survival at year 6, crossed
by WHO Clinical Stage

Malamba et al.
(1999)18

These data were then weighted to ensure that each had equal influence during model calibration. Equal weight-
ing of studies ensured that the model could reconcile the large amount of data and find a compromise between any
potentially conflicting data.

If we consider the standardised absolute error per study:

ei =
1
n i

ni

∑
j=1

|Di j−Mi j|
Di j

(6)

Where Di j refers to the value of datapoint j in study i and Mi j refers to the value of the model at datapoint j
in study i. It then follows that ei, is the standardised absolute error in study i, where ni is the total number of data
points in study i. Therefore, the total error across all studies, can be represented by:

E = ∑ei (7)
Using Berkeley Madonna, we fitted the natural history model (as seen in fig S3) to the weighted data points

using least squares to minimise the error between each data point and the model. All parameters on the pre-
ART and ART side of the natural history were fitted simultaneously giving the model many degrees of freedom
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Table S7. Data sources for natural history calibration of the ART model.
Outcome Location Description Conditions Use in model Reference
Cumulative Mortality af-
ter ART initiation strati-
fied by CD4 count and
WHO Clinical Stage

South Africa,
Malawi and Côte
d’Ivoire

Cumulative mortality stratified
by CD4 count and WHO Clini-
cal Stage at 3, 6 and 12 months
since ART initiation

Predominantly female
population. Median age
34 years. Median body
weight of 55kg and me-
dian CD4 cell count of
111 cells/µl at baseline

Fitting weighted on-ART cu-
mulative mortality stratified by
CD4 count and WHO Clinical
Stage. Back-calculated mortal-
ity rate also used in fitting

May et al.
(2010)23

Mortality rate after ART
initiation stratified by CD4
count

South Africa On-ART mortality rates strati-
fied by CD4 count <200 and
>200 for 0-1 year, 1-2 years, 2-
3 years and 3-5 years after ART
initiation

Mostly female population
with a mean age of 25-35
years old and mean CD4
count of 100-199 cells/µl
at baseline

Fitting a weighted average cu-
mulative mortality rate for each
period (0-1 year, 1-2 years, 2-3
years and 3-5 years), averaged
across all WHO Clinical Stages

Johnson et
al. (2013)24

On-ART mortality rates
stratified by CD4 count

Cape Town,
South Africa

Mortality rates after ART initi-
ation, stratified by current CD4
count. Median follow-up time
was 2.5 years.

Median age at baseline
was 33 years, 67% of co-
hort were female with a
median CD4 count of 101
cells/µl at baseline. 53%
of cohort had WHO Clin-
ical Stage III defining con-
ditions

Fitting a weighted average on-
ART mortality rate stratified by
CD4 count at 2.5 years, av-
eraged across all WHO Clin-
ical Stages and weighted to
replicate the distribution of
CD4 counts and WHO Clinical
Stages seen in this papers co-
hort

Lawn et al.
(2009)25

CD4 count recovery rates
after initiation of ART

Cape Town,
South Africa

Estimates of CD4 cell count
recovery extracted from fig-
ure and average time for CD4
count to reach next category
from previous calculated

Median age at baseline
was 32 years, 75% of co-
hort were female, median
CD4 count was 97 cells/µl
and 53% had WHO Clini-
cal Stage III defining con-
ditions

Fitted on-ART CD4 count re-
covery rates: y3 (<200 to 200-
350) and y2 (200-350 to 350-
500)

Lawn et al.
(2006)10

and ensuring that survival advantage was given to patients on treatment. The resulting model fit produced the
parameter values shown in table S8. Due to the complexity of the natural history model and the breadth of data
used for calibration, parameter uncertainty was not computed. However, the resulting model fit is a result of the
model finding a pragmatic solution that variously agrees with all relevant data, and we therefore feel that a formal
analysis of uncertainty is not required. Comparisons between the calibrated model and its data sources are shown
in fig S4.

14



Table S8. Natural history model parameter definitions and fitted values.
Parameter Definition Value
yp1 Pre-ART CD4 progression rate from >500 to 350-500 cells/µl 0.1518 py−1
yp2 Pre-ART CD4 progression rate from 350-500 to 200-350 cells/µl 0.2398 py−1
yp3 Pre-ART CD4 progression rate from 200-350 to <200 cells/µl 0.1947 py−1
β pA Weight applied to Pre-ART CD4 progression rate for patients in WHO Stage III 1.3552
β pB Weight applied to Pre-ART CD4 progression rate for patients in WHO Stage IV 9.9797
S1 WHO Stage progression rate from Stage I to II 0.3075 py−1
S2 WHO Stage progression rate from Stage II to III 0.2193 py−1
S3 WHO Stage progression rate from Stage III to IV 0.4132 py−1
αA Weight applied to WHO Stage progression rate for patients in CD4 category <200 8.6929
αB Weight applied to WHO Stage progression rate for patients in CD4 category >500 1
rp1 Pre-ART WHO Stage recovery rate from WHO Stage II to I 3.0525 py−1
rp2 Pre-ART WHO Stage recovery rate from WHO Stage III to II 0.0695 py−1
rp3 Pre-ART WHO Stage recovery rate from WHO Stage IV to III 0.2973 py−1
µ1

>500 Pre-ART Mortality rate for CD4 category >500 and WHO Stage I 0.0012 py−1
µ1

350-500 Pre-ART Mortality rate for CD4 category 350-500 and WHO Stage I 0.0061 py−1
µ1

200-350 Pre-ART Mortality rate for CD4 category 200-350 and WHO Stage I 0.0371 py−1
µ1

<200 Pre-ART Mortality rate for CD4 category <200 and WHO Stage I 0.0582 py−1
µ2

>500 Pre-ART Mortality rate for CD4 category >500 and WHO Stage II 0.0214 py−1
µ2

350-500 Pre-ART Mortality rate for CD4 category 350-500 and WHO Stage II 0.0285 py−1
µ2

200-350 Pre-ART Mortality rate for CD4 category 200-350 and WHO Stage II 0.0420 py−1
µ2

<200 Pre-ART Mortality rate for CD4 category <200 and WHO Stage II 0.1215 py−1
µ3

>500 Pre-ART Mortality rate for CD4 category >500 and WHO Stage III 0.0436 py−1
µ3

350-500 Pre-ART Mortality rate for CD4 category 350-500 and WHO Stage III 0.0629 py−1
µ3

200-350 Pre-ART Mortality rate for CD4 category 200-350 and WHO Stage III 0.1386 py−1
µ3

<200 Pre-ART Mortality rate for CD4 category <200 and WHO Stage III 0.2621 py−1
µ4

>500 Pre-ART Mortality rate for CD4 category >500 and WHO Stage IV 0.1028 py−1
µ4

350-500 Pre-ART Mortality rate for CD4 category 350-500 and WHO Stage IV 0.1312 py−1
µ4

200-350 Pre-ART Mortality rate for CD4 category 200-350 and WHO Stage IV 0.4430 py−1
µ4

<200 Pre-ART Mortality rate for CD4 category <200 and WHO Stage IV 0.5610 py−1
τ Weight applied to Pre-ART mortality rates in on-ART model; giving survival advantage to on-ART model 0.95
γ Weight applied to WHO Stage progression rates in on-ART model 0.8930
y2 On-ART CD4 reconstitution rate from 200-350 to 350-500 cells/µl 2.2319 py−1
y3 On-ART CD4 reconstitution rate from <200 to 200-350 cells/µl 4.9467 py−1
β A Weight applied to On-ART CD4 reconstitution rate for patients in WHO Stage III 0.5872
β B Weight applied to On-ART CD4 reconstitution rate for patients in WHO Stage IV 0.2459
r1 On-ART WHO Stage recovery rate from WHO Stage II to I 1.5273 py−1
r2 On-ART WHO Stage recovery rate from WHO Stage III to II 3.0552 py−1
r3 On-ART WHO Stage recovery rate from WHO Stage IV to III 20.2202 py−1
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(A) Pre-ART survival – Todd et al. (2007)12 (B) Pre-ART mortality rates – Badri et
al. (2006)16

(C) Pre-ART CD4 progression – Lodi et
al. (2011)13

(D) Pre-ART WHO stage progression – Schecter
et al. (1995)14

(E) Pre-ART cumulative mortality since
seroconversion – Morgan et al. (1997)17

(F) Pre-ART survival at 6 years since
seroconversion – Malamba et al. (1999)18

(G) Pre-ART person-time spent in each WHO
stage, stratified by CD4 category – Kagaayi et

al. (2007)19

(H) Pre-ART person-time spent in each CD4
category, stratified by WHO stage – Kagaayi et

al. (2007)19

Figure S4. Natural history model calibration results compared to original data sources.
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(I) Pre-ART person-time spent in each WHO
stage, stratified by CD4 category – Kassa et

al. (1999)20

(J) Pre-ART person-time spent in each CD4
category, stratified by WHO stage – Kassa et

al. (1999)20

(K) Pre-ART person-time spent in each WHO
stage, stratified by CD4 category (< or >200) –

Jaffar et al. (2008)21

(L) Pre-ART person-time spent in each CD4
category (< or >200), stratified by WHO stage –

Jaffar et al. (2008)21

(M) Pre-ART person-time spent in each WHO
stage, stratified by CD4 category (< or >350) –

Jaffar et al. (2008)21

(N) Pre-ART person-time spent in each CD4
category (< or >350), stratified by WHO stage –

Jaffar et al. (2008)21

(O) Pre-ART person-time spent in each WHO
stage, stratified by CD4 category (< or >200) –

Baveewo et al. (2011)22

(P) Pre-ART person-time spent in each CD4
category (< or >200), stratified by WHO stage –

Baveewo et al. (2011)22

Figure S4. Natural history model calibration results compared to original data sources (continued).
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(Q) Pre-ART person-time spent in each WHO
stage, stratified by CD4 category (< or >350) –

Baveewo et al. (2011)22

(R) Pre-ART person-time spent in each CD4
category (< or >350), stratified by WHO stage –

Baveewo et al. (2011)22

(S) Pre-ART AIDS rate among ART-naive
individuals followed for six months – Phillips et

al. (2004)15

(T) ART mortality rates stratified by WHO stage
and CD4 category – May et al. (2010)23

(U) ART cumulative mortality rate, among CD4
>200 – Johnson et al. (2013)24

(V) ART cumulative mortality rate, among CD4
<200 – Johnson et al. (2013)24

(W) ART mortality rate by CD4 category – Lawn
et al. (2009)25

(X) ART CD4 reconstitution time, among WHO
stage I & II – Lawn et al. (2006)10

Figure S4. Natural history model calibration results compared to original data sources (continued).
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4 Cascade Model

4.1 Structure
The cascade model describes the events that make up an ART-programme in western Kenya (Fig 1, main text). It
captures the possible routes through care and provides insight into how individuals transition between events.

Individuals enter the model as care naive and HIV-negative. The natural history model tracks HIV progres-
sion over time and assigns relevant HIV-related mortality rates (Section 3). The rate at which individuals seek
care is driven by declining health and care experience, with care seeking behaviour increasing upon the onset of
symptoms and also with prior experience of the care system.

With HIV-testing starting in 2004, individuals start to progress through care. Testing can occur through one of
three routes: HBCT (home-based counselling and testing) where individuals are sought and tested at home, VCT
(voluntary counselling and testing) where individuals voluntarily attend an HIV-clinic, or PICT (provider-initiated
counselling and testing) where individuals seek care due to being symptomatic or having had previous healthcare
experience. If an individual is found to be HIV-negative, they do not progress any further through care. Individuals
may be tested multiple times throughout their lifetime and care will only progress upon a positive diagnosis.

Once identified as HIV-positive, individuals must successfully ‘link’ to care where they are seen by a clinician
and are bled for an initial CD4 count. Linkage may involve travelling to a nearby clinic, and depending upon the
route of entry to care, a proportion of tested individuals will be lost prior to this initial CD4 test. Individuals lost
from care can re-engage at a later date, either by being picked up through HBCT, voluntarily appearing at a VCT
clinic or upon the onset of HIV-related symptoms, seeking care through PICT. For patients that successfully link
to pre-ART care, they are seen by a clinician who takes a blood draw for a CD4 count test. These CD4-tests are
typically lab-based and have a turnaround time of two weeks.26 Therefore, patients must return at a later date to
receive the results of this test, in which their eligibility for treatment can be determined.

A proportion of individuals are lost between being bled for a CD4 test and returning to receive the results.
These individuals, like those who were unsuccessful in linking to care, can re-engage at a later date through being
tested via HBCT or VCT, or through PICT. The individuals who were not lost from care after being bled for
their CD4 test, return to the clinic to receive their results. However, on the day of the clinic appointment, a small
proportion will fail to attend and are lost. Of those that do attend, patients learn of their eligibility for treatment;
but, if a patient is ineligible, they must be retained in pre-ART care until they meet the current treatment guidelines.

Pre-ART retention involves returning after one year to receive a secondary CD4 test. During this period a
certain proportion of individuals will be lost from care, but can re-engage as described before. Among patients
returning for a secondary CD4 test, these individuals will have blood drawn and will again need to return at a
later date to receive the results. As before, a certain proportion of patients will not return and will be lost from
care. This cycle of pre-ART care continues until the patient becomes eligible for treatment. When this occurs, the
patient will be allowed to initiate ART after a small period of time during which they will receive counselling.

Upon initiating ART, the patient will either adhere to treatment and become virally suppressed or fail to adhere
and continue to experience declining health. The propensity of a patient to adhere to treatment is an person-specific
characteristic. While in ART care, individuals are exposed to a hazard of dropping out, whereby treatment ceases.
For adherent individuals, this results in declining health. Yet, as patients failing to adhere to treatment do not
receive any health benefits from ART, their health would continue to deteriorate as before. Once lost from ART
care in this setting, patients do not naturally seek and return to care.27

4.2 Calibration
4.2.1 AMPATH Data

To calibrate the cascade model, we utilised a unique longitudinal dataset from western Kenya. The Academic
Model for Providing Access To Healthcare (AMPATH), based in Eldoret, is a collaboration between Moi Uni-
versity, Moi Teaching and Referral Hospital and a consortium of North American academic health centres led
by Indiana University working in partnership with the Government of Kenya.28 AMPATH formed in 2001 with
an initial goal to “establish an HIV care system to serve the needs of both urban and rural patients and to assess
the barriers to and outcomes of antiretroviral therapy”.29 Since then AMPATH clinics have enrolled >140,000
HIV-infected adults and children across multiple sites in western Kenya.29

HIV testing through VCT and PICT, HIV care, and treatment services were established by AMPATH in 2006 in
district hospital and health centres.30 AMPATH launched a pilot HBCT programme in 2010 in Kosirai and Turbo
before rolling out HBCT in 2011 to all AMPATH clinic catchment areas ensuring perfect coverage of testing to
the community through the Find, Link, Treat, Retain (FLTR) programme (Section 4.2.2).31, 32 All patient visits
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from 2004 have been recorded electronically in the AMPATH Medical Record System (AMRS), which furnishes
information about patient retention and outcomes.28, 33, 34

The AMRS database used in our analysis contained linked data from VCT, PICT and HBCT rounds from Port
Victoria, in Bunyala sub-county (circled in blue on fig S5). This subset described 3,788 HIV-positive individuals
tracked over seven years between January 2007 to June 2014. The ability to track the interaction of patients with
the care system over time produces a high resolution dataset that can be interrogated to calibrate the model in its
entirety. Due to the longitudinal nature of the dataset, answers to each question were stratified into three discrete
time periods:

1. Time split 1 - (01/01/2007 to 31/12/2009) - This time period will inform us about the state of care prior to
HBCT, when only VCT and PICT were available, and utilises data from the earliest possible point in time.

2. Time split 2 - (01/01/2010 to 31/12/2010) - This time period covers the initial rollout of HBCT in the
community prior to the adoption of new treatment guidelines in 2011.

3. Time split 3 - (01/01/2011 to 03/06/2014) - This time period covers the state of care after the adoption of
new treatment guidelines in 2011 (CD4 <350 cells/µl or WHO Stage III/IV), together with the full perpetual
HBCT rollout as part of the Find, Link, Treat, Retain (FLTR) programme.

The questions asked of the dataset are defined in table S9, and were split into two categories to aid calibration:
‘parameters’ which were directly input into the model (Tables S10 & S11), or ‘calibration points’ which were
used as targets during the calibration stage.

Two definitions were used to distinguish between a ‘gap in care’ from ‘lost from care’. For pre-ART care, a
period of 90 days must elapse after a clinic appointment for an individual to be considered lost. While for ART
care, an individual was considered lost if they had a gap in care of more than one year. These definitions allow
individuals to be separated into those currently engaged, or disengaged, with care, and to gain insight into the time
delay between events in this setting.

Figure S5. Map of Ministry of Health-AMPATH Clinic Sites in Western Kenya. Port Victoria, Bunyala, is
26 (blue circle). Modified image from: http://ampath-uoft.ca/about-us/activities/map/.
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Table S9. Questions used to interrogate the AMRS database for calibration of the cascade model.
Question Type Question Stratification Model Use
Testing The proportion of individuals that enter care through HBCT,

VCT and PICT
CD4 count at entry to care Calibration point

Linkage The proportion of tested persons who are bled for an initial
CD4 test within one month of HIV-test

Route of entry to care Parameter

Mean time between HIV-test and initial CD4 test (days) Route of entry to care,
CD4 count at entry to care

Parameter

Mean CD4 count at first CD4 measurement Route of entry to care Calibration point
Proportion of individuals who received 1st CD4 test returning
for test results within one month of test

Route of entry to care,
CD4 count at entry to care

Parameter

Mean time between initial CD4 test and receiving test result
(days)

Route of entry to care,
CD4 count at entry to care

Parameter

Retention Mean time between receiving results of CD4 test and being
bled for next CD4 test (days)

Route of entry to care Parameter

Proportion that ever return for secondary CD4 test prior to
ART eligibility

Route of entry to care Parameter

Mean number of secondary CD4 test appointments prior to be-
coming eligible for treatment

Route of entry to care Calibration point

Proportion of individuals returning to receive results of sec-
ondary CD4 tests

Route of entry to care Parameter

Mean time to return to care if lost between CD4 test and re-
ceiving CD4 test results (days)

Route of entry to care Calibration point

Mean CD4 count when receiving secondary CD4 test results Route of entry to care Calibration point

ART Initiation
Mean CD4 count at ART initiation Route of entry to care Calibration point
Mean time to ART initiation from becoming eligible for treat-
ment (days)

Route of entry to care Parameter

Mean number of pre-ART clinic visits prior to ART initiation Route of entry to care Calibration point
Proportion of patients initiating ART after diagnosis and suc-
cessful retention in care until becoming eligible for treatment

Route of entry to care Calibration point

Mean time from positive HIV-test to initiating ART for patients
diagnosed and successfully retained in care until becoming el-
igible for treatment (days)

Route of entry to care Calibration point

Proportion of patients initiating ART at their enrolment visit Route of entry to care Calibration point
Mean time from HIV-test to initiating ART for patients initiat-
ing ART at their enrolment visit (days)

Route of entry to care Calibration point

Proportion of patients initiating ART after diagnosis, subse-
quent loss form pre-ART care (i.e. had at least one CD4 count)
but returning prior to becoming eligible for treatment

Route of entry to care Calibration point

Mean time to initiating ART after diagnosis, subsequent loss
from pre-ART care but returning prior to becoming eligible for
treatment (days)

Route of entry to care Calibration point

Proportion of patients initiating ART after diagnosis, subse-
quent loss form pre-ART care and returning when already eli-
gible for treatment

Route of entry to care Calibration point

Mean time to initiating ART after diagnosis, subsequent loss
from pre-ART care and returning when already eligible for
treatment (days)

Route of entry to care Calibration point

Proportion of patients initiating ART who had previously been
on ART

Route of entry to care Calibration point

Dropout rate from ART care ¡1yr after ART initiation
(dropout/ppy)

- Parameter

Dropout rate from ART care ¿1yr after ART initiation
(dropout/ppy)

- Parameter
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Table S10. Summary of parameters used in the cascade model.
Type Definition Values Notes Reference

HIV-testing
HBCT test time 0.43 years

(2.3256py)
In active year, achieves 90% cover-
age of population.

Estimated for use in inter-
vention version of HBCT

VCT test time 7.80 years
(0.1282py)

Baseline VCT testing rate. Estimated through calibra-
tion to AMPATH dataset

PICT test time Asymptomatic
No previous care
experience

40 years
(0.0250py)

Baseline PICT testing rate given no
previous experience of care.

Estimated through calibra-
tion to AMPATH dataset

Never received
CD4 result

30 years
(0.0334py)

Baseline PICT testing rate given di-
agnosed but unaware of CD4 count.

Estimated through calibra-
tion to AMPATH dataset

Ever received
CD4 result

10 years
(0.1000py)

Baseline PICT testing rate given di-
agnosed and aware of CD4 count.

Estimated through calibra-
tion to AMPATH dataset

Symptomatic No previous care
experience

1.525 years
(0.6557py)

Baseline PICT testing rate given
symptomatic but undiagnosed.

Estimated through calibra-
tion to AMPATH dataset

Diagnosed 0.1 years
(10py)

Baseline PICT testing rate given
symptomatic and diagnosed.

Estimated through calibra-
tion to AMPATH dataset

Linkage HBCT linkage
probability

In roll-out year (2010) 5.4% Probability of linkage after HBCT
in roll-out year.

Value derived from AM-
PATH dataset

Subsequent
years

Newly diagnosed 30% Probability of linkage after HBCT
given previously undiagnosed.

Estimated through calibra-
tion to AMPATH dataset

Previously diag-
nosed

40% Probability of linkage after HBCT
given previously aware of serosta-
tus.

Estimated through calibra-
tion to AMPATH dataset

HBCT time delay between HIV-test
and initial clinic visit

CD4 >500 93 days Time to attend clinic with CD4
>500.

Value derived from AM-
PATH dataset

CD4 350-500 97 days Time to attend clinic with CD4 350-
500.

Value derived from AM-
PATH dataset

CD4 200-350 152.5 days Time to attend clinic with CD4 200-
350.

Value derived from AM-
PATH dataset

CD4 <200 142 days Time to attend clinic with CD4
<200.

Value derived from AM-
PATH dataset

VCT linkage probability 95% Probability of linkage given tested
through VCT.

Estimated through calibra-
tion to AMPATH dataset

PICT linkage probability 70% Probability of linkage given tested
through PICT.

Estimated through calibra-
tion to AMPATH dataset
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Table S11. Summary of parameters used in the cascade model (continued).
Type Definition Values Notes Reference
Pre-ART
Care

Time between CD4 test and result appoint-
ment

30 days - Valued derived from AM-
PATH dataset

Time between receiving results of CD4 test
and being bled for next CD4 test 279 days - Valued derived from AM-

PATH dataset
On day of CD4 test result appointment, prob-
ability of attending 94.89% - Estimated through calibra-

tion to AMPATH dataset
Pre-ART retention probability
(probability of not being lost from
care after CD4 test)

HBCT 94.89% Risk of not being lost from care af-
ter CD4 test given route into care
was through HBCT.

Estimated through calibra-
tion to AMPATH dataset

VCT 94.89% Risk of not being lost from care af-
ter CD4 test given route into care
was through VCT.

Estimated through calibra-
tion to AMPATH dataset

PICT 94.89% Risk of not being lost from care af-
ter CD4 test given route into care
was through PICT.

Estimated through calibra-
tion to AMPATH dataset

After receiving CD4 test result,
probability of returning for sec-
ondary CD4 test

HBCT 75% Risk of attending secondary CD4
test if route of entry to care was
through HBCT.

Estimated through calibra-
tion to AMPATH dataset

VCT 75% Risk of attending secondary CD4
test if route of entry to care was
through VCT.

Estimated through calibra-
tion to AMPATH dataset

PICT 75% Risk of attending secondary CD4
test if route of entry to care was
through PICT.

Estimated through calibra-
tion to AMPATH dataset

ART Care
Time to ART initiation from receiving CD4
test result confirming eligibility for treatment 145.12 days - Value derived from AM-

PATH dataset
Proportion of individuals initiating ART who
adhere to ART and achieve viral suppression 86% Value caculated from average viral

suppression of individuals on ART
from 35 countries by Boender et
al. (2015). Mean proportion sup-
pressed between 6 and 60 months
after ART initiation taken from sup-
plementary material.

Value derived from Boen-
der et al. (2015).35

ART dropout time <1 year since
ART initiation

21.72 years
(0.045py)

Risk of being lost from ART care
<1 year after initiation.

Value derived from AM-
PATH dataset

>1 year since
ART initiation

52.13 years
(0.019py)

Risk of being lost from ART care
>1 year after initiation.

Value derived from AM-
PATH dataset
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4.2.2 HBCT

AMPATH began trialling HBCT in Port Victoria, Bunyala, from 2010 onwards, with the programme achieving
>85% coverage of the community initially, but perfect coverage has since been achieved through ‘perpetual’
HBCT as part of the FLTR programme.31, 36 However, early HBCT rounds only involved passive referral of
infected patients, but AMPATH HBCT campaigns now include active follow-up of patients, and linkage rates are
expected to be considerably higher.31 As our goal was to describe the impact of various interventions on patient
outcomes relative to a ‘status quo’ ART programme similar in structure to AMPATH before the introduction of
HBCT, we created two versions of HBCT:

1. Calibration HBCT – used during the model calibration to AMPATH data, simulating perpetual HBCT with
100% coverage every year from 2010 (as seen in AMPATH sites). Additionally, we assume that linkage
was poor in the first year as the intervention was being rolled out.

2. Intervention HBCT – used for assessing the impact of a hypothetical HBCT intervention. Relies on dif-
ferent assumptions: 90% coverage of the population every 4 years (Table 2 & Section 7).

The “HBCT test time” in table S10 refers to the inverse of the testing rate for the intervention version of HBCT.
Additionally, we make the assumption that during HBCT testing, if a patient has been previously diagnosed, they
are more likely to link to care then a patient who was previously unaware of their infection (Table S10).
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4.2.3 Results to AMPATH Data

Due to the complex nature of the model and the range of data available from AMPATH for calibration, the cascade
model was calibrated by hand. With parameters from AMPATH entered into the model (Table S10), calibration
was conducted systematically and chronologically.

Starting with data defining the proportion of persons living with HIV (PLHIV) who were were aware of their
infection at the beginning of 2010, 62% of HIV-positive individuals were diagnosed, with 2/3 diagnosed through
VCT services and the remaining 1/3 through PICT. By adjusting the baseline rate of seeking care through VCT
(‘VCT test time’, Table S10) and the health care seeking rates driving individuals to seek care through PICT
(‘PICT test time’, Table S10), we matched these values exactly as shown in fig S6.
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Figure S6. Proportion of infected individuals aware of HIV-status by 2010.

With knowledge of AMPATH’s HBCT programme rollout in 2010, followed by the addition of the FLTR
programme where HBCT became “perpetual” (home-team does not leave an area until everyone is tested, resulting
in 100% coverage), we looked at the proportion of individuals entering care through each of the three routes
(HBCT/VCT/PICT) over the three time splits and calibrated model output to AMPATH data (Fig S7). During
calibration, we used this ‘calibration version’ of HBCT (Section 4.2.2), with perfect coverage, and adjusted the
rates of linkage to care from VCT and PICT, before adjusting the linkage rates following HBCT in both the
‘roll-out period’ (2010 to 2011) and thereafter (See ‘Linkage’, Table S10).
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Figure S7. Distribution of individuals across the three routes of entry into care.

The CD4 distribution of individuals entering care was then calibrated to data from AMPATH. Fig S8, illustrates
the calibration results; however, it can be seen that the proportion of individuals entering care through VCT and
PICT with CD4 <200 in the data, show an uptick in the period 2011 to 2014.

The reason for this uptick in the data is unknown, and is not captured by the model. The data was adjusted for
individuals without a CD4 count on record at entry to care, and also for individuals with no route entry recorded.
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Here, we assume that all patients without a CD4 count had a CD4 of <200, and among those who had no route of
entry recorded, 1/3 entered through PICT care and 2/3 through VCT services.
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Figure S8. CD4 distribution at entry to care.

The CD4 distribution among individuals initiating ART in the model was then calibrated to AMPATH data.
This distribution is altered by changes in treatment guidelines, care seeking rates and the natural history of HIV.
As can be seen in fig S9, many individuals initiate ART in AMPATH with very high CD4 counts (higher than
treatment guidelines); this is due to a high prevalence of opportunistic infections (OI’s) in Bunyala. To reconcile
the model with the data, we allow all patients with WHO stage III or IV infections to initiate treatment immediately
upon presentation to care. We also allow a random 5% of patients presenting to initiate immediately, to capture
additional OI’s that are not defined as WHO stage infections and to match the CD4 distribution at ART initiation
seen in the AMPATH data.
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Figure S9. CD4 distribution at ART initiation.

We then calibrated the model to data on the prior experience of care among patients initiating ART (Fig S11).
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We noticed an incompatibility between the data and the model during this stage of calibration. We see that in the
data, the majority of individuals initiate ART following enrollment into care, but not at enrollment. In contrast, in
the model, we see that the majority of individuals initiate treatment at enrollment.

In this calibration, the model fails to capture this aspect of care seen in the AMPATH data, as we assume that
there is a strong tendency to seekcare when symptomatic. This process has been previously termed as “reaching
ART via the ‘side-door’ ”, as patients enter care and initiate treatment immediately, bypassing the other stages
of pre-ART care.37 To reconcile this, we produced alternative calibrations that we use to explore how different
intepretations of the available AMPATH data affects results (Section 4.2.5 & 4.2.7).

Finally, the proportion of HIV-positive individuals on ART in mid-2010 and the proportion of patients in care,
on ART at the end of May 2014 in the model was calibrated to data from AMPATH (Fig S10). The model fails to
capture the high proportion of patients in care and on ART in 2014, it is thought that this is may be due to patients
being initiated early onto treatment before they become eligible. All parameter values from this calibration can be
found in table S10.
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Figure S10. Proportion of individuals initiating ART per year.
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(A) Among individuals initiating ART between 2007 and 2010.

AMPATH Model

ART following enrollment ART re-initiation

(B) Among individuals initiating ART between 2010 and 2011.

AMPATH Model

ART at enrollment ART following enrollment ART re-initiation

(C) Among individuals initiating ART between 2011 and 2014.

AMPATH Model

ART at enrollment, diagnosed <3 months ago
ART at enrollment, diagnosed >3 months ago
ART following linkage and retention in care

ART following loss from care, but returned before eligible
ART following loss from, but returned when eligible

Figure S11. Prior care experience among individuals initiating ART.
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4.2.4 Results to Province-Level Estimates

After calibration to data from AMPATH, we independently compared the model to estimates of HIV prevalence
from the 2012 Kenya AIDS Indicator Survey at the province-level, before comparing the model to prevalence
estimates in Bunyala from AMPATH, and comparing the model to national estimates from UNAIDS. With the
calibration version of HBCT implemented from 2010 (Section 4.2.2), we compared HIV prevalence in the model
to estimates from the 2012 Kenya AIDS Indicator Survey from Western Province (Fig S12).38 As we are aiming
to describe improvements to care in Kenya through extrapolating results from data in Bunyala, a close fit to
prevalence estimates from Western Province (which contains Bunyala) is desirable.

We also compared prevalence in the model to the latest estimates from AMPATH in Bunyala (Fig S13). We
fail to capture the same prevalence distribution in Bunyala for two reasons: firstly, incident infections in the
model only occur among individuals aged 15 years or older as incidence is primarily driven by estimates from
Spectrum (Table S4),2 and secondly, the prevalence of HIV in Bunyala is higher than sub-national estimates. This
is likely due to the location of Port Victoria in Bunyala, on the shores of Lake Victoria where the “sex for fish”
trade contributes to incidence.39 Because the AMPATH prevalence estimates indicate a higher prevalence than
the KAIS estimates, we chose to make the model best match a compromise in prevalence between Western Kenya
(KAIS) and AMPATH.

We also compared the model to national estimates of prevalence, AIDS-related death estimates and ART
coverage to data from UNAIDS (Fig S14). The model fails to capture the decline seen in HIV-prevalence estimates
from UNAIDS; however, the UNAIDS figures are likely to be indirect estimates from measuring prevalence among
pregnant women attending antinatal clinics. This method of estimation has recently been shown to underestimate
the trend in prevalence among the general population.40 Additionally, the model does not match national trends in
ART coverage. This is due to the presence of HBCT in Bunyala and the efficiency of the AMPATH care system.
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Figure S12. Comparison of HIV-prevalence in the model to KAIS 2012 estimates from Western Province.

HIV prevalence among Men on 22/05/2014
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HIV prevalence among Women on 22/05/2014
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Figure S13. Comparison of HIV-prevalence in the model to AMPATH estimates from Bunyala in 2014.
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Figure S14. Comparison to UNAIDS estimates from Spectrum.2
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4.2.5 Uniform Care Seeking Calibration: Results to AMPATH Data

This “Uniform Care Seeking” calibration aimed to provide a better model fit to the distribution of prior care ex-
perience among patients initiating ART. This is in response to the incompatibility between some of the AMPATH
data and the model seen in the standard calibration (Section 4.2.3).

The standard calibration includes a strong tendency for individuals to seek care when they are symptomatic
(a strong ‘side-door’).37 To reconcile the issue seen in the standard calibration, this “Uniform Care Seeking”
calibration makes the assumption that care seeking is stronger and more uniform, with patients not seeking care
faster when symptomatic. Additionally, we also assume that the rate of care seeking behaviour is also not a
function of previous care experience. The care seeking behaviour parameters for the standard calibration are
shown in table S10, and the updated parameter values for this calibration are shown in table S12.

Table S12. Summary of updated parameters used in the Uniform Care Seeking calibration.
Definition Values Notes
VCT test time 5.50 years (0.1819py) Baseline VCT testing rate.

PICT test time Asymptomatic
No previous care
experience

8 years (0.1250py) Baseline PICT testing rate given no
previous experience of care.

Never received
CD4 result

8 years (0.1250py) Baseline PICT testing rate given di-
agnosed but unaware of CD4 count.

Ever received
CD4 result

8 years (0.1250py) Baseline PICT testing rate given di-
agnosed and aware of CD4 count.

Symptomatic No previous care
experience

8 years (0.1250py) Baseline PICT testing rate given
symptomatic but undiagnosed.

Diagnosed 8 years (0.1250py) Baseline PICT testing rate given
symptomatic and diagnosed.

On day of CD4 test result appointment, prob-
ability of attending 98.99% -

Pre-ART retention probability
(probability of not being lost from
care after CD4 test)

HBCT 98.99% Risk of not being lost from care af-
ter CD4 test given route into care
was through HBCT.

VCT 98.99% Risk of not being lost from care af-
ter CD4 test given route into care
was through VCT.

PICT 98.99% Risk of not being lost from care af-
ter CD4 test given route into care
was through PICT.

After receiving CD4 test result,
probability of returning for sec-
ondary CD4 test

HBCT 98% Risk of attending secondary CD4
test if route of entry to care was
through HBCT.

VCT 98% Risk of attending secondary CD4
test if route of entry to care was
through VCT.

PICT 98% Risk of attending secondary CD4
test if route of entry to care was
through PICT.

Below are the “Uniform Care Seeking” calibration results with no increase in care seeking behaviour for
symptomatic patients. In order to produce the same fraction of individuals on ART in 2010 and 2014 (Fig S20),
the baseline rates of care-seeking behaviour were increased to compensate for the lack of faster care-seeking
among sick individuals (Table S12). As a result, the fraction of PLHIV diagnosed by 2010 increases above the
estimates provided by AMPATH (Fig S15).

Additionally, the model fit to the distribution of individuals at entry to care by route of entry is weaker than in
the standard calibration (Fig S16).

A by-product of increasing baseline rates of care-seeking behaviour in this alternate calibration is that the
CD4 distribution of individuals entering care in the model is a better fit to the AMPATH data than in the standard
calibration, particularly with respect to the proportion of individuals with CD4 >500 entering care (Fig S17 vs.
Fig S8).

However, the CD4 distribution of patients at ART initiation is lower because fewer individuals are allowed
to initiate ART at enrolment (Fig S18). In this calibration, only patients with WHO stage IV infections and a
random 2% of patients presenting to care were allowed to initiate treatment immediately. This restriction was
implemented due to the need for this calibration to be aligned with the distribution of prior care experience among
patients initiating ART (Fig S19). Additionally, rates of retention in pre-ART care were marginally increased to
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Figure S15. Uniform Care Seeking Calibration - Proportion of infected individuals aware of HIV-status by
2010.
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Figure S16. Uniform Care Seeking Calibration - Distribution of individuals across the three routes of
entry into care.

achieve a better model fit (Table S12).
Additionally, this calibration needed to produce the same number of individuals on ART in 2010 and 2014 as

in the standard calibration. This was achieved through increasing the baseline rates of seeking care and allows the
model to match AMPATH data in 2010, but falls short of matching AMPATH data in 2014 (Fig S20).
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Figure S17. Uniform Care Seeking Calibration - CD4 distribution at entry to care.
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Figure S18. Uniform Care Seeking Calibration - CD4 distribution at ART initiation.

33



(A) Among individuals initiating ART between 2007 and 2010.

AMPATH Model

ART following enrollment ART re-initiation

(B) Among individuals initiating ART between 2010 and 2011.

AMPATH Model

ART at enrollment ART following enrollment ART re-initiation

(C) Among individuals initiating ART between 2011 and 2014.

AMPATH Model

ART at enrollment, diagnosed <3 months ago
ART at enrollment, diagnosed >3 months ago
ART following linkage and retention in care

ART following loss from care, but returned before eligible
ART following loss from, but returned when eligible

Figure S19. Uniform Care Seeking Calibration - Prior care experience among individuals initiating ART.

34



0%

10%

20%

30%

40%

50%

AMPATH Model

In 2010, the proportion of HIV-positive
individuals on ART

0%

20%

40%

60%

80%

100%

AMPATH Model

In 2014, the proportion of HIV-positive
individuals in care, on ART

Figure S20. Uniform Care Seeking Calibration - Proportion of individuals initiating ART per year.
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4.2.6 Uniform Care Seeking Calibration: Results to Province-Level Estimates

After calibration to data from AMPATH, we independently compared this “Uniform Care Seeking” version of
the model to estimates of HIV prevalence from the 2012 Kenya AIDS Indicator Surveys at the province level,
prevalence estimates from AMPATH, and to national UNAIDS estimates. With the ‘calibration version’ of HBCT
implemented from 2010 (Section 4.2.2), we compared HIV prevalence in the model to estimates from the 2012
Kenya AIDS Indicator Survey (Fig S21),38 estimates from AMPATH (Fig S22), and to national estimates of
prevalence, AIDS-related death estimates and ART coverage to data from UNAIDS (Fig S23).
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HIV prevalence among Women in Western Province in 2012
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Figure S21. Uniform Care Seeking Calibration - Comparison of HIV-prevalence in the model to KAIS 2012
estimates from Western Province.

HIV prevalence among Men on 22/05/2014
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HIV prevalence among Women on 22/05/2014
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Figure S22. Uniform Care Seeking Calibration - Comparison of HIV-prevalence in the model to AMPATH
estimates from Bunyala in 2014.
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(A) Historical HIV-prevalence trend.
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(B) AIDS deaths as a proportion of the total population.
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Figure S23. Uniform Care Seeking Calibration - Comparison to UNAIDS estimates from Spectrum.2
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4.2.7 Disease-Led Care Seeking Calibration: Results to AMPATH Data

A second alternative calibration of the model, the “Disease-Led Care Seeking” calibration was created to illustrate
the impact of a third set of assumptions around care seeking behaviour. In the standard calibration (Section 4.2.3),
individuals have a strong tendency to seek care when they are symptomatic and additionally seek care at a higher
rate after previous care experience. However, the “Uniform Care Seeking” calibration (Section 4.2.5), illustrates
how removing this strong tendency to seek care when symptomatic or with previous care experience impacts
results.

Now, this third “Disease-Led Care Seeking” calibration aims to illustrate the impact of only allowing the
presence of symptoms to increase care seeking behaviour. That is, having previous experience of care does not
increase the tendency of an individual to seek further care. By presenting the results of three different calibrations
to the data, we show how various assumptions can be made around health care seeking behaviour in the model, but
that the primary outcomes of this paper remain the same. The care seeking behaviour parameters for the standard
calibration are shown in table S10, and the updated parameter values for this calibration are shown in table S13.

Table S13. Summary of updated parameters used in the Disease-Led Care Seeking calibration.
Definition Values Notes
VCT test time 8 years (0.1250py) Baseline VCT testing rate.

PICT test time Asymptomatic
No previous care
experience

25 years (0.0400py) Baseline PICT testing rate given no
previous experience of care.

Never received
CD4 result

25 years (0.0400py) Baseline PICT testing rate given di-
agnosed but unaware of CD4 count.

Ever received
CD4 result

25 years (0.0400py) Baseline PICT testing rate given di-
agnosed and aware of CD4 count.

Symptomatic No previous care
experience

1 years (1.0000py) Baseline PICT testing rate given
symptomatic but undiagnosed.

Diagnosed 1 years (1.0000py) Baseline PICT testing rate given
symptomatic and diagnosed.
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Figure S24. Disease-Led Care Seeking Calibration - Proportion of infected individuals aware of
HIV-status by 2010.
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Figure S25. Disease-Led Care Seeking Calibration - Distribution of individuals across the three routes of
entry into care.
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Figure S26. Disease-Led Care Seeking Calibration - CD4 distribution at entry to care.
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Figure S27. Disease-Led Care Seeking Calibration - CD4 distribution at ART initiation.
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(A) Among individuals initiating ART between 2007 and 2010.

AMPATH Model

ART at enrollment ART following enrollment ART re-initiation

(B) Among individuals initiating ART between 2010 and 2011.

AMPATH Model

ART at enrollment ART following enrollment ART re-initiation

(C) Among individuals initiating ART between 2011 and 2014.

AMPATH Model

ART at enrollment, diagnosed <3 months ago
ART at enrollment, diagnosed >3 months ago
ART following linkage and retention in care

ART following loss from care, but returned before eligible
ART following loss from, but returned when eligible

Figure S28. Disease-Led Care Seeking Calibration - Prior care experience among individuals initiating
ART.
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Figure S29. Disease-Led Care Seeking Calibration - Proportion of individuals initiating ART per year.
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4.2.8 Disease-Led Care Seeking Calibration: Results to Province-Level Estimates

After calibration to data from AMPATH, we independently compared this “Disease-Led Care Seeking” version
of the model to estimates of HIV prevalence from the 2012 Kenya AIDS Indicator Surveys at the province-
level, estimates from AMPATH, and to national UNAIDS estimates. With the ‘calibration version’ of HBCT
implemented from 2010 (Section 4.2.2), we compared HIV prevalence in the model to estimates from the 2012
Kenya AIDS Indicator Survey (Fig S30),38 estimates from AMPATH (Fig S31), and to national estimates of
prevalence, AIDS-related death estimates and ART coverage to data from UNAIDS (Fig S32).
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Figure S30. Disease-Led Care Seeking Calibration - Comparison of HIV-prevalence in the model to KAIS 2012
estimates from Western Province.
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HIV prevalence among Women on 22/05/2014
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Figure S31. Disease-Led Care Seeking Calibration - Comparison of HIV-prevalence in the model to AMPATH
estimates from Bunyala in 2014.
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Figure S32. Disease-Led Care Seeking Calibration - Comparison to UNAIDS estimates from Spectrum.2
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5 Cost
The cost of care was broken down into individual unit costs. The majority of costs, including the cost of ART care,
pre-ART clinic visits and CD4 lab-based tests, were derived from the MATCH Study, a multi-country analysis of
161 treatment facilities across five countries in sub-Saharan Africa.41, 42 The remaining costs were identified in
the literature by searching for robust cost estimates from sub-Saharan Africa. Due to the lack of cost data from
Kenya, costs were sourced from other countries within sub-Saharan Africa and converted to a US dollar (USD)
value. As various sources list component costs from different years, we used the GDP deflator, the ratio of GDP
in current local currency to GDP in a constant local currency, to adjust all costs to 2013 USD.

All costs were discounted at 6% per annum from 2010 onwards. All unit costs are shown in table S14 with a
flow diagram describing how these costs accumulate over person-time in fig S33.

Table S14. HIV-care cost breakdown.
Source Item Country Original

Year
Cost in orig-
inal year
(USD)

GDP Defla-
tor in origi-
nal year

GDP Defla-
tor in 2013

Difference
in GDP
Deflator

Adjusted
Cost

Average

Wright et
al.43

Rapid HIV-
test

Zambia 2003 $2.00 178.22 569.53 391.31 $10 -

Larson et
al.26

POC CD4
test

South Africa 2010 $23.76 145.08 169.83 24.75 $30 -

van Rooyen
et al.44∗

HBCT home
visit

South Africa 2013 $8.46 169.83 169.83 0 $8 -

CHAI
MATCH
Study41

CD4-test
(lab)

Ethiopia 2010 $7.11 90.52 160.57 70.06 $12 $12
Malawi 2010 $7.21 126.45 196.92 70.47 $12
Rwanda 2010 $6.28 140.21 167.40 27.19 $8
Zambia 2010 $6.20 444.35 569.53 125.18 $14

Pre-ART
Clinic Ap-
pointment

Ethiopia 2010 $6.64 90.52 160.57 70.06 $11 $28
Malawi 2010 $6.89 126.45 196.92 70.47 $12
Rwanda 2010 $19.61 140.21 167.40 27.19 $25
Zambia 2010 $28.56 444.35 569.53 125.18 $64

Annual ART
Cost

Ethiopia 2010 $158.00 90.52 160.57 70.06 $269 $367
Malawi 2010 $124.00 126.45 196.92 70.47 $211
Rwanda 2010 $245.00 140.21 167.40 27.19 $312
Zambia 2010 $300.00 444.35 569.53 125.18 $676

GDP deflator values from World Bank (http://data.worldbank.org/indicator/NY.GDP.DEFL.ZS). Cost adjusted for inflation by multiplying cost
in original year by one plus the percentage change in GDP deflator. Values in bold are those used in the model. ∗ Secondary analysis of data from van
Rooyen et al.44
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SMS based appointment reminders are sent 
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UTT
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starts ART immediately

Pre-ART Outreach
In the middle of each year, 20% of all 
persons who have tested for HIV but 
are not known to have initiated ART 
are returned to care, costing $19.55 

per patient sought

Immediate ART
Anyone testing for HIV 

through any route is placed 
on ART immediately

ART Outreach
In the middle of each 

year, 20% of all persons 
who have initiated ART 
but are not currently in 

ART care are returned to 
care, costing $19.55 per 

patient sought

POC CD4 
Upon arriving at the clinic to receive a CD4 test, the patient 
receives a POC CD4 test, is charged an additional $30 and 

receives their results immediately. 

Improved Care
Retention is improved such that patients are 
less likely to be lost from pre-ART care, at a 

cost of $7.05 per patient per clinic visit. 

Figure S33. Flow diagram describing the cost function in the model. The cost of the individual components
of care accumulate over time and additional costs are incurred when interventions are implemented.
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6 DALYs
Patient outcomes are quantified in terms of disability-adjusted life years (DALYs). The impact of individual
interventions was assessed by comparing DALYs averted relative to a baseline scenario in the absence of any
interventions between 2010 and 2030. The disability weights used in this model were sourced from the Global
Burden of Disease Study 2010, comparing life-years lived in different health states to full health, values used are
shown in table S15.45 It is assumed that untreated HIV-infection with a CD4 count of >350 cells/µl carries the
same weight as an HIV-positive individual receiving ART. Upon death from HIV, an individual carries a disability
weight of one until they reach their natural death date. Disability weights, along with costs, were discounted at
6% per annum from 2010 onwards.

Table S15. Disability weights by health state.
Health State Disability Weight
HIV-positive, CD4 count >350 cells/µl (untreated) 0.053
HIV-positive, CD4 count 200-350 cells/µl (untreated) 0.221
HIV-positive, CD4 count <200 cells/µl (untreated) 0.547
HIV-positive, on-ART 0.053
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7 Interventions

7.1 Intervention Detail
The interventions implemented in the model were identified by first defining specific intervention categories, with
each containing interventions targetting a specific aspect of care. We then conducted a review of the literature for
relevant interventions to populate each category. We picked one indicative intervention, from each category, on
the basis of strong empirical evidence and the explicit quantification of impact and cost (Table 2 & S16). This
provides a useful indication of the relative actions of the different categories of intervention, but will not impart
the specificity to determine the nature of interventions that would be recommended with that category.

Table S16. Evidence of indicative intervention.
Intervention Intervention Detail Assumptions Reference
HBCT Pilot of home-based counselling and testing intervention in rural Kwazulu-Natal,

South Africa. Intervention involved home-based HIV-testing with point-of-care
CD4 testing and follow-up visits to improve linkage to care. Pilot intervention
achieved 91% coverage and 90% of HIV-infected individuals had linked to care
within 3 months.

We ignore predicted linkage values to simulate an HBCT in-
tervention in the absence of POC CD4 testing.

van
Rooyen
et al.
(2013)44

Enhanced CT Project Accept (HPTN 043) – Trial to assess if HIV-testing could be increased by
supplementing clinic-based VCT testing with community-based VCT testing in
Tanzania, Zimbabwe and Thailand. 40.2% difference in the proportion of clients
receiving HIV-testing through community-based VCT vs. clinic-based VCT.

The intervention involves a 25% increase in baseline HIV-
testing.

Sweat
et al.
(2011)46

HBCT (with POC
CD4)

Pilot of home-based counselling and testing intervention in rural Kwazulu-Natal,
South Africa. Intervention involved home-based HIV-testing with point-of-care
CD4 testing and follow-up visits to improve linkage to care. Pilot intervention
achieved 91% coverage and 90% of HIV-infected individuals had linked to care
within 3 months.

We assume that linkage is improved by 50%. van
Rooyen
et al.
(2013)44

Facilitated Link-
age

This is based on a trial in Mozambique that explored the impact of a combination
of three interventions to improve linkage and retention in pre-ART care in com-
parison to the standard of care in Mozambique. This combination intervention
strategy consisted of providing point-of-care CD4 testing, accelerating ART ini-
tiation for eligible individuals and providing SMS based appointment reminders
for patients. The trial is still underway and is estimated to be complete by June
2016; however, the study protocal has been published by Elul et al. (2014).

We implement a hypothetical SMS based appointment re-
minder intervention that increases linkage to care by 50% and
costs $2.61 per patient per year. No cost data was provided
by Elul et al. (2014). This cost was derived from Lester et al.
(2010), which describes a trial assessing the impact of SMS
based reminders for ART adherence in Kenya.

Elul et al.
(2014)47

& Lester
et al.
(2010)48

VCT POC Implementation of point-of-care CD4 testing to assess the impact on loss to
follow-up before completion of immunological staging. POC CD4 reduced the
proportion of patients lost from care before completing CD4 staging by 36%.

We provide POC CD4 testing to all patients testing through
VCT and assume that the risk of not linking to care is elimi-
nated.

Jani et al.
(2011)49

Pre-ART Outreach Pilot intervention utilising a ‘patient tracer’ to contact patients lost from ART care,
ascertain their outcome and if possible assist in returning them to care. Over the
four-month intervention, the patient tracer returned 21% of patients lost from care
to the clinic.

We assume that a ‘patient tracer’ is used to assist in returning
20% of patients lost from pre-ART care only.

Rosen
et al.
(2010)50

Improved Care Based on a trial of Nurse-led HIV clinics in South Africa by Fairall et al. (2012).
The trial looked at the impact of task-shifting from doctor-led to nurse-led care
through the Streamlining Tasks and Roles to Expand Treatment and Care for HIV
(STRETCH) programme on mortality, retention and viral suppression. Amongst
HIV-infected patients not on ART, retention in pre-ART care was 10% higher after
12 months when enrolled in nurse-led care compared to doctor-led care. The cost-
effectiveness of this intervention was assessed in a follow-up article by Barton et
al. (2013) in which the per-patient cost of a nurse-led clinic visit was estimated to
be $6.49 (2009 USD).

We assume a generic intervention whereby the risk of loss
from pre-ART care is reduced by 50%.

Fairall
et al.
(2012)51

& Barton
et al.
(2013)52

POC CD4 Implementation of point-of-care CD4 testing to assess the impact on loss to
follow-up before completion of immunological staging. POC CD4 reduced the
proportion of patients lost from care before completing CD4 staging by 36%.

We provide POC CD4 testing to all patients at the clinic who
successfully linked to care. We assume that here, POC CD4
has no impact on linkage but the risk of loss from care be-
tween CD4 test and result is eliminated.

Jani et al.
(2011)49

On-ART Outreach Pilot intervention utilising a ‘patient tracer’ to contact patients lost from ART care,
ascertain their outcome and if possible assist in returning them to care. Over the
four-month intervention, the patient tracer returned 21% of patients lost from care
to the clinic.

We assume that a ‘patient tracer’ is used to assist in returning
40% of patients lost from ART care only.

Rosen
et al.
(2010)50

Adherence m-DOT (modified directly observed therapy) trial in three outpatient clinics in
Mombasa, Kenya. Intervention consisted of twice-weekly health centre visits for
nurse-observed pill ingestion, adherence support and medication collection. Com-
pared to control group, patients receiving m-DOT were 4.8-fold more adherent to
ART.

We assumed that an intervention such as m-DOT was used to
improve adherence by 50%.

Sarna
et al.
(2008)53

Immediate ART No specific study was used as a basis for this intervention. Using baseline-testing
routes (VCT and PICT) we provide ART to all HIV-infected individuals immedi-
ately after diagnosis.

We circumnavigate linkage for patients testing through VCT
and PICT, and provide ART to patients as soon as they are
diagnosed.

-

Universal Test &
Treat

No specific study was used as a basis for this intervention. In addition to providing
immediate ART for all patients, we implement testing outreach in the form on an
HBCT intervention.

Patients testing through HBCT must first link to care before
receiving ART as we assume that all ART is dispensed at the
clinic. VCT and PICT testing are performed next to the clinic
and we assume linkage is perfect for patients testing through
those routes.

-
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7.2 Uniform Care Seeking Calibration: Results
The impact and cost of applying each of the 12 interventions using the “Uniform Care Seeking” calibration is
shown in fig S34. Under the assumptions of this calibration that there is a stronger and more uniform health-care
seeking behaviour amongst patients (Section 4.2.5), pre-ART interventions generate less impact.

The ‘Improved Care’ intervention generates 40% less impact when patients seek care more uniformally, as
opposed to seeking care faster when symptomatic. This is because of the two main routes into care (VCT and
PICT), and in the absence of any other interventions, health-care seeking behaviour drives patients to enter care
through PICT, while the rate of entry to care through VCT remains constant. The decision to not allow the rate of
seeking care through PICT to be driven by symptoms was due to the characterisation of each care route; whereby
PICT was envisaged to be a hospital or health clinic that patients sought when sick. As a result, in this calibration,
health-care seeking behaviour is increased to match the number of individuals entering care and initiating ART in
the data (Fig S20 & Table S12), thereby increasing the likelihood that any individual will enter care, and reducing
the importance of retention in pre-ART care.

While the impact of individual pre-ART interventions decreased, the impact of interventions targeting ART
remained roughly constant. This is because the ART outreach and adherence interventions are restricted by the
number of patients that ever initiate ART at baseline, and as both model scenarios are calibrated to replicate the
same number of individuals to ever initiate ART, the impact of these interventions does not alter significantly.
The exception to this is the ‘Universal Test & Treat’ intervention that generates 39% less impact under this cal-
ibration in comparison to a scenario without any interventions implemented. This is because pre-ART retention
is increased during calibration and as a result attenuates the impact of this intervention as UTT acts by avoiding
pre-ART care and initiating individuals onto treatment immediately.
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Figure S34. DALYs averted and additional cost of care for individual interventions between 2010 and 2030
when care seeking behaviour is not a function of current health status or previous care experience.
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7.3 Disease-Led Care Seeking Calibration: Results
To illustrate the impact of various assumptions regarding the drivers behind health care seeking behaviour, we
implemented a second alternate calibration of the model, the “Disease-Led Care Seeking” calibration, in which
only the presence of symptoms was able to increase health care seeking behaviour (Section 4.2.7). This is in
contrast to the standard calibration (Section 4.2.3), where health care seeking behaviour is a function of symptoms
and previous experience of care, and also to the “Uniform Care Seeking” calibration (Section 4.2.5), where care
seeking behaviour is stronger and more uniform.

Under the assumptions of this “Disease-Led Care Seeking” calibration, we find that interventions are 17%
more impactful and 11% more expensive on average (Fig S35). The ‘Pre-ART Outreach’ intervention averts over
twice as many DALYs as in the standard calibration, but at a cost 43% higher. This is because patients do not
seek care faster when lost from pre-ART care; therefore, if a patient is lost from pre-ART care in the absence of
any interventions, only the development of symptoms will return them to care faster. This provides the ‘Pre-ART
Outreach’ intervention with a larger pool of individuals with which to have an impact on.

In contrast, under this scenario the ‘HBCT’ intervention averts 28% fewer DALYs. This is because HBCT
diagnoses many infected individuals and links them to pre-ART care, but the impact of this intervention is reduced
if patients lost from pre-ART care have a smaller chance of returning. Yet, improving linkage by providing POC
CD4 testing to all individuals tested through HBCT will overcome this reduction in impact, as seen by the ‘HBCT
POC CD4’ intervention which averts 9% more DALYs under this calibration.
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Figure S35. DALYs averted and additional cost of care for individual interventions between 2010 and 2030
when care seeking behaviour is only a function of current health state.
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7.4 No Transmission Benefit Scenario: Results
An additional analysis was conducted to investigate the proportion of health benefits that accrue from the indirect
impact of interventions reducing the potential for onward transmission of HIV. Interventions impact patient out-
comes by directly reducing losses from care, and indirectly through reducing onward transmission. This reduction
in transmission is brought about by an intervention increasing the health of infected individuals and reducing their
infectiousness, thereby decreasing the force of infection (Section 2).

We simulated an alternate projection in which incidence was not affected by any interventions. Therefore,
the impact produced by interventions in this scenario would be entirely from the direct effects of improving
patient health. Without transmission benefits, interventions on average, avert 6% fewer DALYs and are 31% more
expensive (Fig S36).

The linkage intervention has the largest reduction in impact (33%) compared to the baseline scenario with
transmision benefits. While efficiently linking individuals to care and preventing them being lost and potentially
initiating ART late, improves population health, a large proportion of this impact comes from indirectly reducing
HIV incidence. In contrast, the cost of the ‘Immediate ART’ intervention increases by 61% without transmission
benefits. This is because in the absence of an intervention reducing incidence, a larger number of infected individ-
uals will seek care and initiate ART, increasing the total person-time spent on treatment and thus the overall cost
of care.

These results indicate that interventions produce on average 94% of their impact through direct effects on
patient outcomes and the remaining 6% from indirectly reducing onward transmission over the period 2010 to
2030. In the event that these indirect effects are overestimated, interventions will still accrue the majority of
health benefits from direct effects.
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Figure S36. DALYs averted and additional cost of care for individual interventions between 2010 and 2030
where interventions provide no transmission benefits.
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7.5 Sources of Mortality
The alternative approaches for strengthening the care cascade generate their impact in different ways (Fig S37).
The combination approach does not substantially reduce deaths among those who would not present for HIV-
testing (a budget increase of $101M is required for this), but it does reduce deaths among those who have tested
by facilitating linkage, improving pre-ART retention and re-engagement, and by reducing deaths among patients
in ART care by improving ART outreach (Fig S37, Bar 3). The ‘Immediate ART’ approach also does not reduce
deaths among those who would not naturally present for HIV-testing, but by placing all successfully linked patients
onto treatment immediately, avoids the potential for patients disengaging from care and dying before initiating
ART (Fig S37, Bar 2). With the ‘UTT’ approach, there is a substantial reduction in the number of persons that die
who were not diagnosed, due to the large outreach component (in the form of HBCT), but impact is moderated by
the persisting large number of deaths among those who start ART but subsequently disengage from care (Fig S37,
Bar 4).

For comparison, with all interventions operating (‘UTT’ and combination of cascade interventions), deaths
are reduced the most and almost all remaining deaths are among persons on ART, the majority among those who
did not start late (Fig S37, Bar 6). This represents the maximum impact of an ART programme in this setting and
is a reduction of 43% relative to the baseline scenario, and a reduction of 75% relative to the absence of an ART
programme. Further increases are limited by the remaining small excess risk of death for those on ART compared
with those uninfected, which may be reduced through new drugs and therapies in the future.
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Figure S37. Care experience of deceased individuals who suffered an HIV-related death between 2010 and
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scenario.
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8 Sensitivity Analysis

8.1 Methods
Here we analyse the sensitivity of the model to variations in the cost of individual units of care. We are interested
in the additional cost of different interventions given differences in underlying costs of care, and what influence
this has on the relative cost-effectiveness of each intervention.

To begin, we list all individual units of cost used in the model (Table S17). To analyse the sensitivity of the
overall cost of care between 2010 and 2030, to variations in the cost of individual components of care, we first
define an upper and lower bound for each unit cost used which we can then sample between. The minimum,
or lower bound, is equal to 50% of the ‘Initial Cost’ (the baseline cost normally used by the model), while the
maximum, or upper bound, is equal to 150% of the ‘Initial Cost’ (Table S17).

Table S17. Costs associated with individual components of care. Row names with an ∗ are intervention
specific. All costs are in 2013 USD.

Unit Cost Initial Cost Minimum Maximum
Rapid HIV Test $10.00 $5.00 $15.00
Pre-ART Clinic Appointment $28.00 $14.00 $42.00
Lab-based CD4 Test $12.00 $6.00 $18.00
Annual ART $367.00 $183.50 $550.50
HBCT Visit∗ $8.00 $4.00 $12.00
Linkage∗ $2.61 $1.31 $3.92
Improved Care∗ $7.05 $3.53 $10.58
POC CD4 Test∗ $42.00 $21.00 $63.00
Annual Adherence∗ $33.54 $16.77 $50.31
Outreach∗ $19.55 $9.78 $29.33

With the upper and lower bounds defined for each unit cost, we have defined the parameter space from which
we can sample. We use a Latin Hypercube sampling (LHS) algorithm from the FME package in R to take one
thousand random draws from the parameter space.54

More specifically, we use LHS to draw one thousand parameter sets by randomly sampling between the upper
and lower bounds of each unit cost. For each draw, we calculate the baseline cost (the total cost of care in the
absence of any interventions), before calculating the intervention cost (the total cost of care in the presence of the
relevant intervention), for each intervention. This is repeated for each draw, until we are left with one thousand
results.

We then calculate the additional cost associated with implementing an intervention by taking the intervention
cost away from the baseline cost. The cost-effectiveness of each intervention, in terms of the cost per DALY
averted, is calculcated by dividing the cost associated with implementing an intervention by the DALYs averted
by that intervention. The cost-effectiveness of each intervention was then ranked in order from most to least cost-
effective for each draw. The mean ranked position of each intervention, in terms of its relative cost-effectiveness,
across all draws was calculated along with the interquartile and absolute ranges.

8.2 Results
Our sensitivity analysis finds that, the cost interval (the difference between the largest and smallest cost for each
intervention), increases with the mean cost of the intervention (Fig S38). For example, the most expensive in-
tervention, ‘Universal Test & Treat’, also has the largest cost interval ($2,714M). The size of the cost interval is
directly related to the uptake and unit cost of individual resources by a particular intervention. If more resources,
or more expensive resources, are consumed, the cost interval increases.

However, the majority of costs are driven by the unit cost of ART ($367 per year)), which incorporates the cost
of ARV’s, clinic appointments and monitoring (Table S14). For example, in the absence of any interventions, ART
comprises 95% of the total cost of care among HIV-positive individuals. Therefore, interventions prioritising ART,
increase person-time spent on ART and hence the proportion of total cost that ART represents. As a result, ART
represents 98% of the total cost of care among HIV-positive individuals if ‘Universal Test & Treat’ is implemented.

If we consider the cost-effectiveness of each intervention in terms of the cost per DALY averted, and order
interventions from most to least cost-effective, we find that across all random draws of unit cost (n = 1000), the
mean ranked order of interventions is preserved when compared to the cost-effectiveness of interventions in the
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Figure S38. DALYs averted and additional cost of care for interventions acting on the cascade between
2010 and 2030. The sensitivity of each result to variations in the unit cost of each component of care is also

illustrated.

main text (Table S18 vs. Table 3). Whilst the rank of the least cost-effective (‘HBCT’, ‘Universal Test & Treat’
and ‘HBCT (with POC CD4)’), and most cost-effective (‘Facilitated Linkage’) interventions are highly preserved
across all draws, the rank interquartile range (IQR) for interventions in the middle illustrates some variation across
draws (Table S18), but the mean rank order is preserved (Fig S39). This analysis indicates that modelled results
are not sensitive to fluctuations in unit costs.

Table S18. Ranked table of interventions. Interventions are ranked in order of increasing cost-effectiveness
(cost per DALY averted).

Mean Rank Interventions Rank IQR Rank Range
1.22 Facilitated Linkage 1-1 1-4
2.31 VCT POC CD4 2-3 1-4
2.76 On-ART Outreach 2-3 1-5
5.37 Adherence 4-7 1-11
5.45 Pre-ART Outreach 5-6 4-9
6.24 Immediate ART 5-8 3-10
6.59 POC CD4 5-9 1-12
7.47 Improved Care 7-8 4-10
7.67 Enhanced CT 7-9 4-9
9.99 HBCT (with POC CD4) 10-10 8-11
10.93 Universal Test & Treat 11-11 9-11
12.00 HBCT 12-12 11-12
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largest dot.
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9 HBCT Analysis
It is important to note several differences between AMPATH HBCT programmes and the HBCT interventions
simulated in the model. Firstly, we calibrated our model to a dataset from Bunyala which was closed on the 3rd
June, 2014. This dataset detailed the early rounds of HBCT which involved passive linkage of individuals to care
following a positive diagnosis.36 We calibrated our model to these data, and replicated the rollout of HBCT in
2010 with slowly increasing coverage of the population (Section 4.2.2). However, when simulating interventions
in the main text, we removed the AMPATH HBCT programme at baseline to allow analysis in the absence of any
other interventions. All HBCT interventions implemented thereafter between 2010 and 2030 were hypothetical
and not intended to represent the situation at AMPATH.

Secondly, current AMPATH HBCT campaigns now achieve very high coverage of the population and include
active follow-up to ensure that patients link to care.31 As a result, linkage rates are expected to be considerably
higher; although, revised estimates of HBCT with passive referral indicate that linkage was potentially underesti-
mated. However, in the absence of an entirely refreshed dataset from Bunyala, we elected to explore an alternative
scenario of the HBCT intervention in the model.

The “HBCT” intervention alone links 30% of patients previously unaware of their infection to care, but if
patients were aware of their infection, 40% link to care (Table 2). This intervention was intented to simulate
HBCT with passive referral to care. In contrast, we simulate “HBCT (with POC CD4)” to illustrate the impact of
an HBCT intervention with higher linkage rates afforded by providing POC CD4 to patients immediately alerting
them to their current CD4 count. This intervention links 65% of patients previously unaware of their infection to
care, and 70% of those aware of infection status (Table 2). This increased linkage and immediate awareness of
CD4 count means that patients eligible for treatment at diagnosis will initiate ART faster than patients receiving
traditional laboratory-based CD4 tests (Section 4.1). Additionally, there is a further cost of $42 associated with
providing a patient with a POC CD4 test (Section 5).

Motivated by the active follow-up to ensure linkage to care developed in recent AMPATH programme efforts,31

we simulated an additional HBCT intervention with “active referral” in which 90% of patients diagnosed through
HBCT are linked to care. This 90% assumption was derived in line with UNAIDS 90-90-90 targets.55 Analysis
of the effectiveness of AMPATH active referral HBCT is currently underway. We find that this increased linkage
averts 50% more DALYs between 2010 and 2030 than the “HBCT” intervention with passive referral to care
(1.44M vs. 0.96M), at a cost 14% higher ($2,554 vs. $2,241) (Fig S40). However, because patients are not
immediately made aware of their CD4 count, this active-referral HBCT intervention averts 10% fewer DALYs
than the “HBCT (with POC CD4)” intervention (1.44M vs. 1.61M) (Fig S40), despite the “HBCT (with POC
CD4)” intervention linking patients to care at a lower rate (Table 2).
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