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Abstract

We formulate a sex-structured deterministic model to study the effects of varying
HIV/AIDS testing rates, condom use rates and ART adherence rates among Adolescent
Girls and Young Women (AGYW) and, Adolescent Boys and Young Men (ABYM)
populations in Kenya. Attitudes influencing the Kenyan youth HIV/AIDS controls both
positively and negatively were considered. Using the 2012 Kenya AIDS Indicator Survey
(KAIS) microdata we constructed our model, which we fitted to the UNAIDS-Kenya
youth prevalence estimates to understand factors influencing AGYW/ABYM HIV/AIDS
prevalence trends. While highly efficacious combinatory control approach significantly
reduces HIV/AIDS prevalence rates among the AGYW/ABYM, the disease remains
endemic provided infected unaware sexual interactions persist. Disproportional gender-
wise attitudes towards HIV/AIDS controls play a key role in reducing the Kenyan youth
HIV/AIDS prevalence trends.

1 Introduction

Kenya’s HIV epidemic ranks fourth worldwide with its general population affected most
alongside risk groups such as sex workers, people who inject drugs, men who have sex
with men and recently, the youth population [12]. Two decades of successful combination
control efforts such as HIV testing, public health education campaigns, condom usage,
antiretroviral therapy (ART) among others has resulted in the country’s significant
reduction of the HIV/AIDS prevalence from 10.5% in 1996 to 5.9% in 2015 [3].

Integral to the ongoing fight against HIV/AIDS in Kenya is the component of HIV
Counseling and Testing (HCT) with the Government of Kenya and International De-
velopment Partners substantially increasing voluntary counseling and testing (VCT)
services in the country in the recent years [4]. Under the Adolescent Reproductive
Health Development policy in the 2005-2015 Plan of Action the Government of Kenya
sought to establish adolescent friendly voluntary counseling and testing services in a bid
to improve and promote accessibility of youth friendly sexual and reproductive health
services [5]. Scale up in innovative approaches to HIV/AIDS testing in the country
include community based HIV/AIDS testing, door to door testing campaigns and most
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recently, self-testing kits [6,|7]. Despite these great progress in increasing HIV/AIDS
testing centers and new approaches to HIV/AIDS testing, combined effects of inadequate
health services, poverty, sociodemographic characteristics, HIV testing behavior, difficult
socio-cultural and psycho-social conditions heavily impact the adolescents and young
adults volunteering to HIV testing [8-10]. There is significant gender disparity in factors
associated with HIV/AIDS testing among the youth in Kenya with pregnant female
youth required to test for HIV/AIDS due to advanced prevention of mother-to-child
transmission(PMTCT) in the country compared to their male counterparts leading to
female youth reporting higher HIV/AIDS testing rates in comparison to male youth of a
similar age cohort [24[3}/11].

Young people aged 15-24 in Kenya often engage in unprotected and unplanned sexual
intercourse often resulting in sexually transmitted infections, pregnancies and HIV infec-
tions [3,/11H13]. While condom use offers dual protection against unplanned pregnancies
and protection against HIV/AIDS infection, there is increasing decline in condom use
among the youth in Kenya [11}{13]. Some of the factors influencing condom use among
the Kenyan youth include perceived individual’s risk, peer influence, partner betrayal
and socio-cultural factors such as religion, communities, schools and families [3}[12H15].
Adolescents and young adults are easily influenced with their peers negative attitudes to
condom use with male peers highly affected compared to female peers [16,/17]. Incorrect
use of condoms in these population group places them at a higher risk of HIV/AIDS
infection as many of them are experimenting with sex or under the influence of drugs
or alcohol [12[13]. While condom use among the adolescents and young adults remains
inconsistent, condom use is generally higher among male youth compared to female
youth due to the patriarchal society in Kenya where the male condom is the most
preferred method with female youth reporting pressure from male partner not to use
condoms [12}13/15]. External funding was responsible for most of the free condoms
distribution in Kenya and recent cuts in donor funding has affected majority of the
sexually active youth in Kenya who cannot afford to purchase condoms. [18].

Universal Test and Treat strategy by the World Health organization requires that all
persons testing positive for HIV/AIDS be initiated on ART immediately irrespective
of their CD4+ T cell count so as to achieve 90% diagnosis of all HIV positive persons
with 90% of those positively diagnosed initiated on ART so as to achieve 90% viral load
suppression [19]. Unfortunately, the adherence rates to ART is proving to be an uphill
task among the adolescents and young adults in Kenya [20]. Factors influencing non
adherence to ART among the youth in Kenya include stigma associated with disclosure
of HIV/AIDS status, lack of adequate support from primary care givers and health
workers, treatment fatigue, lack of adequate support structures in schools for youth
living with HIV/AIDS, confidentiality breaches by health providers leading to disclosure
of patients status to the community, fear of gossip and ridicule, financial constraints
leading to failure to honor medical appointments or collect ART drugs and physical and
emotional violence meted to orphaned perinatally infected youth by their care givers
prompting them to fend for themselves or forcing them to street life [9.[10120L21].

Models formulated for HIV/AIDS dynamics have so far informed strategic planning,
implementation and evaluation of control programs [22H26]. Recent HIV/AIDS models
have coupled interventions such as screening, anti-retroviral therapy (ART) treatment,
Prep uptake and condom use [27H33]. Few of these models considered combination control
strategies [34]. Real epidemiological data was used in [34H39] to predict HIV/AIDS
prevalence subject to the considered controls.
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We seek to show the effects of varying HIV/AIDS testing rates, condom use rates and
antiretroviral adherence rates on the sex-structured AGYW/ABYM disease dynamics in
Kenya subject to attitudes influencing disease control such as psycho-social conditions,
sociodemographic and socio-cultural characteristics described earlier. Using the most
recent UNAIDS-Kenya data we fit the AGYW/ABYM model prevalence under the three
combinatory controls to their respective prevalence data for reliable prevalence predictions
and model parameter estimation. HIV/AIDS prevalence among the Adolescent Girls and
Young Women (AGYW) population aged 15-24 is high at 5.7% whereas the Adolescent
Boys and Young Men (ABYM) population is low at 2.2% [2]. About 73.6% of adolescent
girls and young women aged 15-24 tested for HIV/AIDS in 2015 [2]. Similarly, 56% of
adolescent boys aged and young men aged 15-24 reported to have tested for HIV/AIDS
that year [2]. Approximately 89% of the AGYW reported not using condoms in trusted

sexual relations whereas 57.6% of ABYM used condoms at their first sexual encounter [2].

Out of the 268, 586 adolescents and young adults living with HIV/AIDS, 16% are yet
to access anti-retroviral therapy (ART) [3]. This model formulation provides a low
cost approach to identify key areas for intervention in the real world that could help in
reducing new HIV/AIDS infections among the youth in Kenya.

2 Methods

2.1 Data Description

This section details the 2012 Kenya AIDS Indicator Survey description which was used to
inform the model formulation described in section and the UNAIDS-Kenya National
Survey prevalence data description used for the model prevalence fit given in section

2.1.1 Kenya AIDS Indicator Survey (KAIS) Data Description

We used the 2012 Kenya AIDS Indicator Survey (KAIS) micro-data obtained from the
Kenya National Bureau of Statistics website [40] to construct our model as it included

data on HIV testing, sexual behavior and HIV care and treatment of children and adults.

Given our interest in HIV testing, sexual behavior and HIV care and treatment of
adolescents and young adults, we concentrated only on the all adults and sexual partners
data sets. The all adults data set comprised of adolescents and adults aged 15-64 years
totaling to 10, 811 with 5,211 males and 5,600 females. The sex partner data set had
information regarding sex partner’s gender, sexual behavior and HIV/AIDS status. We
considered the sex partner data set as we were interested in heterosexual partners. We
combined the all adults data set with the sex partners data set and extracted adolescents
and young adults aged 15-24 years. Thus, the combined data set comprised of 3,278
sexually active adolescents and young adults aged 15-24 years with 1,597 ABYM and
1,681 AGYW.

We generated a new variable for HIV/AIDS status knowledge from the combined data
set based on HIV testing and it’s structure included uninfected unaware, uninfected
aware, infected unaware and infected aware. Uninfected aware population comprised of
individuals who reported negative HIV/AIDS status and were KAIS confirmed negative
and those who reported negative having tested for HIV/AIDS elsewhere. Uninfected
unaware were individuals who reported never tested for HIV/AIDS and were KAIS
confirmed negative and those who reported positive HIV/AIDS status and were KAIS
confirmed negative. Infected aware included those AGYW / ABYM who reported positive
HIV/AIDS status and were KAIS confirmed positive and those who self-reported positive
having tested for HIV/AIDS elsewhere. We classified the infected unaware as those
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who were HIV infected but reported negative and those who reported never tested s
[f6r HIV/AIDS. Figures and [1(D)| gives the data summary for participant gender s
HIV status knowledge of the AGYW/ABYM. HIV/AIDS status knowledge is highest o

among AGYW in comparison to ABYM and this is consistent with literature findings 120

described in section [ (S8 figiires [[(a) aich B} Tifected uaware ACYW/ABYNi

which is worrying whereas 12
uninfected aware AGYW/ ABYM are slightly higher than uninfected unaware AGYW/ 1

ABYM (see figures and [L(b)]). 124
125
Uninfected Participant Gender HIV Status Knowledge Infected Participant Gender HIV Status Knowledge
1,200 30
1,000 b
800 20
600 15
400 10
: | B
0 o ABYM AGYW
W Uninfected Aware 1,006 m Infected Aware
m Uninfected Unaware 694 636 u Infected Unaware 26 26
mUninfected Aware B Uninfected Unaware minfected Aware  m Infected Unaware

(a) Susceptible AGYW and ABYM HIV Status (b) Infected AGYW and ABYM HIV Status Knowl-
Knowledge edge

Fig 1. Participant Gender HIV Status Knowledge

The question around the use of condom every time with sexual partner was used to 1
determine condom use patterns among the nd this was tabulated 1

against their HIV status knowledge . Figures and gives the data summary s
for participant gender condom use patterns with the AGYW/ABYM sexual partners. 1o

Uninfected Participant Gender Condom Use with Sexual Infected Participant Gender Consistent Condom Use with Sexual
Partner Partner
1000 5
900
800 pul
700
600 15
500
400 10
300
. | | I
100
. | | N , mll In
Yes No Yes No Yes No Yes No
AGYW
B Uninfected Aware 248 619 105 901 uInfected Aware 3 7 5 8
u Uninfected Unaware: 178 516 55 581 u Infected Unaware 5 1n 3 B
W Uninfected Aware B Uninfected Unaware minfected Aware  m Infected Unaware

(a) Susceptible AGYW and ABYM Condom Use (b) Infected AGYW and ABYM Condom Use Pat-
Patterns with Sexual Partner terns with Sexual Partner

Consistent condom use patterns ard Way higher among the uninfected aware ABYM 1%
in comparison to uninfected aware AGYW (see figure [2( However, most of the 1
uninfected aware AGYW/ABYM fail to use condoms con51stent1y with sexual partners

with uninfected aware AGYW ranking highest (see figure [2( _
—

Infected 135
aware AGYW use condoms more consistently with sexual partners when compared to 13
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infected aware ABYM (see figure 2(b)]). Infected unaware AGYW/ABYM inconsistent
condom use with sexual partners fare way higher than infected aware AGYW/ABYM

populations ( see figure [2(b))).

On ART adherence, the questions around currently using ART and daily ART usage
were used to determine ART adherence among the infected AGYW/ABYM and this
was also tabulated against their HIV status knowledge . Figures and gives
the data summary for participant gender HIV status knowledge and ART usage.

Participant Gender HIV Status Knowledge and ART Usage Participant Gender HIV Status Knowledge and
) Daily ART Usage

5 I I 2
] [ | . 1
- .

ABYM AGYW : No Yes No Ves

unfected Aware T 3 8 5 ABYM AGTW
uInfected Unauare i 0 % 0 W Infected Awae 0 3 0 5
Total B 4 % 8 uTot 0 4 0 8
nlnfectedAwae  mlnfected Unanare  m Total Blnfected Aware B Tots
(a) Infected AGYW and ABYM on ART (b) Infected AGYW and ABYM Daily ART Usage

Fig 3. HIV/AIDS Infected Participant Gender ART Usage

Infected unaware populations are yet to be initiated on ART which is expected (see
figures [3(a)) whereas few infected aware AGYW/ABYM are on ART (see figure [3(a))).
Figure shows AGYW/ABYM initiated on ART with daily use, which implies
adherence to ART. However, majority of the infected aware AGYW/ABYM are yet to
be initiated on ART (see figures [3(a)).

2.1.2 UNAIDS Data Description

The 2012 KAIS data informed the model formulation described in section Given
that the 2012 KAIS data was binary, it could only inform the model structure and
some state variables initial conditions. Hence, we used the UNAIDS-Kenya National
Survey quantitative data on Kenyan youth prevalence to fit the model prevalence for
AGYW and ABYM populations. The model fit was also used to estimate the best
parameter estimates for some of the model parameters and predict the AGYW and ABYM
prevalence for the years 2019 - 2023. Tables [3|- 5| give the AGYW/ABYM UNAIDS-
Kenya prevalence estimates and figures 4(b)| show the 1990 - 2018 UNAIDS-Kenya
prevalence estimates for the Kenyan youth [41].
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(a) AGYW UNAIDS-Kenya 1990 - 2018 Prevalence (b) ABYM UNAIDS-Kenya 1990 - 2018 Prevalence
Estimates [41] Estimates |41]

Fig 4. AGYW and ABYM UNAIDS-Kenya 1990-2018 Prevalence
Estimates [41]

2.2 Model Formulation

We formulate a model describing HIV transmission dynamics in the AGYW and ABYM
populations aged 15-24 with most of the state variables derived from the 2012 KAIS
data described in section [40]. While all the infected aware on ART treatment
remained adherent in section and figure [3] the model formulation considers the
infected aware AGYW and ABYM populations on ART but are not adherent so as to
make our model adaptable to non-adherence as the ART adherence rates among the
infected aware youth in the KAIS data set was only for the 2012 data point. Section
highlights the need to model this population group as some of the infected aware youth
on ART in general are not adherent to ART. Hence, we include this population group in
the model formulation. We do not include the male population older than 24 years in
this formulation as transactional sex in the 2012 KAIS population based survey was not
common [42]. Hence, we primarily focus on the sexual behavior and use of HIV/AIDS
controls among the sexually active youth aged 15-24 years.

The AGYW and ABYM populations are each categorized into six classes such that at
time ¢ > 0 there are susceptible AGYW, ABYM (S¢y, Smu), infected AGYW, ABYM
(Itw, Imw) who are not aware of their HIV status, susceptible AGYW, ABYM (S¢,,
Sma), infected AGYW, ABYM (Ijq, Lne) who have tested for HIV/AIDS and are
aware of their HIV status and use condoms consistently but are yet to be initiated
on ART, infected AGYW, ABYM (T}, Tmu) who have tested for HIV/AIDS and
are aware of their HIV status but use ART and condoms inconsistently and infected
AGYW, ABYM (T'tq, Tima) who have tested for HIV/AIDS and are aware of their HIV
status and are adherent to ART and use condoms consistently. The total size of the
AGYW and ABYM populations is given as Ny = S¢y + Spa + Iy + Ipo + Ty + Tta,
Np = Smu + Sma + Inw + Ina + Tinu + Tina respectively. N = Ny 4+ Ny, is the total
AGYW and ABYM population. Figure [5| represents the flow of individuals into different
compartments in a single patch model.
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Fig 5. Schematics of the Compartmental Model. The AGYW and ABYM model describes the AGYW and ABYM
transitions and interactions respectively.

The susceptibles females S¢,,, Sfq, are free from the HIV infection but are at risk of
infection through sexual contact with I, I)ne and T;,, whereas the susceptibles males
Sinus Sma, are free from the HIV infection but are at risk of infection through sexual
contact with Iy, Iy, and T'p,. Infectivity in Ify, I, is much higher compared to
T¢q, Imq and T'tyy, Ty, as the latter populations are more cautious given their infection
status awareness compared to Iy, I, populations. Also, T'¢,,, T, infectivity is further
reduced given their partial use of condoms and ART compared to ¢4, I, who partially
use condoms for either pregnancy or HIV/AIDS protection. Perfect adherence of
Ttay Tma to condom use and ART reduces their viral load significantly such that
they cannot sexually transmit HIV/AIDS given that undetectable viral load equals
untransmittable . Hence, we do not consider T,, Ty, populations infectious in this
model as their infectivity risks are negligible. The susceptible classes Sy, Sm. are at
risk of infection at the incidence rates Btu, Bmu, Bfa, Bma Whereas Srq, Sma are at risk
of infection at the incidence rates Bfm Bma. The rates Bfu, Bmu, Bfar Bma, Bfa and Bma
are given in equations as
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B = C’}%Vzm [1ru + alpelra + (alpe + of p) Ty o} o1

Contacts cy, ¢, are the average number of sexual interactions by AGYW/ABYM with
individuals of the opposite sex per unit time whereas 7, %m are the probabilities of
disease transmission by AGYW/ABYM with individuals of the opposite sex per unit
time. Condom use rate (p.) decreases the disease spread by I tas Ima Whereas condom use
and ART adherence rate (p;) reduces the infection risk by T't,,, Ty HIV/AIDS status
disclosure (pp:) by newly HIV/AIDS tested Iy, I, and already tested populations
Ita, Ima, Tiu, Trmu further reduces the disease spread to the susceptible populations.

When each of the HIV/AIDS controls ppt, pe, p+ in the AGYW/ABYM populations
is 1 we have perfect adherence otherwise, 0 < ppt, pe, pr < 1. The rates a,{t, ayy
represent negative attitudes affecting the efficacy of HIV testing rate pp; in the AGYW
and ABYM populations such as poor health services, poverty, psycho-social conditions,
socio-demographic characteristics among others [8-10]. Rates af, a/* represent negative
attitudes affecting the efficacy of condom use rate in the AGYW and ABYM populations
such as religion, peer influence, perceived individual’s risk among others [3/12H15]. Also,
a,{ , oy represent negative attitudes affecting the efficacy of ART usage rate among
the infected AGYW and ABYM such as stigma, poverty, caregivers waning support,
confidentiality breaches by health workers among others [9}/10}/2021]. Sectionhighlights
how societal attitudes affect HIV/AIDS testing rates, condom use and adherence to
ART among the youth in Kenya. The rates af p., o™ p. acts on I tas Ima to reduce
their infectivity as condom use serves to protect susceptible AGYW and ABYM from
acquiring new HIV/AIDS infection. In addition to condom use, T, Tin, partially uses
ART which works to reduce their HIV/AIDS viral load. The combined effects of condom
use and ART usage (af p. + a{ Pty & pe + af* py) further reduces the infectivity of
Truy Trnu as 0 < af al', a{, af* < 1. Thus, Ty, Ty infectivity is less than 74, Ipg
which is less than Ifu, L.

Incidence rates by untested AGYW/ABYM with individuals of the opposite sex per
unit time are given as By, Bmw respectively . The incidence rates B4, Bmaq are given
by HIV/AIDS tested AGYW/ABYM but not under ART treatment with individuals of
the opposite sex per unit time. The incidence rates f3 fa Bna Tesults from HIV/AIDS
tested AGYW/ABYM who are not perfectly adherent to consistent condom use and
ART treatment with individuals of the opposite sex per unit time. The incidence rates
Btu, Bmus Bfas Pmas ﬂfa and Bma have proportionate mixing incidences since some of
the adolescents and young adults aged 15-24 will have already initiated sex with most of
them remaining sexually active.
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what are these probabilities?


Uninfected unaware S¢,, Spu who know their HIV/AIDS status through HIV test-
ing moves to Syq, Sma at the rates piv P with pit = ai:t pne and ppy = o pht -
A newly infected Sy, Spmu through interaction with infected Iy, Ima Or iy Who
fail to disclose their HIV/AIDS status will move to Iy, Iy, at the rates By, Bme-
Also, a newly infected Sy, Sme through sexual contact with infected aware popu-
lations of the opposite sex will move to I¢q, Ipye at the rates Bfq, Bma given that
status disclosure by the infected aware populations results in HIV/AIDS awareness
of the newly infected Sy, Smu. A newly infected Syq, Sima moves to Irq, Ina at the

rates Bfa» Bma. Infected unaware Iy, I;m, can move to e, Imq at the rates pit, Phy
through HIV/AIDS testing. Also, Ifq, Ina and Tfy, Ty who consistently use condoms

and adhere to ART treatment moves to T4, Trma at the rates p({tl, pm! whereas an

I, Imq or Tyq, Ting who fail to use condoms consistently or adhere to ART treat-

ment moves to Ty, Ty at the rates pft, Pt respectively with pztl =allp. + a{l Pt

Pt = amp, + amtp, ol = afp. + alp, and p = a™p. + aMp; respectively.
aﬁ, aﬁl, afl, a,{l, am™ oMl and a,{t, apy, a{, ozf, al', af* are parameters represent-
ing negative/positive attitudes influencing HIV/AIDS controls ( pat, pe, p+) but not to
zero given that in the Kenyan HIV/AIDS youth dynamics some control measures are in
place [52]|. The rates a{ztl, amt, afl, a{l, a™! represent attitudes affecting the efficacy
of ppt, pe, pr positively such as confidentiality by health workers, adequate support
structure at home and the community at large, improved financial status among others
whereas ait, agy, af, oz{ , o represent negative attitudes, which was explained earlier,
influencing the said controls. The rates pft, pot represent combined condom use and ART

use coupled with negative attitudes whereas pftl, p! represent combined condom use
and ART use coupled with positive attitudes among the AGYW and ABYM respectively.

Thus,

fl ml _ml _f m f f m m
Qp 5, O Oy 7ahtaahtvac7atvac>at <1

f1 mil 1
0 <ahta Qhpt 5 O‘f )

with
f1  _mi f1 f1 ml ml f m f f m _m
Qpes Ope s Oy O 5 O™ Oy > Qs Opgs Oy Oy Qg Oy

Recruitment rates into susceptible populations Sy, Smu; Sfa, Sme is by natural births
and maturity to 15 years and are given as Ajfy, Amu, Afa, Ama respectively. The
susceptible classes are all reduced by natural deaths ¢, p,;, whereas the infectious
classes are all decreased by natural deaths and disease induced deaths, ¢y, d,,. Upon
turning 24 years, the AGYW and the ABYM population exit the model at the rate o.
The state variables and parameters are assumed to be positive given that a population
dynamics model is being studied. Tables [1I| and [2| gives the summary description for the
state variables and model parameters respectively.

The system of ordinary differential equations governing the AGYW/ABYM HIV model
is given by the system of equations (2)) as
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dSp,

=Apy — BpuSru — Bfa Sru — g1 Stu,

dt
ds ~

dZ:a = Afa + p{w Sfu - Bfa Sfa — Kf2 Sfaa
dl

d;u = Bfu Sfu —HKfs3 Ifua
dl ~

d;a = ﬂfana +Bfa Sfu +p£t1fu - ,Uf4Ifa7
dT

diu = pli Lo + ol Tya — 1155 Tpu,
dTs,

di = ol Tra + Pl Tru = pig6 Ta,

AS ®
= Amu - 5mu Smu - ﬂma Smu — Hm1 Sm?u

dt
dSm 5

d;na = Ama —|— pm Smu - ,Bma Sma - ,u’77L2 Sm(l7
dl,

dr:u = 5mu Smu — Hm3 Imu’
dl, ~

d:rfla = Bma Sma + Bma Smu + Pt Imu — toma Ima,
dT,

d;”“ = pet Ima + et Tma — Hms T,
dT,

d:la = P&t Ima + P8 T = Him Tina-

where

_ _ _ _ 1 _

A =wy+ o pp = Ph + Rips fge = fig, pps = ply + Ty + Op, ppa = ply + pl + iy +
5f7 Hfs = pZt +ﬂf+5f> Hfe = plj:ct+/jff7 P = pm+0, fm1 = pﬁ"’ﬂm: Um2 = Um, Um3 =

m

Pht + fm + 6m7 Hm4a = PZ? + /)Ztﬂ + fm + 6ma Hms5 = pgtbl + fm + (Sma Hme = p?tl + -

Table 1. Summary Description of State variables

Variable  Description

Sfu, Smu  Susceptible AGYW & ABYM who have never tested for HIV/AIDS
Sta, Sma  Susceptible AGYW & ABYM who have ever tested for HIV/AIDS
Iy, Iy Infected AGYW & ABYM who have never tested for HIV/AIDS
Ifo, Ima  Infected AGYW & ABYM who have ever tested for HIV/AIDS

Te T Infected aware AGYW & ABYM who are not adherent to ART

fur Zmu o or consistent condom use

Infected aware AGYW & ABYM who are adherent to ART

Tta, T, i
far fma - and use condoms consistently
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Table 2. Summary Description of Parameters

Parameter Description

Ao A Natural birth and maturity rates of susceptible AGYW and ABYM
Fus Smu unaware of their HIV status

Ao A Natural birth and maturity rates of susceptible AGYW and ABYM
fa> Bma aware of their HIV status

Pht AGYW/ABYM HIV/AIDS testing rate

Dt AGYW/ABYM adherence rate to anti-retroviral therapy treatment

Pe AGYW/ABYM condom use rate

Hfy P Natural death rates of AGYW and ABYM respectively

Yy Ym Probabilities of AGYW and ABYM transmission risk

df, Om Disease induced deaths in AGYW and ABYM respectively

Cfy Cm AGYW and ABYM sexual contact rates

f m fl mi
Qpys Opgs Xpys Opy

ml

f m f1
g, O O™y O

fom fl1 _mi
A, Q- Q5 Oy

g

Negative and positive attitude rates influencing HIV/AIDS testing rates
among the AGYW and ABYM respectively

Negative and positive attitude rates influencing condom use rates
among the AGYW and ABYM respectively

Negative and positive attitude rates influencing ART adherence rates
among the AGYW and ABYM respectively

Exit rate of AGYW and ABYM upon turning 24 years

2.3 Model Properties

Mathematical analysis of the formulated model system is presented here. We
show that the compact system of ordinary differential equations governing the
model of biological interest is well-posed and control reproduction number with its
biological interpretation given. The conditions for stability of the model steady states
are determined.

2.3.1 Boundedness

Theorem 2.1 The model solutions are uniformly bounded in a set

Hft m

A
Q= {(Sfu7 Sfaa Ifu7 Ifaa Tfu7 Tfaa Smu: Smaa Imua Imaa Tmua Tma) S RTQ ‘N(O) < N < }

Proof 2.1 Given that system s a finite dimensional dynamical system, its initial
conditions and boundary conditions need to be constrained to ). Let

(Stu, Stas Lrus Iras Tru, Tra, Smu, Smas Imus Ima, Tmus Tma) be the solution to and
Su(0) = 5%, >0, 874(0) = S9, > 0, I5u(0) = 19, > 0, I1(0) = 19, > 0, T,(0) =
T})u >0, Trq(0) = T})a >0 Smu(0) =59, >0, Spma(0) =82, >0, [,,,0) =12, >
0, I;na(0) = 1%, > 0, T (0) = TO,, >0, Tpa(0) = T2, > 0 be the initial conditions.
Adding all equations of system , yields

N = (A) = fif Ny — fiz Ny — 8¢ (N — N) = 6 (N — Nyp)
< ]\_ (/j’f_‘_(sf)Nf - (/jm"‘(sm)Nm_(Sfo _6mNm
<A—iN
where A = A gy + Afa + A + Amar Nf = Spu + Sta + Tpar Non = Smu + Sma + Tna;

f=min(fif+09¢, fim~+9m). Thus, Q is a compact attracting non-negatively invariant for
positive starting-point values since N(0) > 0. This can easily be proved using the theory

February 11, 2020

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275



of differential inequality [44)]. All solutions of originating in R}f are confined in Q.
Let M be an upper bound fOT SfU7 Sfaa IfU7 Ifcu TfU7 chu Smu7 Smaa Imua Imaa Tmu7
Tina- We then conclude that every solution originating from Q stays in 0 and is bounded
by M.

2.3.2 Local existence and uniqueness

Lemma 2.1 Let x = (2;)i=1,2,. 12 and f: Ry x R2 — R be continuous with respect
to t,x and Lipschitz continuous. Let f(t,x) be non negative for all (t,x) € Ry x R'2
and x; = 0. For every xy € Rf, there exists a positive constant T such that & =
flt,x), x(to) = xo, has a unique, positive and existing solution whose value lies in the
interval [0,T) and in RY2. If T < co then limsup,_, leil x; = +o00.

Theorem 2.2 The solution set {Su, Stas Lfus Lra, Trus Tras Smus Smas Imus Imas Tmu,
T} of the model exists, is unique and positive for t > 0.

By theorem the solutions to are uniformly bounded on [0,7). By theorem
the solution of (2) exists for any finite time. Thus, for any positive initial data in R?,
the model system will possess a unique and positive solution in Rf. This proves
that all feasible solution of the model system lies in the feasible region, Q.

2.3.3 Equilibria

The model system has a unique disease-free equilibrium (DFE)

0, 0,0, 0)

E° = (8%, 8%4,,0,0,0,0, 8., S
and possibly an endemic equilibrium (EE)
E* = (Stus Stas Lrus Lias Trus Thas Sous Smas Lnws Ima> T

na)
mu? ma? mu? ma? mu? Tma
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293

with
g0 _ A g0 Agappnt PhiA

fu =™ fa —

[if1 Jf1 g2

S() _ A S() _ Apa Mm1 + pﬁAmu

T iy 1 fim2 ’

T goaBr + s T i Brux e (B + 152) (902 B, + 1p1)

Agy B} qo2 B2 + qo3 BF, + qoa

I = Ju , 5, = fu fu » TFy = 901174, TFq = goo I}
T s (9028%,, + 1s1) 7 gos ﬂ}‘ci + qo6 B}, + qor fu far = fa far
S* - Amu g*  — Ama + PZ; Amu

mu gogﬁﬁw + Hm1 ma piiﬂmu* + Hm?2 (p{biﬂfnu + Iqu)(gog /B:nu + HJWLl)

. A B . ho2 B2, + hos Bl + hoa

B ’ - s T = gor 1,
" ns (08B + m1) T hos Bty + hoe B + hor T ™ ma’

Apy+Apo+0; N
= LT NG = Sju+ Sha+ T,
ff + 0y

*

T’;:Lll = 9oe I:;wn Nf -

Amu Ama 5mN* N Tk * * *
- +_ + m’ Nm:Smu+Sma+T
Nm+5m

Bro + C1 Bfu + C2 BFs + Cs B2 + Cy B, — C5 = 0,
5+ Ci B, + Co1 B2, + Cs1 B2, + Cu1 Bl — Cs1 = 0.

N*

m
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Refer to appendix[I5]for the expressions of goo, go1, - G115 015 G025 -5 G205 Ro1s P02 -y 20, 204
Cl, CQ, ceey 05 and Cll; 0217..., 051. 295

296
By the fundamental theorem of algebra, the polynomial equations %), +C1 ﬁ;’éi +Cy Bfa+ o
C3 Bja+Cy B3, —Cs = 0 and B, +Ch1 By, +Ca1 Brroy +C31 Brrey +Cat By —Cs1 = 0, of 295
odd degree, have at least one real root each. By Descartes’ rule of signs, the polynomial 20
equations will each have at least one non-negative real root if and only if C; > 0, Co > 0, 300
C3 > 0, Cy > 0, Cs > 0and Cy1 > 0, Coy > 0, C31 > 0, Cy1 >0, C51 > 0, given that s
the sign before C5 and C5; is negative and the sign before ﬁ;‘cz and %> is non-negative s
otherwise each of the polynomial equation will have at most four (4) non-negative real 30
roots. The exact number of non-negative roots can be determined using Descartes’ rule 30
of signs and Euclid’s algorithm of the Sturm’s theorem. 305

2.4 Control Reproduction Number,R. 206

The control reproduction number, R, is defined as the expected number of secondary o
infections produced by a typical infected individual during its entire period of infec- 30
tiousness in a population that is not entirely susceptible due to the presence of control s
efforts [45]. The controls present in our model are HIV/AIDS testing (ppt), condom use s
(p) and ART adherence (p;). au1

312
The global dynamics for many disease models is determined by the sharp threshold s
criterion given by the basic reproduction number and this is true for our model system s
[46]. Model system (2]) possesses a sharp threshold if the control reproduction number a5
R. given by equation [7|is such that E° is globally attractive for R, < 1 and there is s
a unique endemic equilibrium E* that is globally attractive in the feasible region for s
R. > 1. Biologically, R, is used to measure the transmission potential of the HIV/AIDS s
disease among the AGYW and ABYM in the presence of the said controls [46]. The aw
threshold property states that if R. > 1, HIV/AIDS disease persists in the youthful s
population hence becoming endemic whereas when R. < 1, the disease mirrors the s
effects of successful combinatory control efforts to the AGYW and ABYM consequently a2
protecting the susceptible youth from acquiring new HIV/AIDS infection. 323

324
The next generation matrix approach is used to compute the control reproduction number s
for the model system [46]. Consider the infected subsystem of the model system 326

given as a2
dl s,
i BruSru — prf3 Lyu,
dl, ~ I
o = PraSrat BraSru+ Py Iru = tyalsa,
dT},

e pli It + pli Tra — g5 Tra,

(4)
dl .
- ﬁmu Smu — Um3 Imua

dt
dl e ~ m

dt = ﬁma Sma +ﬁma Smu +pht Imu — Um4 Ima7
dT m m

dt = Pet Ina + Pet Tina — Hm5 T

328

The right hand side of the infected subsystem is decomposed into two parts, F and V' 3
where F' denotes the transmission part and each F; represents new infection. V' denotes 330
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the transition part and each V; describes change in state for instance removal through
natural deaths, disease induced deaths, aging, HIV/AIDS status knowledge, condom use
and ART adherence [47].

_ . -
< ],:7’7f Umu + g 7 Ima + (g p + " pi" ) T }> Stu
m
Pht < ]J:/' ! [Imu + Qe Pe Ima + (ac Pe + Oy Py )Tmu}> (Sfu + Opy Sfll)
P 0
N CmYm
(%22 [110+ af L1y + (aLot +lol)T] ) S
C’mr)/’m
p}flt ( Nf [Ifu + a{pfffa + (afpf + atf p{)Tfu:|) (Smu + O‘i{t Sma)
0
and
[ —pg3 Ipa T

Pl Lpw — bga s
PZt Ifo + Pft Tro — pgs Tru
V=- —Hm3 Imu

pznt Imu — Hm4 Ima
p?tl Ima + P?tL Tma — Bm5 Tmu

F and V are computed as:

Fe r’gi)} and v — [823(6)} (5)

where z is the disease free state. Evaluating FV ! yields the next generation matrix for
the model system whose largest non-negative eigenvalue is the reproduction number,
R.. FV~ ! and R, are given as follows:

0 0 0 wim Wiz Wi
0 0 0 woem wame wams
0 0 0 0 0 0
FVi= wzer wzer wsez 0 0 0 7 ©
W4E€1 W4E2 W4E3 0 0 0
0 0 0 0 0 0
Re = /Ruf Rum + Raf Ram + Ruf Ram + Raf Rum (7)

with
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Ruf:wl €1, Rum =w3ni, Raf:w2€2, Ram = wanz,
Ru = Ruf Rum, RCL = Raf Ram; Rmm = Ruf Rarru Rmf = Raf Rumy
L G St o PRer (S, +ai; S7,)
1= a0, oo 2 — ’
Shut Sha Shut+ Sha
wa = Cm 'Ym S’S’Lu w4 = pit Cm ’Ym (ngu +a{“€ Sguz)
ST S0, + 5%, S9,+59, ’
- L alpepiy | (0dpe+ aipe) peiphy
[ims  [ms [my fms fomg Pms (8)
_al'pe | (o' pe + o pr) pii _ (af'pe + o pt)
n = + y MW=—"——""°
Hmy Hmy Hms Hms
f ( f f ) f oot
g1 = i 4 agpcpht + Qe Pet+ g pt PetPhe
Hys Hfs Hiy Hyy Kys Kys
otpe  (adpe+aln)ol, (afpe+alp)
g2 = + , 3= ———————.
M4 Kt s Hys

Rufs Rum gives the average number of the newly infected unaware AGYW and ABYM
whereas R,f, Ram gives the average number of the newly infected aware AGYW
and ABYM. Newly infected youth generated by individuals with same status is given
by Ruf Rum and Rgf Ram whereas newly infected youth generated by mixed status
interaction is given by Ryf Raem and Rqf Rum- In the absence of HIV/AIDS testing,
condom use and ART control, the control reproduction number R, reduces to the basic
reproduction number R and this is given as:

Ro = +/Ror Rom (9)
with

Cm TYm Sg@u

_ S
Hy3 (Spnu + S?na)

Ros and  Rom =

Using the parameter estimates for our model system given in table [6] [7] and [§] Ry is
estimated at 20.4409 with Ry = 22.9550 and Ro,, = 18.2021. Rof > Rom implies
that the adolescent girls and young women have a greater susceptibility to HIV/AIDS
infection compared to their male counterparts which is consistent with Kenyan youth
HIV/AIDS disease dynamics [1]. The Kenyan reproduction number R was derived from
early prevalence antenatal clinic data which was estimated at 6.34 [48]. The presence of
combinatory control efforts, however low, has played a key role in reducing new HIV
infections among the youthful population with our model control reproduction number
R. estimated at 4.1003 when pp; = 0.48, p. = 0.3 and p; = 0.1 and control attitude
rates for the low control simulations given in table [7}
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0.2 0.4 0.6 0.8
Pt

(a) Change in R. with low pp; and varying pc
and p¢

p =03
0.9 =

0.5 0.6 0.7 0.8 0.9
Pht

(c¢) Change in R, with low p. and varying pp:
and p¢

p,=0.1
0.9 .

0.5 0.6 0.7 0.8 0.9
Pht

(e) Change in R. with low p; and varying pp:
and pc

0.2 0.4 0.6 0.8
Pt

(b) Change in R. with high pp; and varying
pe and py

pc=0.9

0.5 0.6 0.7 0.8 0.9
Pht

(d) Change in R. with high p. and varying pp
and p¢

p(=0.9

0.5 0.6 0.7 0.8 0.9
Pht
(f) Change in R, with high p; and varying pp
and pc

Fig 6. Change in the local control reproduction number R, with varying

Prts pc and py.
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Figures show the change in control reproduction number with fixed HIV/AIDS
controls and varying HIV/AIDS controls. The controls are varied from an estimated
baseline rate to a 90% efficacy rate. Figures show the change in the local
control reproduction number when HIV /AIDS testing is fixed at 0.48 and 0.9 respectively
while condom use and ART adherence rates are varied from 0.3 —0.9 and 0.1—0.9 efficacy
rates. Similarly, figures show the change in the local control reproduction
number when condom use rate is fixed at 0.3 and 0.9 respectively while HIV/AIDS

testing and ART adherence rates are varied from 0.48 — 0.9 and 0.1 — 0.9 efficacy rates.

Figures 6(f)) show the change in the local control reproduction number when ART
adherence is fixed at 0.1 and 0.9 respectively while HIV testing and condom use rates
are varied from 0.48 — 0.9 and 0.3 — 0.9 efficacy rates.

Figures and [6(f)| generally reflect the impact of reduced transmission

potential of the control reproduction number when fixed controls are at a high efficacy
rate of 0.9. The greatest reduction in the control reproduction number is realized when
HIV testing rate is fixed at 0.9 with condom use and ART adherence rates increasing
from their respective baseline values to 0.9 efficacy rate (see figure . This suggests
that fixed higher HIV testing rates in all populations coupled with increased condom
use and ART adherence rates work well to reduce the control reproduction number but
not below unity for the Kenyan youth. This implies that the current sexual interactions
among the various states will sustain the HIV epidemic even when efficacy rate of 90%
is achieved.

Taking the best scenario of reduced transmission potential of the control reproduction
number described earlier, we unpack the unitary contributors to the control reproduction
number to find the best case scenarios that could significantly reduce the control
reproduction number (see figure . R, contribution will sustain HIV/AIDS at endemic
levels among the Kenyan youth population whereas R, contribution will result in
significant disease reduction among the AGYW and ABYM populations (see figures
[7(b)). Further, any interaction between aware male/female youth with unaware
male/female youth yields good result that could lead to significant disease reduction
among the Kenyan youth (see figures . Mixed status sexual interaction
brings the control reproduction number down in our model as a result of HIV/AIDS
status disclosure by the aware AGYW/ABYM. Any sexual relationship fostered with
HIV/AIDS tested youth using condoms and adherent to ART promises hope for new
HIV/AIDS infection reduction among the Kenyan youth.
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0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
Pt Pt

(a) Change in R, with high pp; and varying (b) Change in R, with high pp; and varying
pe and pt pe and py

Pp=0-9 P09

0.9

0.8+

0.7 s

Pe
Pe

0.6+

0.5}

0.4 0.4
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
Pt Pt
(c) Change in R,y with high py; and varying (d) Change in Rym with high pp; and varying
pe and pi pe and pt

Fig 7. Change in R,,R,, Ry and R, with fixed pp; = 0.9 and varying p.
and py.

2.5 Data Fitting and Parameter Estimation

The UNAIDS Kenyan data for HIV/AIDS prevalence was used to fit the AGYW and
ABYM model prevalence for both the sex-structured formulation described in section
and the single-sex formulation given in section We considered the gender-wise
annual HIV prevalence data for the years 1990 to 2018. Table [3]| gives the UNAIDS HIV
prevalence data summary for the AGYW and ABYM populations respectively .

Table 3. 1990-2001 AGYW and ABYM UNAIDS-Kenya’s Prevalence Data

Year

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001

AGYW Prevalence

60 76 9.0 100 106 10.7 103 96 88 79 6.9 6.1

ABYM Prevalence

33 38 43 45 45 43 39 35 30 26 23 20
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Table 4. 2002-2013 AGYW and ABYM UNAIDS-Kenya’s Prevalence Data [41]

Year 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
AGYW Prevalence 54 48 43 40 3.7 35 3.4 3.3 3.2 3.1 3.0 3.0
ABYM Prevalence| 1.7 16 14 14 14 14 14 15 15 15 16 1.6

Table 5. 2014-2018 AGYW and ABYM UNAIDS-Kenya’s Prevalence Data [41]

Year 2014 2015 2016 2017 2018
AGYW Prevalence 29 28 27 26 25
ABYM Prevalence| 1.6 1.6 1.6 16 1.5

We define the AGYW and ABYM model prevalence as follows:

Total number of infected AGYW  Tp, + I + Ty

AGYW Model Preval =
GYW Model Prevalence Total AGYW population N¢

(10)

Total number of infected ABYM Iy + Iina + T
Total ABYM population N Np, ’
(11)

The AGYW and ABYM model prevalence described in equations [L0] and [L1] are fitted to
the UNAIDS HIV prevalence data given in table [3[to estimate Ay, Ayq, py, 6r, ¥y,
Aon, Mnas s Omy Jm, Phts Pe and p; parameters. Using MATLAB built in functions
‘ODE45’ and ‘fminsearch’ we estimated the listed parameters by minimizing the sum
of square difference of the AGYW and ABYM model prevalence solution and the HIV
prevalence data for the AGYW and ABYM populations given in equations [12| and [13] as

ABYM Model Prevalence =

k k k 2
29 Tfu +15a + 15, o
f S??L+Ska+lku+lka+Tfu+T}€a '
SST = E — ; (12)
o | Maz(Q5. Qb))
29 |: I;:zu + Iﬁm + Tﬁ%u Qk:| ’
Z k k Tk Tk Tk Tk 4
SS’I’TL — S’ITL’LL J’» Sma J’» mu J’» 177.(1 +~ mg + ma (13)

The time length for the years 1990 to 2018 is given as k with Q’f, ij being the yearly
AGYW/ABYM UNAIDS prevalence data, Qéﬁ Qé the maximum yearly AGYW/ABYM
model prevalence solutions and Q’g, Q’g the maximum yearly AGYW/ABYM UNAIDS
prevalence data. S’J?u, S’J?a, I]’?u, I}“a, Tfu, TJ’?a, Sk Sk IF.IF . TE CTE are nu-
merically computed solutions at each time k.

Attitudes affecting efficacy of HIV testing rate pp:;, condom use rate p. and ART

: o 1 1
adherence rate p; negatively a{m af, a{, oy, o', ot and positively oz{n, afl, af ,
ml ml ml

afit, ot a! are estimated whereas the exit parameter o is calculated as 1/24 given
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that the AGYW and ABYM exit the model at the age of 24 years. The best parameters
estimated by model fitting and calculated parameter are given in table |§| with 7y = ¢y vy

and TYm = Cm Ym-

Table 6. Parameter Values

Parameter | Value Unit Source

A, Ama | 60.7685, 100.9858 | year—! | Data Estimated
7. 0.0101 year~! | Data Estimated
Am 2.617 year~! | Data Estimated
O 0.0090 year~! | Data Estimated
Agu, Npq | 61.1842, 118.1215 | year™! | Data Estimated
iy 0.0004 year~! | Data Estimated
V¢ 3.97580754 year~! | Data Estimated
5y 0.0285 year~! | Data Estimated
o 0.041667 year~! | Calculated

Pht 0.48 year~! | Data Estimated
Pe 0.3 year—! | Data Estimated
Pt 0.1 year—! | Data Estimated

We used the 2012 KAIS data described in section to estimate the initial population
for the state variables Sy,(0) = 636, Stq,(0) = 1006, T, (0) = 5, Smu(0) = 694,
Sma(0) = 867 and T;,,,(0) = 3. We estimated the initial infected population for our
model as Iy, (0) = 54 , I;4(0) = 76, Ty, (0) = 10, I,,,(0) = 13 , I,,,4(0) = 26 and
Tynu(0) = 5.

In mathematical modeling, HIV/AIDS prevalence is expected to decline in the absence
of controls where HIV/AIDS epidemic is established. In the absence of controls, the
Kenyan youth model prevalence trends seem to steadily increase with time (see figures
[B(®)). Interestingly, the ABYM model prevalence exceeds the AGYW model
prevalence when intervention is absent (see figures . The Kenyan youth
model prevalence without control only fits the initial rise of the HIV/AIDS epidemic.

=0, p,=0, p,=0 ﬂm:‘oy p=0, ‘plZO

AGYW Model Prevalence

ABYM Model Prevalence | |
3t ¥ AGYW Prevalence Data_| |

#  ABYM Prevalence Data

)
@

Prevalence
-
[EE N
Prevalence

=

t ,M.*** 1 ab

0.5¥ "*I 1 N
L
0 . . . . . . 0
1990 1995 2000 2005 2010 2015 2020 2025 1990 1995 2000 2005 2010 2015 2020 2025
Time (Years) Time (Years)

(a) AGYW model prevalence with no control (b) ABYM model prevalence with no control

Fig 8. AGYW and ABYM model prevalence with no control fitted to
UNAIDS AGYW and ABYM prevalence data respectively.

While the earliest cases of HIV/AIDS in Kenya were reported in the 1980’s, it was
only until the late 1990’s that the HIV/AIDS epidemic steadily increased from 5.3% in
1990 to a peak prevalence of 10.5% in the years 1995-1996 and by 2003, the HIV/AIDS
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prevalence had declined to about 6.7% [49]. A combination of factors such as higher
mortality rates, sexual behaviour change, lower incidences, delay in sexual debut among
others contributed to the dramatic decline in Kenya’s HIV/AIDS epidemic [49]. It is
possible that even the Kenyan youth adopted safer sexual behaviors including condom
use, reduction of multiple sexual partners and delay in first sex. Thus, fitting the
AGYW and ABYM model prevalence to the Kenyan youth UNAIDS HIV/AIDS data
subject to the estimated HIV/AIDS testing, condom use and ART adherence controls
with disproportional AGYW/ABYM attitudes affecting the mentioned controls efficacy

resulted in a good fit (see figures 9(b)).

pm=0.48. pc=0.3, p‘:O.l

AGYW Model Prevalence
# AGYW Prevalence Data |+ 1k

pm=0.48, pc=0.3, pl=0.1

ABYM Model Prevalence
%  ABYM Prevalence Data

Prevalence
Prevalence
o
2

051

03F 041

02 . . . . . 03 . . ! N N
1990 1995 2000 2005 2010 2015 2020 2025 1990 1995 2000 2005 2010 2015 2020 2025
Time (Years) Time (Years)

(a) AGYW model prevalence with low control

Fig 9. AGYW and ABYM model prevalence with low control fitted to
UNAIDS AGYW and ABYM prevalence data respectively.

(b) ABYM model prevalence with low control

AGYW HIV/AIDS model prevalence fits well to the Kenyan UNAIDS female youth
HIV/AIDS prevalence when negative attitudes towards HIV testing, condom use and
ART adherence are lower in AGYW population at 18% and higher in ABYM population
at 30% with positive attitudes towards the three HIV/AIDS controls greater in AGYW
population at 86% compared to ABYM population which is at 69%. Similarly, ABYM
model prevalence fits well when negative attitudes towards HIV/AIDS controls are greater
in AGYW population at 33.7% and positive attitudes greater in ABYM population at
96%.

We used the parameter values given in table [f] to perform the numerical simulations
for the model system and the control reproduction number in section with low
control attitude rates given in table [7]

Table 7. Estimated negative/positive attitude rates towards HIV/AIDS controls for
low control simulations

Parameter Value Unit Source
agy, o, aft 0.15, 0.36, 0.38 | year—! | Estimated
aml o™ ot |0.99, 0.95, 0.95 | year™! | Estimated

a{m af, a{ 0.25, 0.2, 0.1 year~! | Estimated
aﬁ, afl, a{l 0.97, 0.8, 0.8 year—! | Estimated

and high control attitude rates given in table [
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Table 8. Estimated negative/positive attitude rates towards HIV/AIDS controls for
high control simulations

Source
year—! | Estimated

Parameter Value Unit
ayy, alt, aft 0.1, 0.1, 0.1

c

amt o™ ot 1009, 09,09 | year™! | Estimated
a{w, af, oz{ 0.1, 0.1, 0.1 | year—' | Estimated

all af' o' 109,09 09

year—

L1 Estimated

2.5.1 Single-Sex Youth Model Fit

We considered the single-sex youth model given in model system to understand fac-

tors influencing its model fit. The incidence rates (3, B4, 8, and exit rates p1, 2, ---, le

are given in equation [I6] See tables [J]- for the single-sex model state variables and

parameters description.

We fitted the single-sex model to the averaged AGYW/ABYM UNAIDS-Kenya HIV/AIDS
prevalence data given in table 3| Using AGYW/ABYM averaged initial conditions in
section [2.5 and parameter values given in table [11] yields the model fit given in figure
Adjusting the transmission risk and contact rates (see table results in a good

fit (see figure [10(D)).

ds,

dt
ds,

dt
drl,
dt
dl,
dt
drly,
dt
Ty,
dt

:Au_ﬁusu_ﬁasu_ﬂlsua

:Aa+phtSu_BaSa_,U/2Sa7

:Basa+/6a5u+phtlu_ﬂ4laa

= Pct I, + Pct Ty — M5 Tu7

= pitla + pit Ty — e T
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ph‘:0.48. pc=0.3, p‘=0.1

= Youth Model Prevalence
¥  Youth Prevalence Data 0ol

ph120.48, Pc:OB’ p‘:OAl

=== Youth Model Prevalence
#  Youth Prevalence Data_| |

12

10

o

Prevalence
>
Prevalence
o
R

IS

2

E S il

0 . . s 2 02 . . . . . .
1990 1995 2000 2005 2010 2015 2020 2025 1990 1995 2000 2005 2010 2015 2020 2025
Time (Years) Time (Years)

(a) Single-sex model prevalence with high trans-
mission risk and high contact rate

(b) Single-Sex model prevalence with reduced
transmission risk and reduced contact rate
Fig 10. Single-sex model prevalence with varying transmission risk and
contact rate fitted to averaged UNAIDS AGYW and ABYM prevalence
data.

2.6 Model Simulations

Numerical simulations on the model system equations are carried out to test
the AGYW and ABYM HIV/AIDS epidemic behavior. The 2020 UNAIDS 90-90-
90 HIV/AIDS eradication plan aims to have at least 90% HIV /AIDS testing coverage
for all persons living with HIV with at least 90% initiated on ART achieving a 90% viral
load suppression [19]. This informed the 90% HIV/AIDS testing and ART efficacy rates
for our high control simulations. Male condoms when used correctly and consistently in
every sexual intercourse is estimated to have at least 90% efficacy against HIV/AIDS
transmission whereas female condoms offer at least 94% protection [50]. [Given that
in the Kenyan case, male condom is most preferred as described in section [T] we used
90% condom use efficacy to model high control cases. The baseline rates for HIV/AIDS
testing ppy = 0.48, condom use p. = 0.3 and ART adherence p; = 0.1 were estimated by
model fitting as described in section Estimated constant negative/positive attitudes
towards HIV/AIDS controls for the low control and high control simulations are given
in tables [7] and [§] respectively.

Figures [11(a)l |12(a)l |13(a)} [14(a)[show that with time the Kenyan youth HIV/AIDS
epidemic matures and attains stability without any intervention. However, the prevalence
doesn’t decline after attaining stability in the absence of HIV/AIDS controls (see figure
114(a)]). Low control use (pp: = 0.48, p. = 0.3, p; = 0.1) with estimated controls attitudes
given in table [7| works well to reduce the infected populations and the AGYW/ABYM
model prevalence with better benefits in the ABYM population (see figures [12(b)]

[L3(0] E40)).
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Population
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Fig 11. Transmission Dynamics of S¢,, Stq, Smu and Sp,, populations with
varying control .
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Fig 13. Transmission Dynamics of Ty, T4, T)nu and T),, population with
varying control .

High control rates, pp: = 0.9, p. = 0.9, p; = 0.9, with reduced negative control attitudes
and increased positive control attitudes in all populations has a significant effect in
HIV/AIDS disease decline among the AGYW and ABYM populations as the infected
populations are reduced significantly with similar trends observed in the youth prevalence
(see figures |12(c)l |13(c)l [L4(c)). Interestingly, when the negative attitudes towards
condom use and ART adherence among the AGYW and ABYM population are slightly
increased when HIV/AIDS controls are low, the youth HIV/AIDS model prevalence
begins to increase despite the initial decline (see figure [14(d)).
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tudes towards condom use and ART adherence

Fig 14. AGYW and ABYM model prevalence with varying control.

3 Results

We investigated the effects of varying HIV/AIDS testing rates, condom use rates and
ART adherence rates among the adolescent girls and young women (AGYW) and,
adolescent boys and young men (ABYM) populations aged 15-24. We considered
constant negative and positive attitudes influencing the uptake of HIV/AIDS controls
in these populations. HIV/AIDS testing rates, condom use rates and ART adherence
rates were varied from their estimated low baseline rates of 0.48, 0.3, 0.1 respectively
to the estimated efficacy rates of 0.9 each. Low control simulations were associated
with increased constant negative attitudes towards HIV/AIDS controls whereas high
control simulations were associated with reduced negative attitudes towards HIV/AIDS
controls and increased constant positive attitudes towards HIV/AIDS controls among the
AGYW/ABYM populations and the Kenyan society/cultural groups. The susceptible and
infected AGYW/ABYM populations were each differentiated into two broad categories
according to their HIV/AIDS status knowledge. That is, uninfected aware or uninfected
unaware and infected aware or infected unaware. Infected aware populations were
further differentiated into two categories based on their condom use and ART adherence.
Unaware populations could change their status and move to aware populations through
HIV/AIDS testing, condom use or ART initiation. This model structure was largely
informed by the 2012 Kenya AIDS Indicator Survey (KAIS) [40].

We fitted both the single-sex model and the sex-structured model to UNAIDS-Kenya
HIV prevalence data for the young males and young females aged 15-24. The sex-
structured HIV/AIDS model prevalence fitted well to each of their estimated UNAIDS-
Kenya HIV/AIDS prevalence data when negative/positive attitudes towards HIV/AIDS
controls were disproportional in the AGYW/ABYM populations whereas the single-sex
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model prevalence trend was sensitive to transmission risk and contact rate. The single
sex-structured model suggests that reduced transmission risk and sexual contact rate
in the presence of low control could have resulted in reduced HIV/AIDS prevalence
among the youth in Kenya. The sex-structured model further revealed the effects of
disproportional gender-wise attitudes towards HIV/AIDS controls affecting uptake of
controls in the AGYW/ABYM populations. Increased ABYM infectivity and reduced
AGYW infectivity resulted in the female youth model good fit whereas increased AGYW
infectivity and reduced ABYM infectivity resulted in the male youth good model fit.
In addition to reduced transmission risk and contact rate, it is clear that gender-wise
attitudes towards HIV/AIDS controls played a role in reducing HIV/AIDS prevalence
among the youth in Kenya. The AGYW/ABYM model fit estimated the best parameters
for model simulations.

Simulations on the control reproduction number revealed the impact of reduced transmis-
sion potential of the control reproduction number but not below unity when HIV/AIDS
testing rate was fixed at a high efficacy rate of 0.9 with increasing condom use and ART
adherence to high efficacy rates. This was as a result of the complex sexual structure
among the Kenyan youth with the HIV/AIDS disease being sustained at endemic levels
by the unaware youth. Significant HIV/AIDS reduction among the Kenyan youth will
only be possible if for each sexual relationship established, there is at least one partner
who is willing to disclose his/her HIV/AIDS status to his/her sex partner as well as
use protection consistently. Numerical simulations on our model system revealed the
impact of successful combinatory control approach in drastically reducing new HIV/AIDS
infection. Low combinatory control approach has a positive effect in reducing youth
disease prevalence with better benefits in the ABYM population provided the negative
attitudes towards HIV/AIDS control are kept in check. Slight increase in negative
attitudes towards AGYW/ABYM condom use or ART adherence can easily increase the
youth disease prevalence even after the initial disease decline. Significant HIV/AIDS
disease reduction is achieved only when positive attitudes towards HIV/AIDS controls
are increased in all AGYW/ABYM populations with decreasing negative attitudes.

4 Discussion

Globally, male and female youth are central in the HIV/AIDS action plans due to the
high numbers of youth unaware of their HIV/AIDS status [2,[51]. The 2012 Kenya AIDS
Indicator Survey (KAIS) also revealed a worrying trend of many infected male and
female youth unaware of their HIV/AIDS status and this is consistent with the global
trends [40,/51]. The social attitudes influencing HIV/AIDS testing, condom use and ART
adherence efficacy cannot be downplayed as they play a critical role in either fueling
the HIV/AIDS epidemic or curtailing its spread in this population group as evidenced
by the model results. The female youth HIV/AIDS prevalence trend is directly linked
to increased male infectivity with decreased female infectivity while the male youth
prevalence trend is directly associated with increased female infectivity and reduced
male infectivity.

Annual increase of new HIV/AIDS infection in this population group exceeds HIV/AIDS
related deaths which in turn increases the net size of HIV/AIDS infected population
in the country [52]. This remains a huge concern as the HIV/AIDS infected youth
population continues to increase, the risk of HIV/AIDS transmission increases too.
Kenya’s HIV/AIDS response is quite dynamic and there is increased efforts in scaling
up HIV/AIDS testing, condom use and ART adherence among the AGYW and ABYM
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populations. The model results reflect the importance of addressing the social attitudes
inhibiting efficacy of HIV/AIDS testing, condom use and ART adherence among the
Kenyan youth. While combinatory control plays a huge role in reducing HIV/AIDS
prevalence trends among the youth in Kenya, the disease may still remain endemic
provided the infected unaware [populations sexual interactions exist. It is thus necessary
to scale up HIV/AIDS testing among the youth while at the same time addressing
factors affecting its efficacy such as perceived individual’s risk to HIV/AIDS infection,
HIV/AIDS knowledge, education, inadequate health services among others. It is also
necessary to address the societal norms, psycho-social conditions, stigma, socio-cultural
factors associated with condom use and ART adherence among the young people in
Kenya. Their negative influence is possibly responsible for reversing decades of successful
control efforts geared at reducing HIV/AIDS prevalence in Kenya.

As far as we know, there are no existing mathematical models that have addressed
the impact of combinatory control and its influences among the adolescents and young
adults HIV/AIDS disease dynamics in Kenya with differentiated HIV/AIDS status
knowledge. Multiple control strategies such as HIV JAIDS screening, ARV drug treatment
and condom use in a homogeneous population was considered by [34] to understand
the potential impact on the current HIV/AIDS [controls. Their results reflected the
projections of HIV/AIDS epidemic trends when ¢ontrols and multiple sex partners varied.
Study by was equivalent to the single-sex structured we considered which further
revealed the effects of transmission risk and contact rate in informing the Kenyan youth
HIV /AIDS prevalence trends. Considering the controls could not fit the sex-structured
model prevalence, we discovered that the gender-wise effects of the social attitudes
towards HIV/AIDS controls further informed the prevalence trends in the Kenyan youth
HIV/AIDS dynamics.

Having studied the impact of combinatory control strategies and constant negative/positive
attitudes influencing the controls efficacy among the AGYW/ABYM infected populations
in a single patch model, it will be interesting to study the combinatory control effects
in a metapopulation model in Kenya given that this population group is highly mobile.
Dynamic attitudes towards HIV/AIDS controls should also be considered. While this
study focused on population dynamics of the AGYW/ABYM, it will be interesting
to study the individual based model for this AGYW/ABYM formulation. Given the
behavior heterogeneity among the AGYW/ABYM, studying each individual behavior
explicitly to population level could give deeper insights in understanding the social
drivers of HIV]/AIDS disease among the Kenyan youth. This in turn will help influence
relevant policies geared at eradicating new HIV]/AIDS infection among the adolescent
and young adult populations in Kenya

5 Supporting information

S1 Appendix. Endemic Equilibrium Expressions

Expressions for goo, go1,---» 9115 qo1, 902, - 205 No1, ho2, .-, h2o, C1, Co, ..., C5 and
C11, Ca1, ..., Cs1 in section [2.3.3]
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hi7 = hos hio + hoe hog + hor hos — (hoz hiz + hoz hiz2 + hoa h11),
hig = hos h1o + hor hoo — (hoz h1a + hoz b1z + hos hi2),
hig9 = ho7 hio — (hoz hia + hoa hi3), hao = hos haa,
=2 =27 =1 =" ¢, =1
q15 q15 q15 q15 q15
Cii= 2% =32 Car= 2 Cu =722, G =12

f
_ Ajuphy P
04 —

A pf1
M, g10

ml

)

Hrfa
1
= M
Hm4

h04 - hOl Hml Um2 — (Amu Hm?2 6m + Ama Hm1 6m + qut Amu 6m)7 h05 - 6’m pznt Joe 9os,

i

(15)
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S2 Appendix. Single-Sex Model Description and Parameter Values

Equation gives the single-sex model incidence rates and exit rates pre-
sented in equation

_c7
b=
_ ¢
b=
5 cy
b=

[l + acpela + (aepe + arpr)Tul s
(L + acpely + (aepe + arpr) Tl cnt ph,

Iy + acpela + (aepe + cupe) T ailzt Phts

[l = pht + 40, pip =+ 0, p3 = ppe + P+ 0+ 06, pa = per + pog + 1+ 0+ 6,
fs = Py + I+, ji6 = per + j1+ 0.

Table 9. Description of Single-Sex Model State variables

Variable Description
Su Susceptible youth who have never tested for HIV/AIDS
Sa Susceptible youth who have ever tested for HIV/AIDS
I, Infected youth who have never tested for HIV/AIDS
1, Infected youth who have ever tested for HIV/AIDS
T Infected aware youth who are not adherent to ART
v or consistent condom use
Infected aware youth who are adherent to ART
T, .
and use condoms consistently
S1 Table.

Table 10. Description of Single-Sex Model Parameters

(16)

Parameter Description
A Natural birth and maturity rate of susceptible youth
“ unaware of their HIV status
A Natural birth and maturity rate of susceptible youth
@ aware of their HIV status
Pht Youth HIV/AIDS testing rates
Dt Youth adherence rate to anti-retroviral therapy treatment
Pe Youth condom use rate
" Natural death rate of youth respectively
~ Probability of youth transmission risk
1) Disease induced deaths in youth
Cm Youth sexual contact rate
1 Factors negatively and positively influencing HIV/AIDS testing rate
Ohty Qe among the youth
o ol Factors negatively and positively influencing condom use rate
@ e among the youth
o ol Factors negatively and positively influencing ART adherence rate
6 among the youth
o Exit rate of youth upon turning 24 years
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S2 Table.

Table 11. Parameter Values for the Single-Sex Model, ¥ = ¢~

Parameter Value Unit Source

Ay, Ag 60.476325, 100.55365 | year—! | Data Estimated
W 0.0095859 year~! | Data Estimated
o 3.17245525 year~! | Data Estimated
6 0.0095 year~! | Data Estimated
o 0.041667 year~! | Calculated

Dht 0.48 year—! | Data Estimated
Pe 0.3 year~! | Data Estimated
Dt 0.1 year~! | Data Estimated
Qpt, Qe, Qi 0.4, 0.27, 0.1 year~! | Estimated

al,, al,af | 0.78, 0.8, 0.75 year~! | Estimated

S3 Table.

Table 12. Adjusted Parameter Values for the Single-Sex Model

Parameter Value Unit Source
Ay, Ay 60.476325, 100.55365 | year—! | Data Estimated
I 0.0095859 year~! | Data Estimated
o 0.03022869 year~! | Data Estimated
) 0.0095 year~! | Data Estimated
o 0.041667 year~! | Calculated
Pht 0.48 year~! | Data Estimated
Pe 0.3 year~! | Data Estimated
Pt 0.1 year—! | Data Estimated
Qpt, Qe, O 0.4, 0.27, 0.1 year~! | Estimated
a}l,t, al, ol | 0.78,0.8, 0.75 year~! | Estimated

S4 Table.
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