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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 1

Kenya’s HIV epidemic ranks fourth worldwide with its general population affected most 2

alongside risk groups such as sex workers, people who inject drugs, men who have sex 3

with men and recently, the youth population [1,2]. Two decades of successful combination 4

control efforts such as HIV testing, public health education campaigns, condom usage, 5

antiretroviral therapy (ART) among others has resulted in the country’s significant 6

reduction of the HIV/AIDS prevalence from 10.5% in 1996 to 5.9% in 2015 [3]. 7

8

Integral to the ongoing fight against HIV/AIDS in Kenya is the component of HIV 9

Counseling and Testing (HCT) with the Government of Kenya and International De- 10

velopment Partners substantially increasing voluntary counseling and testing (VCT) 11

services in the country in the recent years [4]. Under the Adolescent Reproductive 12

Health Development policy in the 2005-2015 Plan of Action the Government of Kenya 13

sought to establish adolescent friendly voluntary counseling and testing services in a bid 14

to improve and promote accessibility of youth friendly sexual and reproductive health 15

services [5]. Scale up in innovative approaches to HIV/AIDS testing in the country 16

include community based HIV/AIDS testing, door to door testing campaigns and most 17
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recently, self-testing kits [6, 7]. Despite these great progress in increasing HIV/AIDS 18

testing centers and new approaches to HIV/AIDS testing, combined effects of inadequate 19

health services, poverty, sociodemographic characteristics, HIV testing behavior, difficult 20

socio-cultural and psycho-social conditions heavily impact the adolescents and young 21

adults volunteering to HIV testing [8–10]. There is significant gender disparity in factors 22

associated with HIV/AIDS testing among the youth in Kenya with pregnant female 23

youth required to test for HIV/AIDS due to advanced prevention of mother-to-child 24

transmission(PMTCT) in the country compared to their male counterparts leading to 25

female youth reporting higher HIV/AIDS testing rates in comparison to male youth of a 26

similar age cohort [2, 3, 11]. 27

28

Young people aged 15-24 in Kenya often engage in unprotected and unplanned sexual 29

intercourse often resulting in sexually transmitted infections, pregnancies and HIV infec- 30

tions [3, 11–13]. While condom use offers dual protection against unplanned pregnancies 31

and protection against HIV/AIDS infection, there is increasing decline in condom use 32

among the youth in Kenya [11,13]. Some of the factors influencing condom use among 33

the Kenyan youth include perceived individual’s risk, peer influence, partner betrayal 34

and socio-cultural factors such as religion, communities, schools and families [3, 12–15]. 35

Adolescents and young adults are easily influenced with their peers negative attitudes to 36

condom use with male peers highly affected compared to female peers [16, 17]. Incorrect 37

use of condoms in these population group places them at a higher risk of HIV/AIDS 38

infection as many of them are experimenting with sex or under the influence of drugs 39

or alcohol [12, 13]. While condom use among the adolescents and young adults remains 40

inconsistent, condom use is generally higher among male youth compared to female 41

youth due to the patriarchal society in Kenya where the male condom is the most 42

preferred method with female youth reporting pressure from male partner not to use 43

condoms [12, 13, 15]. External funding was responsible for most of the free condoms 44

distribution in Kenya and recent cuts in donor funding has affected majority of the 45

sexually active youth in Kenya who cannot afford to purchase condoms. [18]. 46

47

Universal Test and Treat strategy by the World Health organization requires that all 48

persons testing positive for HIV/AIDS be initiated on ART immediately irrespective 49

of their CD4+ T cell count so as to achieve 90% diagnosis of all HIV positive persons 50

with 90% of those positively diagnosed initiated on ART so as to achieve 90% viral load 51

suppression [19]. Unfortunately, the adherence rates to ART is proving to be an uphill 52

task among the adolescents and young adults in Kenya [20]. Factors influencing non 53

adherence to ART among the youth in Kenya include stigma associated with disclosure 54

of HIV/AIDS status, lack of adequate support from primary care givers and health 55

workers, treatment fatigue, lack of adequate support structures in schools for youth 56

living with HIV/AIDS, confidentiality breaches by health providers leading to disclosure 57

of patients status to the community, fear of gossip and ridicule, financial constraints 58

leading to failure to honor medical appointments or collect ART drugs and physical and 59

emotional violence meted to orphaned perinatally infected youth by their care givers 60

prompting them to fend for themselves or forcing them to street life [9, 10,20,21]. 61

62

Models formulated for HIV/AIDS dynamics have so far informed strategic planning, 63

implementation and evaluation of control programs [22–26]. Recent HIV/AIDS models 64

have coupled interventions such as screening, anti-retroviral therapy (ART) treatment, 65

Prep uptake and condom use [27–33]. Few of these models considered combination control 66

strategies [34]. Real epidemiological data was used in [34–39] to predict HIV/AIDS 67

prevalence subject to the considered controls. 68

69
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We seek to show the effects of varying HIV/AIDS testing rates, condom use rates and 70

antiretroviral adherence rates on the sex-structured AGYW/ABYM disease dynamics in 71

Kenya subject to attitudes influencing disease control such as psycho-social conditions, 72

sociodemographic and socio-cultural characteristics described earlier. Using the most 73

recent UNAIDS-Kenya data we fit the AGYW/ABYM model prevalence under the three 74

combinatory controls to their respective prevalence data for reliable prevalence predictions 75

and model parameter estimation. HIV/AIDS prevalence among the Adolescent Girls and 76

Young Women (AGYW) population aged 15-24 is high at 5.7% whereas the Adolescent 77

Boys and Young Men (ABYM) population is low at 2.2% [2]. About 73.6% of adolescent 78

girls and young women aged 15-24 tested for HIV/AIDS in 2015 [2]. Similarly, 56% of 79

adolescent boys aged and young men aged 15-24 reported to have tested for HIV/AIDS 80

that year [2]. Approximately 89% of the AGYW reported not using condoms in trusted 81

sexual relations whereas 57.6% of ABYM used condoms at their first sexual encounter [2]. 82

Out of the 268, 586 adolescents and young adults living with HIV/AIDS, 16% are yet 83

to access anti-retroviral therapy (ART) [3]. This model formulation provides a low 84

cost approach to identify key areas for intervention in the real world that could help in 85

reducing new HIV/AIDS infections among the youth in Kenya. 86

2 Methods 87

2.1 Data Description 88

This section details the 2012 Kenya AIDS Indicator Survey description which was used to 89

inform the model formulation described in section 2.2 and the UNAIDS-Kenya National 90

Survey prevalence data description used for the model prevalence fit given in section 2.5. 91

2.1.1 Kenya AIDS Indicator Survey (KAIS) Data Description 92

We used the 2012 Kenya AIDS Indicator Survey (KAIS) micro-data obtained from the 93

Kenya National Bureau of Statistics website [40] to construct our model as it included 94

data on HIV testing, sexual behavior and HIV care and treatment of children and adults. 95

Given our interest in HIV testing, sexual behavior and HIV care and treatment of 96

adolescents and young adults, we concentrated only on the all adults and sexual partners 97

data sets. The all adults data set comprised of adolescents and adults aged 15-64 years 98

totaling to 10, 811 with 5,211 males and 5,600 females. The sex partner data set had 99

information regarding sex partner’s gender, sexual behavior and HIV/AIDS status. We 100

considered the sex partner data set as we were interested in heterosexual partners. We 101

combined the all adults data set with the sex partners data set and extracted adolescents 102

and young adults aged 15-24 years. Thus, the combined data set comprised of 3,278 103

sexually active adolescents and young adults aged 15-24 years with 1,597 ABYM and 104

1,681 AGYW. 105

106

We generated a new variable for HIV/AIDS status knowledge from the combined data 107

set based on HIV testing and it’s structure included uninfected unaware, uninfected 108

aware, infected unaware and infected aware. Uninfected aware population comprised of 109

individuals who reported negative HIV/AIDS status and were KAIS confirmed negative 110

and those who reported negative having tested for HIV/AIDS elsewhere. Uninfected 111

unaware were individuals who reported never tested for HIV/AIDS and were KAIS 112

confirmed negative and those who reported positive HIV/AIDS status and were KAIS 113

confirmed negative. Infected aware included those AGYW / ABYM who reported positive 114

HIV/AIDS status and were KAIS confirmed positive and those who self-reported positive 115

having tested for HIV/AIDS elsewhere. We classified the infected unaware as those 116
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who were HIV infected but reported negative and those who reported never tested 117

for HIV/AIDS. Figures 1(a) and 1(b) gives the data summary for participant gender 118

HIV status knowledge of the AGYW/ABYM. HIV/AIDS status knowledge is highest 119

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

described in section 1 (see figures 1(a) and 1(b) ). Infected unaware AGYW/ABYM 121

are way higher compared to infected aware AGYW/ ABYM which is worrying whereas 122

uninfected aware AGYW/ ABYM are slightly higher than uninfected unaware AGYW/ 123

ABYM (see figures 1(a) and 1(b)). 124

125

(a) Susceptible AGYW and ABYM HIV Status
Knowledge

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

Fig 1. Participant Gender HIV Status Knowledge

The question around the use of condom every time with sexual partner was used to 126

determine condom use patterns among the AGYW/ABYM and this was tabulated 127

against their HIV status knowledge [40]. Figures 2(a) and 2(b) gives the data summary 128

for participant gender condom use patterns with the AGYW/ABYM sexual partners. 129

(a) Susceptible AGYW and ABYM Condom Use
Patterns with Sexual Partner

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

Fig 2. Participant Gender Condom Use Patterns with Sexual Partner

Consistent condom use patterns are way higher among the uninfected aware ABYM 130

in comparison to uninfected aware AGYW (see figure 2(a)). However, most of the 131

uninfected aware AGYW/ABYM fail to use condoms consistently with sexual partners 132

with uninfected aware AGYW ranking highest (see figure 2(a)). While uninfected 133

unaware populations fail to use condoms consistently with sexual partners too, they are 134

slightly better in comparison to uninfected aware populations ( see figure 2(a)). Infected 135

aware AGYW use condoms more consistently with sexual partners when compared to 136
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infected aware ABYM (see figure 2(b)). Infected unaware AGYW/ABYM inconsistent 137

condom use with sexual partners are way higher than infected aware AGYW/ABYM 138

populations ( see figure 2(b)). 139

140

On ART adherence, the questions around currently using ART and daily ART usage 141

were used to determine ART adherence among the infected AGYW/ABYM and this 142

was also tabulated against their HIV status knowledge [40]. Figures 3(a) and 3(b) gives 143

the data summary for participant gender HIV status knowledge and ART usage. 144

(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 145

figures 3(a)) whereas few infected aware AGYW/ABYM are on ART (see figure 3(a)). 146

Figure 3(b) shows AGYW/ABYM initiated on ART with daily use, which implies 147

adherence to ART. However, majority of the infected aware AGYW/ABYM are yet to 148

be initiated on ART (see figures 3(a)). 149

2.1.2 UNAIDS Data Description 150

The 2012 KAIS data informed the model formulation described in section 2.2. Given 151

that the 2012 KAIS data was binary, it could only inform the model structure and 152

some state variables initial conditions. Hence, we used the UNAIDS-Kenya National 153

Survey quantitative data on Kenyan youth prevalence to fit the model prevalence for 154

AGYW and ABYM populations. The model fit was also used to estimate the best 155

parameter estimates for some of the model parameters and predict the AGYW and ABYM 156

prevalence for the years 2019 - 2023. Tables 3 - 5 give the AGYW/ABYM UNAIDS- 157

Kenya prevalence estimates and figures 4(a), 4(b) show the 1990 - 2018 UNAIDS-Kenya 158

prevalence estimates for the Kenyan youth [41]. 159
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(a) AGYW UNAIDS-Kenya 1990 - 2018 Prevalence
Estimates [41]
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(b) ABYM UNAIDS-Kenya 1990 - 2018 Prevalence
Estimates [41]

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

2.2 Model Formulation 160

We formulate a model describing HIV transmission dynamics in the AGYW and ABYM 161

populations aged 15-24 with most of the state variables derived from the 2012 KAIS 162

data described in section 2.1.1 [40]. While all the infected aware on ART treatment 163

remained adherent in section 2.1.1 and figure 3, the model formulation considers the 164

infected aware AGYW and ABYM populations on ART but are not adherent so as to 165

make our model adaptable to non-adherence as the ART adherence rates among the 166

infected aware youth in the KAIS data set was only for the 2012 data point. Section 1 167

highlights the need to model this population group as some of the infected aware youth 168

on ART in general are not adherent to ART. Hence, we include this population group in 169

the model formulation. We do not include the male population older than 24 years in 170

this formulation as transactional sex in the 2012 KAIS population based survey was not 171

common [42]. Hence, we primarily focus on the sexual behavior and use of HIV/AIDS 172

controls among the sexually active youth aged 15-24 years. 173

174

The AGYW and ABYM populations are each categorized into six classes such that at 175

time t ≥ 0 there are susceptible AGYW, ABYM (Sfu, Smu), infected AGYW, ABYM 176

(Ifu, Imu) who are not aware of their HIV status, susceptible AGYW, ABYM (Sfa, 177

Sma), infected AGYW, ABYM (Ifa, Ima) who have tested for HIV/AIDS and are 178

aware of their HIV status and use condoms consistently but are yet to be initiated 179

on ART, infected AGYW, ABYM (Tfu, Tmu) who have tested for HIV/AIDS and 180

are aware of their HIV status but use ART and condoms inconsistently and infected 181

AGYW, ABYM (Tfa, Tma) who have tested for HIV/AIDS and are aware of their HIV 182

status and are adherent to ART and use condoms consistently. The total size of the 183

AGYW and ABYM populations is given as Nf = Sfu + Sfa + Ifu + Ifa + Tfu + Tfa, 184

Nm = Smu + Sma + Imu + Ima + Tmu + Tma respectively. N = Nf + Nm is the total 185

AGYW and ABYM population. Figure 5 represents the flow of individuals into different 186

compartments in a single patch model. 187
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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 Sfu, Sfa, are free from the HIV infection but are at risk of 188

infection through sexual contact with Imu, Ima and Tmu whereas the susceptibles males 189

Smu, Sma, are free from the HIV infection but are at risk of infection through sexual 190

contact with Ifu, Ifa and Tfu. Infectivity in Ifu, Imu is much higher compared to 191

Ifa, Ima and Tfu, Tmu as the latter populations are more cautious given their infection 192

status awareness compared to Ifu, Imu populations. Also, Tfu, Tmu infectivity is further 193

reduced given their partial use of condoms and ART compared to Ifa, Ima who partially 194

use condoms for either pregnancy or HIV/AIDS protection. Perfect adherence of 195

Tfa, Tma to condom use and ART reduces their viral load significantly such that 196

they cannot sexually transmit HIV/AIDS given that undetectable viral load equals 197

untransmittable [43]. Hence, we do not consider Tfa, Tma populations infectious in this 198

model as their infectivity risks are negligible. The susceptible classes Sfu, Smu are at 199

risk of infection at the incidence rates βfu, βmu, βfa, βma whereas Sfa, Sma are at risk 200

of infection at the incidence rates β̃fa, β̃ma. The rates βfu, βmu, βfa, βma, β̃fa and β̃ma 201

are given in equations (1) as 202

February 11, 2020





βfu =
cfγf
Nm

[Imu + αmc ρcIma + (αmc ρc + αmt ρt)Tmu] ,

βfa =
cfγf
Nm

[Imu + αmc ρcIma + (αmc ρc + αmt ρt)Tmu]αmht ρht,

β̃fa =
cfγf
Nm

[Imu + αmc ρcIma + (αmc ρc + αmt ρt)Tmu]αm1
ht ρht,

βmu =
cmγm
Nf

[
Ifu + αfc ρcIfa + (αfc ρc + αft ρt)Tfu

]
,

βma =
cmγm
Nf

[
Ifu + αfc ρcIfa + (αfc ρc + αft ρt)Tfu

]
αfht ρht,

β̃ma =
cmγm
Nf

[
Ifu + αfc ρcIfa + (αfc ρc + αft ρt)Tfu

]
αf1ht ρht.

(1)

203

Contacts cf , cm are the average number of sexual interactions by AGYW/ABYM with 204

individuals of the opposite sex per unit time whereas γf , γm are the probabilities of 205

disease transmission by AGYW/ABYM with individuals of the opposite sex per unit 206

time. Condom use rate (ρc) decreases the disease spread by Ifa, Ima whereas condom use 207

and ART adherence rate (ρt) reduces the infection risk by Tfu, Tmu. HIV/AIDS status 208

disclosure (ρht) by newly HIV/AIDS tested Ifu, Imu and already tested populations 209

Ifa, Ima, Tfu, Tmu further reduces the disease spread to the susceptible populations. 210

211

When each of the HIV/AIDS controls ρht, ρc, ρt in the AGYW/ABYM populations 212

is 1 we have perfect adherence otherwise, 0 ≤ ρht, ρc, ρt < 1. The rates αfht, α
m
ht 213

represent negative attitudes affecting the efficacy of HIV testing rate ρht in the AGYW 214

and ABYM populations such as poor health services, poverty, psycho-social conditions, 215

socio-demographic characteristics among others [8–10]. Rates αfc , α
m
c represent negative 216

attitudes affecting the efficacy of condom use rate in the AGYW and ABYM populations 217

such as religion, peer influence, perceived individual’s risk among others [3, 12–15]. Also, 218

αft , α
m
t represent negative attitudes affecting the efficacy of ART usage rate among 219

the infected AGYW and ABYM such as stigma, poverty, caregivers waning support, 220

confidentiality breaches by health workers among others [9,10,20,21]. Section 1 highlights 221

how societal attitudes affect HIV/AIDS testing rates, condom use and adherence to 222

ART among the youth in Kenya. The rates αfc ρc, α
m
c ρc acts on Ifa, Ima to reduce 223

their infectivity as condom use serves to protect susceptible AGYW and ABYM from 224

acquiring new HIV/AIDS infection. In addition to condom use, Tfu, Tmu partially uses 225

ART which works to reduce their HIV/AIDS viral load. The combined effects of condom 226

use and ART usage (αfc ρc + αft ρt, α
m
c ρc + αmt ρt) further reduces the infectivity of 227

Tfu, Tmu as 0 < αfc , α
m
c , α

f
t , α

m
t < 1. Thus, Tfu, Tmu infectivity is less than Ifa, Ima 228

which is less than Ifu, Imu. 229

230

Incidence rates by untested AGYW/ABYM with individuals of the opposite sex per 231

unit time are given as βfu, βmu respectively . The incidence rates βfa, βma are given 232

by HIV/AIDS tested AGYW/ABYM but not under ART treatment with individuals of 233

the opposite sex per unit time. The incidence rates β̃fa, β̃ma results from HIV/AIDS 234

tested AGYW/ABYM who are not perfectly adherent to consistent condom use and 235

ART treatment with individuals of the opposite sex per unit time. The incidence rates 236

βfu, βmu, βfa, βma, β̃fa and β̃ma have proportionate mixing incidences since some of 237

the adolescents and young adults aged 15-24 will have already initiated sex with most of 238

them remaining sexually active. 239

240
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Uninfected unaware Sfu, Smu who know their HIV/AIDS status through HIV test-

ing moves to Sfa, Sma at the rates ρfht, ρ
m
ht with ρfht = αfht ρht and ρmht = αmht ρht .

A newly infected Sfu, Smu through interaction with infected Imu, Ima or Tmu who
fail to disclose their HIV/AIDS status will move to Ifu, Imu at the rates βfu, βmu.
Also, a newly infected Sfu, Smu through sexual contact with infected aware popu-
lations of the opposite sex will move to Ifa, Ima at the rates βfa, βma given that
status disclosure by the infected aware populations results in HIV/AIDS awareness
of the newly infected Sfu, Smu. A newly infected Sfa, Sma moves to Ifa, Ima at the

rates β̃fa, β̃ma. Infected unaware Ifu, Imu can move to Ifa, Ima at the rates ρfht, ρ
m
ht

through HIV/AIDS testing. Also, Ifa, Ima and Tfu, Tmu who consistently use condoms

and adhere to ART treatment moves to Tfa, Tma at the rates ρf1ct , ρ
m1
ct whereas an

Ifa, Ima or Tfa, Tma who fail to use condoms consistently or adhere to ART treat-

ment moves to Tfu, Tmu at the rates ρfct, ρ
m
ct respectively with ρf1ct = αf1c ρc + αf1t ρt,

ρm1
ct = αm1

c ρc + αm1
t ρt, ρ

f
ct = αfc ρc + αft ρt and ρmct = αmc ρc + αmt ρt respectively.

αf1ht , α
m1
ht , α

f1
c , α

f1
t , α

m1
c , αm1

t and αfht, α
m
ht, α

f
c , α

f
t , α

m
c , α

m
t are parameters represent-

ing negative/positive attitudes influencing HIV/AIDS controls ( ρht, ρc, ρt) but not to
zero given that in the Kenyan HIV/AIDS youth dynamics some control measures are in

place [52]. The rates αf1ht , α
m1
ht , α

f1
c , α

f1
t , α

m1
c represent attitudes affecting the efficacy

of ρht, ρc, ρt positively such as confidentiality by health workers, adequate support
structure at home and the community at large, improved financial status among others
whereas αfht, α

m
ht, α

f
c , α

f
t , α

m
c represent negative attitudes, which was explained earlier,

influencing the said controls. The rates ρfct, ρ
m
ct represent combined condom use and ART

use coupled with negative attitudes whereas ρf1ct , ρ
m1
ct represent combined condom use

and ART use coupled with positive attitudes among the AGYW and ABYM respectively.
Thus,

0 < αf1ht , α
m1
ht , α

f1
c , α

f1
t , α

m1
c , αm1

t , αfht, α
m
ht, α

f
c , α

f
t , α

m
c , α

m
t < 1

with
αf1ht , α

m1
ht , α

f1
c , α

f1
t , α

m1
c , αm1

t > αfht, α
m
ht, α

f
c , α

f
t , α

m
c , α

m
t .

241

Recruitment rates into susceptible populations Sfu, Smu, Sfa, Sma is by natural births 242

and maturity to 15 years and are given as Λfu, Λmu, Λfa, Λma respectively. The 243

susceptible classes are all reduced by natural deaths µf , µm whereas the infectious 244

classes are all decreased by natural deaths and disease induced deaths, δf , δm. Upon 245

turning 24 years, the AGYW and the ABYM population exit the model at the rate σ. 246

The state variables and parameters are assumed to be positive given that a population 247

dynamics model is being studied. Tables 1 and 2 gives the summary description for the 248

state variables and model parameters respectively. 249

250

The system of ordinary differential equations governing the AGYW/ABYM HIV model 251

is given by the system of equations (2) as 252
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dSfu
dt

= Λfu − βfu Sfu − βfa Sfu − µf1 Sfu,

dSfa
dt

= Λfa + ρfht Sfu − β̃fa Sfa − µf2 Sfa,

dIfu
dt

= βfu Sfu − µf3 Ifu,

dIfa
dt

= β̃fa Sfa + βfa Sfu + ρfht Ifu − µf4 Ifa,

dTfu
dt

= ρfct Ifa + ρfct Tfa − µf5 Tfu,

dTfa
dt

= ρf1ct Ifa + ρf1ct Tfu − µf6 Tfa,

dSmu
dt

= Λmu − βmu Smu − βma Smu − µm1 Smu,

dSma
dt

= Λma + ρmht Smu − β̃ma Sma − µm2 Sma,

dImu
dt

= βmu Smu − µm3 Imu,

dIma
dt

= β̃ma Sma + βma Smu + ρmht Imu − µm4 Ima,

dTmu
dt

= ρmct Ima + ρmct Tma − µm5 Tmu,

dTma
dt

= ρm1
ct Ima + ρm1

ct Tmu − µm6 Tma.

(2)

where 253

µ̄f = µf + σ, µf1 = ρfht + µ̄f , µf2 = µ̄f , µf3 = ρfht + µ̄f + δf , µf4 = ρfct + ρf1ct + µ̄f + 254

δf , µf5 = ρf1ct +µ̄f+δf , µf6 = ρfct+µ̄f , µ̄m = µm+σ, µm1 = ρmht+µ̄m, µm2 = µ̄m, µm3 = 255

ρmht + µ̄m + δm, µm4 = ρmct + ρm1
ct + µ̄m + δm, µm5 = ρm1

ct + µ̄m + δm, µm6 = ρmct + µ̄m. 256

Table 1. Summary Description of State variables

Variable Description

Sfu, Smu Susceptible AGYW & ABYM who have never tested for HIV/AIDS
Sfa, Sma Susceptible AGYW & ABYM who have ever tested for HIV/AIDS
Ifu, Imu Infected AGYW & ABYM who have never tested for HIV/AIDS
Ifa, Ima Infected AGYW & ABYM who have ever tested for HIV/AIDS

Tfu, Tmu
Infected aware AGYW & ABYM who are not adherent to ART
or consistent condom use

Tfa, Tma
Infected aware AGYW & ABYM who are adherent to ART
and use condoms consistently
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Table 2. Summary Description of Parameters

Parameter Description

Λfu, Λmu
Natural birth and maturity rates of susceptible AGYW and ABYM
unaware of their HIV status

Λfa, Λma
Natural birth and maturity rates of susceptible AGYW and ABYM
aware of their HIV status

ρht AGYW/ABYM HIV/AIDS testing rate
ρt AGYW/ABYM adherence rate to anti-retroviral therapy treatment
ρc AGYW/ABYM condom use rate
µf , µm Natural death rates of AGYW and ABYM respectively
γf , γm Probabilities of AGYW and ABYM transmission risk
δf , δm Disease induced deaths in AGYW and ABYM respectively
cf , cm AGYW and ABYM sexual contact rates

αfht, α
m
ht, α

f1
ht , α

m1
ht

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

αfc , α
m
c , α

f1
c , α

m1
c

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

αft , α
m
t , α

f1
t , α

m1
t

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

σ Exit rate of AGYW and ABYM upon turning 24 years

2.3 Model Properties 257

Mathematical analysis of the formulated model system (2) is presented here. We 258

show that the compact system of ordinary differential equations (2) governing the 259

model of biological interest is well-posed and control reproduction number with its 260

biological interpretation given. The conditions for stability of the model steady states 261

are determined. 262

2.3.1 Boundedness 263

Theorem 2.1 The model (2) solutions are uniformly bounded in a set 264

Ω =

{
(Sfu, Sfa, Ifu, Ifa, Tfu, Tfa, Smu, Sma, Imu, Ima, Tmu, Tma) ∈ R+

12 |N(0) ≤ N ≤ Λ̃

µf + µm

}
. 265

Proof 2.1 Given that system (2) is a finite dimensional dynamical system, its initial 266

conditions and boundary conditions need to be constrained to Ω. Let 267

(Sfu, Sfa, Ifu, Ifa, Tfu, Tfa, Smu, Sma, Imu, Ima, Tmu, Tma) be the solution to (2) and 268

Sfu(0) = S0
fu ≥ 0, Sfa(0) = S0

fa ≥ 0, Ifu(0) = I0fu ≥ 0, Ifa(0) = I0fa ≥ 0, Tfu(0) = 269

T 0
fu ≥ 0, Tfa(0) = T 0

fa ≥ 0 Smu(0) = S0
mu ≥ 0, Sma(0) = S0

ma ≥ 0, Imu(0) = I0mu ≥ 270

0, Ima(0) = I0ma ≥ 0, Tmu(0) = T 0
mu ≥ 0, Tma(0) = T 0

ma ≥ 0 be the initial conditions. 271

Adding all equations of system (2), yields 272

Ṅ = (Λ̃)− µ̄f Nf − µ̄mNm − δf (Nf − Ñf )− δm (Nm − Ñm)

≤ Λ̃− (µ̄f + δf )Nf − (µ̄m + δm)Nm − δf Ñf − δmÑm
≤ Λ̃− µ̃N

where Λ̃ = Λfu + Λfa + Λmu + Λma, Ñf = Sfu + Sfa + Tfa, Ñm = Smu + Sma + Tma, 273

µ̃ = min(µ̄f +δf , µ̄m+δm). Thus, Ω is a compact attracting non-negatively invariant for 274

positive starting-point values since N(0) > 0. This can easily be proved using the theory 275
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of differential inequality [44]. All solutions of (2) originating in R12
+ are confined in Ω. 276

Let M be an upper bound for Sfu, Sfa, Ifu, Ifa, Tfu, Tfa, Smu, Sma, Imu, Ima, Tmu, 277

Tma. We then conclude that every solution originating from Ω stays in Ω and is bounded 278

by M . 279

2.3.2 Local existence and uniqueness 280

Lemma 2.1 Let x = (xi)i=1,2,...,12 and f : R+ × R12 → R12 be continuous with respect 281

to t, x and Lipschitz continuous. Let f(t, x) be non negative for all (t, x) ∈ R+ × R12, 282

and xi = 0. For every x0 ∈ R12
+ , there exists a positive constant T such that ẋ = 283

f(t, x), x(t0) = x0, has a unique, positive and existing solution whose value lies in the 284

interval [0, T ) and in R12
+ . If T <∞ then lim supt→T

∑12
i=1 xi = +∞. 285

Theorem 2.2 The solution set {Sfu, Sfa, Ifu, Ifa, Tfu, Tfa, Smu, Sma, Imu, Ima, Tmu, 286

Tma} of the model (2) exists, is unique and positive for t > 0. 287

By theorem 2.1, the solutions to (2) are uniformly bounded on [0, T ). By theorem 2.2, 288

the solution of (2) exists for any finite time. Thus, for any positive initial data in R12
+ , 289

the model system (2) will possess a unique and positive solution in R12
+ . This proves 290

that all feasible solution of the model system (2) lies in the feasible region, Ω. 291

2.3.3 Equilibria 292

The model system (2) has a unique disease-free equilibrium (DFE)

E0 = (S0
fu, S

0
fa, 0, 0, 0, 0, S0

mu, S
0
ma, 0, 0, 0, 0)

and possibly an endemic equilibrium (EE)

E∗ = (S∗fu, S
∗
fa, I

∗
fu, I

∗
fa, T

∗
fu, T

∗
fa, S

∗
mu, S

∗
ma, I

∗
mu, I

∗
ma, T

∗
mu, T

∗
ma)

with 293

S0
fu =

Λfu
µf1

, S0
fa =

Λfa µf1 + ρfhtΛfu
µf1 µf2

,

S0
mu =

Λmu
µm1

, S0
ma =

Λma µm1 + ρmhtΛmu
µm1 µm2

,

S∗fu =
Λfu

g02β∗fu + µf1
, S∗fa =

Λfa
ρm1
ht βfu∗+ µf2

+
ρfht Λfu

(ρm1
ht β

∗
fu + µf2)(g02 β∗fu + µf1)

,

I∗fu =
Λfu β

∗
fu

µf3 (g02β∗fu + µf1)
, I∗fa =

q02 β
∗2
fu + q03 β

∗
fu + q04

q05 β∗2fu + q06 β∗fu + q07
, T ∗fu = g01 I

∗
fa, T

∗
fa = g00 I

∗
fa,

S∗mu =
Λmu

g08β∗mu + µm1
, S∗ma =

Λma

ρf1htβmu∗+ µm2

+
ρmht Λmu

(ρf1htβ
∗
mu + µm2)(g08 β∗mu + µm1)

,

I∗mu =
Λmu β

∗
mu

µm3 (g08β∗mu + µm1)
, I∗ma =

h02 β
∗2
mu + h03 β

∗
mu + h04

h05 β∗2mu + h06 β∗mu + h07
, T ∗mu = g07 I

∗
ma,

T ∗ma = g06 I
∗
ma, N

∗
f =

Λfu + Λfa + δf Ñ
∗
f

µ̄f + δf
, Ñ∗f = S∗fu + S∗fa + T ∗fa,

N∗m =
Λmu + Λma + δm Ñ

∗
m

µ̄m + δm
, Ñ∗m = S∗mu + S∗ma + T ∗ma,

β∗5fu + C1 β
∗4
fu + C2 β

∗3
fu + C3 β

∗2
fu + C4 β

∗
fu − C5 = 0,

β∗5mu + C11 β
∗4
mu + C21 β

∗3
mu + C31 β

∗2
mu + C41 β

∗
mu − C51 = 0.

(3)
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Refer to appendix 15 for the expressions of g00, g01, ..., g11, q01, q02, ..., q20, h01, h02, ..., h20, 294

C1, C2, ..., C5 and C11, C21, ..., C51. 295

296

By the fundamental theorem of algebra, the polynomial equations β∗5fu+C1 β
∗4
fu+C2 β

∗3
fu+ 297

C3 β
∗2
fu+C4 β

∗
fu−C5 = 0 and β∗5mu+C11 β

∗4
mu+C21 β

∗3
mu+C31 β

∗2
mu+C41 β

∗
mu−C51 = 0, of 298

odd degree, have at least one real root each. By Descartes’ rule of signs, the polynomial 299

equations will each have at least one non-negative real root if and only if C1 > 0, C2 > 0, 300

C3 > 0, C4 > 0, C5 > 0 and C11 > 0, C21 > 0, C31 > 0, C41 > 0, C51 > 0, given that 301

the sign before C5 and C51 is negative and the sign before β∗5fu and β∗5mu is non-negative 302

otherwise each of the polynomial equation will have at most four (4) non-negative real 303

roots. The exact number of non-negative roots can be determined using Descartes’ rule 304

of signs and Euclid’s algorithm of the Sturm’s theorem. 305

2.4 Control Reproduction Number,Rc 306

The control reproduction number, Rc, is defined as the expected number of secondary 307

infections produced by a typical infected individual during its entire period of infec- 308

tiousness in a population that is not entirely susceptible due to the presence of control 309

efforts [45]. The controls present in our model are HIV/AIDS testing (ρht), condom use 310

(ρc) and ART adherence (ρt). 311

312

The global dynamics for many disease models is determined by the sharp threshold 313

criterion given by the basic reproduction number and this is true for our model system 314

(2) [46]. Model system (2) possesses a sharp threshold if the control reproduction number 315

Rc given by equation 7 is such that E0 is globally attractive for Rc ≤ 1 and there is 316

a unique endemic equilibrium E∗ that is globally attractive in the feasible region for 317

Rc > 1. Biologically, Rc is used to measure the transmission potential of the HIV/AIDS 318

disease among the AGYW and ABYM in the presence of the said controls [46]. The 319

threshold property states that if Rc > 1, HIV/AIDS disease persists in the youthful 320

population hence becoming endemic whereas when Rc < 1, the disease mirrors the 321

effects of successful combinatory control efforts to the AGYW and ABYM consequently 322

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 325

for the model system (2) [46]. Consider the infected subsystem of the model system (2) 326

given as 327



dIfu
dt

= βfu Sfu − µf3 Ifu,

dIfa
dt

= β̃fa Sfa + βfa Sfu + ρfht Ifu − µf4 Ifa,

dTfu
dt

= ρfct Ifa + ρfct Tfa − µf5 Tfu,

dImu
dt

= βmu Smu − µm3 Imu,

dIma
dt

= β̃ma Sma + βma Smu + ρmht Imu − µm4 Ima,

dTmu
dt

= ρmct Ima + ρmct Tma − µm5 Tmu.

(4)

328

The right hand side of the infected subsystem (4) is decomposed into two parts, F and V 329

where F denotes the transmission part and each Fi represents new infection. V denotes 330
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the transition part and each Vi describes change in state for instance removal through 331

natural deaths, disease induced deaths, aging, HIV/AIDS status knowledge, condom use 332

and ART adherence [47]. 333

334

F =



(
cfγf
Nm

[Imu + αmc ρ
m
c Ima + (αmc ρ

m
c + αmt ρ

m
t )Tmu ]

)
Sfu

ρmht

(
cfγf
Nm

[Imu + αmc ρ
m
c Ima + (αmc ρ

m
c + αmt ρ

m
t )Tmu]

)
(Sfu + αmht Sfa)

0(
cmγm
Nf

[
Ifu + αfc ρ

f
c Ifa + (αfc ρ

f
c + αft ρ

f
t )Tfu

])
Smu

ρfht

(
cmγm
Nf

[
Ifu + αfc ρ

f
c Ifa + (αfc ρ

f
c + αft ρ

f
t )Tfu

])
(Smu + αfht Sma)

0


and 335

V = −



−µf3 Ifu
ρfht Ifu − µf4 Ifa

ρfct Ifa + ρfct Tfa − µf5 Tfu
−µm3 Imu

ρmht Imu − µm4 Ima
ρmct Ima + ρmct Tma − µm5 Tmu


.

336

F and V are computed as: 337

F =

[
∂Fi(x0)

∂xj

]
and V =

[
∂Vi(x0)

∂xj

]
(5)

where x0 is the disease free state. Evaluating FV−1 yields the next generation matrix for 338

the model system (2) whose largest non-negative eigenvalue is the reproduction number, 339

Rc. FV−1 and Rc are given as follows: 340

341342

FV−1 =



0 0 0 ω1 η1 ω1 η2 ω1 η3

0 0 0 ω2 η1 ω2 η2 ω2 η3

0 0 0 0 0 0

ω3 ε1 ω3 ε2 ω3 ε3 0 0 0

ω4 ε1 ω4 ε2 ω4 ε3 0 0 0

0 0 0 0 0 0


, (6)

343

Rc =
√
Ruf Rum +Raf Ram +Ruf Ram +Raf Rum (7)

344

with 345
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Ruf = ω1 ε1, Rum = ω3 η1, Raf = ω2 ε2, Ram = ω4 η2,

Ru = Ruf Rum, Ra = Raf Ram, Rmm = Ruf Ram, Rmf = Raf Rum,

ω1 =
cf γf S

0
fu

S0
mu + S0

ma

, ω2 =
ρmht cf γf (S0

fu + αmht S
0
fa)

S0
mu + S0

ma

,

ω3 =
cm γm S

0
mu

S0
fu + S0

fa

, ω4 =
ρfht cm γm (S0

mu + αfht S
0
ma)

S0
fu + S0

fa

,

η1 =
1

µm3
+
αmc ρcρ

m
ht

µm3 µm4
+

(αmc ρc + αmt ρt) ρ
m
ctρ

m
ht

µm3 µm4 µm5
,

η2 =
αmc ρc
µm4

+
(αmc ρc + αmt ρt) ρ

m
ct

µm4 µm5
, η3 =

(αmc ρc + αmt ρt)

µm5
,

ε1 =
1

µf3
+
αfc ρcρ

f
ht

µf3 µf4
+

(
αfc ρc + αft ρt

)
ρfctρ

f
ht

µf4 µf3 µf5
,

ε2 =
αfc ρc
µf4

+

(
αfc ρc + αft ρt

)
ρfct

µf4 µf5

, ε3 =

(
αfc ρc + αft ρt

)
µf5

.

(8)

346

Ruf , Rum gives the average number of the newly infected unaware AGYW and ABYM 347

whereas Raf , Ram gives the average number of the newly infected aware AGYW 348

and ABYM. Newly infected youth generated by individuals with same status is given 349

by Ruf Rum and Raf Ram whereas newly infected youth generated by mixed status 350

interaction is given by Ruf Ram and Raf Rum. In the absence of HIV/AIDS testing, 351

condom use and ART control, the control reproduction number Rc reduces to the basic 352

reproduction number R0 and this is given as: 353

R0 =
√
R0f R0m (9)

with 354

R0f =
cf γf S

0
fu

µf3 (S0
mu + S0

ma)
and R0m =

cm γm S
0
mu

µm3(S0
fu + S0

fa)
. 355

356

Using the parameter estimates for our model system given in table 6, 7 and 8, R0 is 357

estimated at 20.4409 with R0f = 22.9550 and R0m = 18.2021. R0f > R0m implies 358

that the adolescent girls and young women have a greater susceptibility to HIV/AIDS 359

infection compared to their male counterparts which is consistent with Kenyan youth 360

HIV/AIDS disease dynamics [1]. The Kenyan reproduction number R0 was derived from 361

early prevalence antenatal clinic data which was estimated at 6.34 [48]. The presence of 362

combinatory control efforts, however low, has played a key role in reducing new HIV 363

infections among the youthful population with our model control reproduction number 364

Rc estimated at 4.1003 when ρht = 0.48, ρc = 0.3 and ρt = 0.1 and control attitude 365

rates for the low control simulations given in table 7. 366
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(a) Change in Rc with low ρht and varying ρc
and ρt

(b) Change in Rc with high ρht and varying
ρc and ρt

(c) Change in Rc with low ρc and varying ρht
and ρt

(d) Change in Rc with high ρc and varying ρht
and ρt

(e) Change in Rc with low ρt and varying ρht
and ρc

(f) Change in Rc with high ρt and varying ρht
and ρc

Fig 6. Change in the local control reproduction number Rc with varying
ρht, ρc and ρt.
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Figures 6(a) -6(f)) show the change in control reproduction number with fixed HIV/AIDS 367

controls and varying HIV/AIDS controls. The controls are varied from an estimated 368

baseline rate to a 90% efficacy rate. Figures 6(a) -6(b)) show the change in the local 369

control reproduction number when HIV/AIDS testing is fixed at 0.48 and 0.9 respectively 370

while condom use and ART adherence rates are varied from 0.3−0.9 and 0.1−0.9 efficacy 371

rates. Similarly, figures 6(c) -6(d)) show the change in the local control reproduction 372

number when condom use rate is fixed at 0.3 and 0.9 respectively while HIV/AIDS 373

testing and ART adherence rates are varied from 0.48− 0.9 and 0.1− 0.9 efficacy rates. 374

Figures 6(e) -6(f)) show the change in the local control reproduction number when ART 375

adherence is fixed at 0.1 and 0.9 respectively while HIV testing and condom use rates 376

are varied from 0.48− 0.9 and 0.3− 0.9 efficacy rates. 377

378

Figures 6(b), 6(d) and 6(f) generally reflect the impact of reduced transmission 379

potential of the control reproduction number when fixed controls are at a high efficacy 380

rate of 0.9. The greatest reduction in the control reproduction number is realized when 381

HIV testing rate is fixed at 0.9 with condom use and ART adherence rates increasing 382

from their respective baseline values to 0.9 efficacy rate (see figure 6(b)). This suggests 383

that fixed higher HIV testing rates in all populations coupled with increased condom 384

use and ART adherence rates work well to reduce the control reproduction number but 385

not below unity for the Kenyan youth. This implies that the current sexual interactions 386

among the various states will sustain the HIV epidemic even when efficacy rate of 90% 387

is achieved. 388

389

Taking the best scenario of reduced transmission potential of the control reproduction 390

number described earlier, we unpack the unitary contributors to the control reproduction 391

number to find the best case scenarios that could significantly reduce the control 392

reproduction number (see figure 7). Ru contribution will sustain HIV/AIDS at endemic 393

levels among the Kenyan youth population whereas Ra contribution will result in 394

significant disease reduction among the AGYW and ABYM populations (see figures 395

7(a), 7(b)). Further, any interaction between aware male/female youth with unaware 396

male/female youth yields good result that could lead to significant disease reduction 397

among the Kenyan youth (see figures 7(c), 7(d)). Mixed status sexual interaction 398

brings the control reproduction number down in our model as a result of HIV/AIDS 399

status disclosure by the aware AGYW/ABYM. Any sexual relationship fostered with 400

HIV/AIDS tested youth using condoms and adherent to ART promises hope for new 401

HIV/AIDS infection reduction among the Kenyan youth. 402
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(a) Change in Ru with high ρht and varying
ρc and ρt

(b) Change in Ra with high ρht and varying
ρc and ρt

(c) Change in Rmf with high ρht and varying
ρc and ρt

(d) Change in Rmm with high ρht and varying
ρc and ρt

Fig 7. Change in Ru,Ra, Rmf and Rmm with fixed ρht = 0.9 and varying ρc
and ρt.

2.5 Data Fitting and Parameter Estimation 403

The UNAIDS Kenyan data for HIV/AIDS prevalence was used to fit the AGYW and 404

ABYM model prevalence for both the sex-structured formulation described in section 405

2.2 and the single-sex formulation given in section 2.5.1. We considered the gender-wise 406

annual HIV prevalence data for the years 1990 to 2018. Table 3 gives the UNAIDS HIV 407

prevalence data summary for the AGYW and ABYM populations respectively [41]. 408

Table 3. 1990-2001 AGYW and ABYM UNAIDS-Kenya’s Prevalence Data [41]

ABYM Prevalence

AGYW Prevalence

Year

3.3

6.0

1990

3.8

7.6

1991

4.3

9.0

1992

4.5

10.0

1993

4.5

10.6

1994

4.3

10.7

1995

3.9

10.3

1996

3.5

9.6

1997

3.0

8.8

1998

2.6

7.9

1999

2.3

6.9

2000

2.0

6.1

2001
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Table 4. 2002-2013 AGYW and ABYM UNAIDS-Kenya’s Prevalence Data [41]

ABYM Prevalence

AGYW Prevalence

Year

1.7

5.4

2002

1.6

4.8

2003

1.4

4.3

2004

1.4

4.0

2005

1.4

3.7

2006

1.4

3.5

2007

1.4

3.4

2008

1.5

3.3

2009

1.5

3.2

2010

1.5

3.1

2011

1.6

3.0

2012

1.6

3.0

2013

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

ABYM Prevalence

AGYW Prevalence

Year

1.6

2.9

2014

1.6

2.8

2015

1.6

2.7

2016

1.6

2.6

2017

1.5

2.5

2018

We define the AGYW and ABYM model prevalence as follows: 409

AGYW Model Prevalence =
Total number of infected AGYW

Total AGYW population
=
Ifu + Ifa + Tfu

Nf
,

(10)

ABYM Model Prevalence =
Total number of infected ABYM

Total ABYM population
=
Imu + Ima + Tmu

Nm
.

(11)
The AGYW and ABYM model prevalence described in equations 10 and 11 are fitted to 410

the UNAIDS HIV prevalence data given in table 3 to estimate Λfu, Λfa, µf , δf , γ̃f , 411

Λmu, Λma, µm, δm, γ̃m, ρht, ρc and ρt parameters. Using MATLAB built in functions 412

‘ODE45’ and ‘fminsearch’ we estimated the listed parameters by minimizing the sum 413

of square difference of the AGYW and ABYM model prevalence solution and the HIV 414

prevalence data for the AGYW and ABYM populations given in equations 12 and 13 as 415

SSf =

29∑
k=1


[

Ikfu + Ikfa + T kfu
Skfu + Skfa + Ikfu + Ikfa + T kfu + T kfa

− Q̃k1

]2
[
Max(Q̃k2 , Q̃

k
3)
]2

 , (12)

SSm =

29∑
k=1


[

Ikmu + Ikma + T kmu
Skmu + Skma + Ikmu + Ikma + T kmu + T kma

− Q̃k4
]2

[
Max(Q̃k5 , Q̃

k
6)
]2

 . (13)

416

The time length for the years 1990 to 2018 is given as k with Q̃k1 , Q̃
k
4 being the yearly 417

AGYW/ABYM UNAIDS prevalence data, Q̃k2 , Q̃
k
5 the maximum yearly AGYW/ABYM 418

model prevalence solutions and Q̃k3 , Q̃
k
6 the maximum yearly AGYW/ABYM UNAIDS 419

prevalence data. Skfu, S
k
fa, I

k
fu, I

k
fa, T

k
fu, T

k
fa, S

k
mu, S

k
ma, I

k
mu, I

k
ma, T

k
mu, T

k
ma are nu- 420

merically computed solutions at each time k. 421

422

Attitudes affecting efficacy of HIV testing rate ρht, condom use rate ρc and ART 423

adherence rate ρt negatively αfht, α
f
c , αft , αmht, α

m
c , αmt and positively αf1ht , α

f1
c , αf1t , 424

αm1
ht , αm1

c , αm1
t are estimated whereas the exit parameter σ is calculated as 1/24 given 425
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that the AGYW and ABYM exit the model at the age of 24 years. The best parameters 426

estimated by model fitting and calculated parameter are given in table 6 with γ̃f = cf γf 427

and γ̃m = cm γm. 428

Table 6. Parameter Values

Parameter Value Unit Source
Λmu, Λma 60.7685, 100.9858 year−1 Data Estimated
µm 0.0101 year−1 Data Estimated
γ̃m 2.617 year−1 Data Estimated
δm 0.0090 year−1 Data Estimated
Λfu, Λfa 61.1842, 118.1215 year−1 Data Estimated
µf 0.0004 year−1 Data Estimated
γ̃f 3.97580754 year−1 Data Estimated
δf 0.0285 year−1 Data Estimated
σ 0.041667 year−1 Calculated
ρht 0.48 year−1 Data Estimated
ρc 0.3 year−1 Data Estimated
ρt 0.1 year−1 Data Estimated

We used the 2012 KAIS data described in section 2.1.1 to estimate the initial population 429

for the state variables Sfu(0) = 636, Sfa(0) = 1006, Tfa(0) = 5, Smu(0) = 694, 430

Sma(0) = 867 and Tma(0) = 3. We estimated the initial infected population for our 431

model as Ifu(0) = 54 , Ifa(0) = 76, Tfu(0) = 10, Imu(0) = 13 , Ima(0) = 26 and 432

Tmu(0) = 5. 433

434

In mathematical modeling, HIV/AIDS prevalence is expected to decline in the absence 435

of controls where HIV/AIDS epidemic is established. In the absence of controls, the 436

Kenyan youth model prevalence trends seem to steadily increase with time (see figures 437

8(a), 8(b)). Interestingly, the ABYM model prevalence exceeds the AGYW model 438

prevalence when intervention is absent (see figures 8(a), 8(b)). The Kenyan youth 439

model prevalence without control only fits the initial rise of the HIV/AIDS epidemic. 440
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(a) AGYW model prevalence with no control
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(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 441

only until the late 1990’s that the HIV/AIDS epidemic steadily increased from 5.3% in 442

1990 to a peak prevalence of 10.5% in the years 1995-1996 and by 2003, the HIV/AIDS 443
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prevalence had declined to about 6.7% [49]. A combination of factors such as higher 444

mortality rates, sexual behaviour change, lower incidences, delay in sexual debut among 445

others contributed to the dramatic decline in Kenya’s HIV/AIDS epidemic [49]. It is 446

possible that even the Kenyan youth adopted safer sexual behaviors including condom 447

use, reduction of multiple sexual partners and delay in first sex. Thus, fitting the 448

AGYW and ABYM model prevalence to the Kenyan youth UNAIDS HIV/AIDS data 449

subject to the estimated HIV/AIDS testing, condom use and ART adherence controls 450

with disproportional AGYW/ABYM attitudes affecting the mentioned controls efficacy 451

resulted in a good fit (see figures 9(a), 9(b)). 452
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(a) AGYW model prevalence with low control
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(b) ABYM model prevalence with low control

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

AGYW HIV/AIDS model prevalence fits well to the Kenyan UNAIDS female youth 453

HIV/AIDS prevalence when negative attitudes towards HIV testing, condom use and 454

ART adherence are lower in AGYW population at 18% and higher in ABYM population 455

at 30% with positive attitudes towards the three HIV/AIDS controls greater in AGYW 456

population at 86% compared to ABYM population which is at 69%. Similarly, ABYM 457

model prevalence fits well when negative attitudes towards HIV/AIDS controls are greater 458

in AGYW population at 33.7% and positive attitudes greater in ABYM population at 459

96%. 460

461

We used the parameter values given in table 6 to perform the numerical simulations 462

for the model system (2) and the control reproduction number in section 2.4 with low 463

control attitude rates given in table 7 464

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

Parameter Value Unit Source
αmht, α

m
c , α

m
t 0.15, 0.36, 0.38 year−1 Estimated

αm1
ht , α

m1
c , αm1

t 0.99, 0.95, 0.95 year−1 Estimated

αfht, α
f
c , α

f
t 0.25, 0.2, 0.1 year−1 Estimated

αf1ht , α
f1
c , α

f1
t 0.97, 0.8, 0.8 year−1 Estimated

and high control attitude rates given in table 8. 465
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Table 8. Estimated negative/positive attitude rates towards HIV/AIDS controls for
high control simulations

Parameter Value Unit Source
αmht, α

m
c , α

m
t 0.1, 0.1, 0.1 year−1 Estimated

αm1
ht , α

m1
c , αm1

t 0.9, 0.9, 0.9 year−1 Estimated

αfht, α
f
c , α

f
t 0.1, 0.1, 0.1 year−1 Estimated

αf1ht , α
f1
c , α

f1
t 0.9, 0.9, 0.9 year−1 Estimated

. 466

2.5.1 Single-Sex Youth Model Fit 467

We considered the single-sex youth model given in model system (14) to understand fac- 468

tors influencing its model fit. The incidence rates βu, βa, β̃a and exit rates µ1, µ2, ..., µ6 469

are given in equation 16. See tables 9 - 10 for the single-sex model state variables and 470

parameters description. 471



dSu
dt

= Λu − βu Su − βa Su − µ1 Su,

dSa
dt

= Λa + ρht Su − β̃a Sa − µ2 Sa,

dIu
dt

= βu Su − µ3 Iu,

dIa
dt

= β̃a Sa + βa Su + ρht Iu − µ4 Ia,

dTu
dt

= ρct Ia + ρct Ta − µ5 Tu,

dTa
dt

= ρ1ctIa + ρ1ct Tu − µ6 Ta.

(14)

We fitted the single-sex model to the averaged AGYW/ABYM UNAIDS-Kenya HIV/AIDS 472

prevalence data given in table 3. Using AGYW/ABYM averaged initial conditions in 473

section 2.5 and parameter values given in table 11 yields the model fit given in figure 474

10(a). Adjusting the transmission risk and contact rates (see table 12) results in a good 475

fit (see figure 10(b)). 476
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(a) Single-sex model prevalence with high trans-
mission risk and high contact rate
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(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 477

Numerical simulations on the model system equations (2) are carried out to test 478

the AGYW and ABYM HIV/AIDS epidemic behavior. The 2020 UNAIDS 90-90- 479

90 HIV/AIDS eradication plan aims to have at least 90% HIV/AIDS testing coverage 480

for all persons living with HIV with at least 90% initiated on ART achieving a 90% viral 481

load suppression [19]. This informed the 90% HIV/AIDS testing and ART efficacy rates 482

for our high control simulations. Male condoms when used correctly and consistently in 483

every sexual intercourse is estimated to have at least 90% efficacy against HIV/AIDS 484

transmission whereas female condoms offer at least 94% protection [50]. Given that 485

in the Kenyan case, male condom is most preferred as described in section 1 we used 486

90% condom use efficacy to model high control cases. The baseline rates for HIV/AIDS 487

testing ρht = 0.48, condom use ρc = 0.3 and ART adherence ρt = 0.1 were estimated by 488

model fitting as described in section 2.5. Estimated constant negative/positive attitudes 489

towards HIV/AIDS controls for the low control and high control simulations are given 490

in tables 7 and 8 respectively. 491

492

Figures 11(a), 12(a), 13(a), 14(a) show that with time the Kenyan youth HIV/AIDS 493

epidemic matures and attains stability without any intervention. However, the prevalence 494

doesn’t decline after attaining stability in the absence of HIV/AIDS controls (see figure 495

14(a)). Low control use (ρht = 0.48, ρc = 0.3, ρt = 0.1) with estimated controls attitudes 496

given in table 7 works well to reduce the infected populations and the AGYW/ABYM 497

model prevalence with better benefits in the ABYM population (see figures 12(b), 498

13(b), 14(b)). 499

February 11, 2020

I assume the 

Revise syntax



0 20 40 60 80 100

Time (Years)

0

500

1000

1500

2000

2500

3000

S
fu

,S
fa

, 
S

m
u
, 

S
m

a
 P

o
p

u
la

ti
o

n

ht
=0, 

c
=0, 

t
=0

S
fu

S
fa

S
mu

S
ma

(a)

0 20 40 60 80 100

Time (Years)

0

500

1000

1500

2000

2500

3000

S
fu

,S
fa

, 
S

m
u
, 

S
m

a
 P

o
p

u
la

ti
o

n

ht
=0.48, 

c
=0.3, 

t
=0.1

S
fu

S
fa

S
mu

S
ma

(b)

0 20 40 60 80 100

Time (Years)

0

500

1000

1500

2000

2500

3000

S
fu

,S
fa

, 
S

m
u
, 

S
m

a
 P

o
p

u
la

ti
o

n

ht
=0.9, 

c
=0.9, 

t
=0.9

S
fu

S
fa

S
mu

S
ma

(c)

Fig 11. Transmission Dynamics of Sfu, Sfa, Smu and Sma populations with
varying control .
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Fig 12. Transmission Dynamics of Ifu, Ifa, Imu and Ima population with
varying control .
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Fig 13. Transmission Dynamics of Tfu, Tfa, Tmu and Tma population with
varying control .

High control rates, ρht = 0.9, ρc = 0.9, ρt = 0.9, with reduced negative control attitudes 500

and increased positive control attitudes in all populations has a significant effect in 501

HIV/AIDS disease decline among the AGYW and ABYM populations as the infected 502

populations are reduced significantly with similar trends observed in the youth prevalence 503

(see figures 12(c), 13(c), 14(c)). Interestingly, when the negative attitudes towards 504

condom use and ART adherence among the AGYW and ABYM population are slightly 505

increased when HIV/AIDS controls are low, the youth HIV/AIDS model prevalence 506

begins to increase despite the initial decline (see figure 14(d)). 507
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(a) No control
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(b) Low control paired with table 7 attitudes
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(c) High control paired with table 8 attitudes
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(d) Low control with increased negative atti-
tudes towards condom use and ART adherence

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

3 Results 508

We investigated the effects of varying HIV/AIDS testing rates, condom use rates and 509

ART adherence rates among the adolescent girls and young women (AGYW) and, 510

adolescent boys and young men (ABYM) populations aged 15-24. We considered 511

constant negative and positive attitudes influencing the uptake of HIV/AIDS controls 512

in these populations. HIV/AIDS testing rates, condom use rates and ART adherence 513

rates were varied from their estimated low baseline rates of 0.48, 0.3, 0.1 respectively 514

to the estimated efficacy rates of 0.9 each. Low control simulations were associated 515

with increased constant negative attitudes towards HIV/AIDS controls whereas high 516

control simulations were associated with reduced negative attitudes towards HIV/AIDS 517

controls and increased constant positive attitudes towards HIV/AIDS controls among the 518

AGYW/ABYM populations and the Kenyan society/cultural groups. The susceptible and 519

infected AGYW/ABYM populations were each differentiated into two broad categories 520

according to their HIV/AIDS status knowledge. That is, uninfected aware or uninfected 521

unaware and infected aware or infected unaware. Infected aware populations were 522

further differentiated into two categories based on their condom use and ART adherence. 523

Unaware populations could change their status and move to aware populations through 524

HIV/AIDS testing, condom use or ART initiation. This model structure was largely 525

informed by the 2012 Kenya AIDS Indicator Survey (KAIS) [40]. 526

527

We fitted both the single-sex model and the sex-structured model to UNAIDS-Kenya 528

HIV prevalence data for the young males and young females aged 15-24. The sex- 529

structured HIV/AIDS model prevalence fitted well to each of their estimated UNAIDS- 530

Kenya HIV/AIDS prevalence data when negative/positive attitudes towards HIV/AIDS 531

controls were disproportional in the AGYW/ABYM populations whereas the single-sex 532

February 11, 2020

Are these the results of the model or Fig. 10? I would expect quantitative results of the modeling exercise to be presented in the Results section rather than the Methods seciton.



model prevalence trend was sensitive to transmission risk and contact rate. The single 533

sex-structured model suggests that reduced transmission risk and sexual contact rate 534

in the presence of low control could have resulted in reduced HIV/AIDS prevalence 535

among the youth in Kenya. The sex-structured model further revealed the effects of 536

disproportional gender-wise attitudes towards HIV/AIDS controls affecting uptake of 537

controls in the AGYW/ABYM populations. Increased ABYM infectivity and reduced 538

AGYW infectivity resulted in the female youth model good fit whereas increased AGYW 539

infectivity and reduced ABYM infectivity resulted in the male youth good model fit. 540

In addition to reduced transmission risk and contact rate, it is clear that gender-wise 541

attitudes towards HIV/AIDS controls played a role in reducing HIV/AIDS prevalence 542

among the youth in Kenya. The AGYW/ABYM model fit estimated the best parameters 543

for model simulations. 544

545

Simulations on the control reproduction number revealed the impact of reduced transmis- 546

sion potential of the control reproduction number but not below unity when HIV/AIDS 547

testing rate was fixed at a high efficacy rate of 0.9 with increasing condom use and ART 548

adherence to high efficacy rates. This was as a result of the complex sexual structure 549

among the Kenyan youth with the HIV/AIDS disease being sustained at endemic levels 550

by the unaware youth. Significant HIV/AIDS reduction among the Kenyan youth will 551

only be possible if for each sexual relationship established, there is at least one partner 552

who is willing to disclose his/her HIV/AIDS status to his/her sex partner as well as 553

use protection consistently. Numerical simulations on our model system revealed the 554

impact of successful combinatory control approach in drastically reducing new HIV/AIDS 555

infection. Low combinatory control approach has a positive effect in reducing youth 556

disease prevalence with better benefits in the ABYM population provided the negative 557

attitudes towards HIV/AIDS control are kept in check. Slight increase in negative 558

attitudes towards AGYW/ABYM condom use or ART adherence can easily increase the 559

youth disease prevalence even after the initial disease decline. Significant HIV/AIDS 560

disease reduction is achieved only when positive attitudes towards HIV/AIDS controls 561

are increased in all AGYW/ABYM populations with decreasing negative attitudes. 562

563

4 Discussion 564

Globally, male and female youth are central in the HIV/AIDS action plans due to the 565

high numbers of youth unaware of their HIV/AIDS status [2,51]. The 2012 Kenya AIDS 566

Indicator Survey (KAIS) also revealed a worrying trend of many infected male and 567

female youth unaware of their HIV/AIDS status and this is consistent with the global 568

trends [40,51]. The social attitudes influencing HIV/AIDS testing, condom use and ART 569

adherence efficacy cannot be downplayed as they play a critical role in either fueling 570

the HIV/AIDS epidemic or curtailing its spread in this population group as evidenced 571

by the model results. The female youth HIV/AIDS prevalence trend is directly linked 572

to increased male infectivity with decreased female infectivity while the male youth 573

prevalence trend is directly associated with increased female infectivity and reduced 574

male infectivity. 575

576

Annual increase of new HIV/AIDS infection in this population group exceeds HIV/AIDS 577

related deaths which in turn increases the net size of HIV/AIDS infected population 578

in the country [52]. This remains a huge concern as the HIV/AIDS infected youth 579

population continues to increase, the risk of HIV/AIDS transmission increases too. 580

Kenya’s HIV/AIDS response is quite dynamic and there is increased efforts in scaling 581

up HIV/AIDS testing, condom use and ART adherence among the AGYW and ABYM 582
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populations. The model results reflect the importance of addressing the social attitudes 583

inhibiting efficacy of HIV/AIDS testing, condom use and ART adherence among the 584

Kenyan youth. While combinatory control plays a huge role in reducing HIV/AIDS 585

prevalence trends among the youth in Kenya, the disease may still remain endemic 586

provided the infected unaware populations sexual interactions exist. It is thus necessary 587

to scale up HIV/AIDS testing among the youth while at the same time addressing 588

factors affecting its efficacy such as perceived individual’s risk to HIV/AIDS infection, 589

HIV/AIDS knowledge, education, inadequate health services among others. It is also 590

necessary to address the societal norms, psycho-social conditions, stigma, socio-cultural 591

factors associated with condom use and ART adherence among the young people in 592

Kenya. Their negative influence is possibly responsible for reversing decades of successful 593

control efforts geared at reducing HIV/AIDS prevalence in Kenya. 594

595

As far as we know, there are no existing mathematical models that have addressed 596

the impact of combinatory control and its influences among the adolescents and young 597

adults HIV/AIDS disease dynamics in Kenya with differentiated HIV/AIDS status 598

knowledge. Multiple control strategies such as HIV/AIDS screening, ARV drug treatment 599

and condom use in a homogeneous population was considered by [34] to understand 600

the potential impact on the current HIV/AIDS controls. Their results reflected the 601

projections of HIV/AIDS epidemic trends when controls and multiple sex partners varied. 602

Study by [34] was equivalent to the single-sex structured we considered which further 603

revealed the effects of transmission risk and contact rate in informing the Kenyan youth 604

HIV/AIDS prevalence trends. Considering the controls could not fit the sex-structured 605

model prevalence, we discovered that the gender-wise effects of the social attitudes 606

towards HIV/AIDS controls further informed the prevalence trends in the Kenyan youth 607

HIV/AIDS dynamics. 608

609

Having studied the impact of combinatory control strategies and constant negative/positive 610

attitudes influencing the controls efficacy among the AGYW/ABYM infected populations 611

in a single patch model, it will be interesting to study the combinatory control effects 612

in a metapopulation model in Kenya given that this population group is highly mobile. 613

Dynamic attitudes towards HIV/AIDS controls should also be considered. While this 614

study focused on population dynamics of the AGYW/ABYM, it will be interesting 615

to study the individual based model for this AGYW/ABYM formulation. Given the 616

behavior heterogeneity among the AGYW/ABYM, studying each individual behavior 617

explicitly to population level could give deeper insights in understanding the social 618

drivers of HIV/AIDS disease among the Kenyan youth. This in turn will help influence 619

relevant policies geared at eradicating new HIV/AIDS infection among the adolescent 620

and young adult populations in Kenya 621

5 Supporting information 622

S1 Appendix. Endemic Equilibrium Expressions 623

624

Expressions for g00, g01, ..., g11, q01, q02, ..., q20, h01, h02, ..., h20, C1, C2, ..., C5 and 625

C11, C21, ..., C51 in section 2.3.3. 626
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f
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q06 = g00 g02 δf µf2 + g00 δf µf1 ρ
f
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m
ht + g04 ρ

m
ht,
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2
f2,

q15 = q08 q05 − q02 q11, q16 = q06 q08 + q05 q09 − (q02 q12 + q03 q11),

q17 = q05 q10 + q06 q09 + q07 q08 − (q02 q13 + q03 q12 + q04 q11),

q18 = q06 q10 + q07 q09 − (q02 q14 + q03 q13 + q04 q12),
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C1 =
q16
q15

, C2 =
q17
q15

, C3 =
q18
q15

, C4 =
q19
q15

, C5 =
q20
q15

,

C11 =
h16
h15

, C21 =
h17
h15

, C31 =
h18
h15
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h15
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.

(15)
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S2 Appendix. Single-Sex Model Description and Parameter Values 627

628

Equation 16 gives the single-sex model incidence rates and exit rates pre- 629

sented in equation 14. 630



βu =
c γ

Ny
[Iu + αcρcIa + (αcρc + αtρt)Tu] ,

βa =
c γ

Ny
[Iu + αcρcIa + (αcρc + αtρt)Tu]αht ρht,

β̃a =
c γ

Ny
[Iu + αcρcIa + (αcρc + αtρt)Tu]α1

ht ρht,

µ1 = ρht + µ+ σ, µ2 = µ+ σ, µ3 = ρht + µ+ σ + δ, µ4 = ρct + ρ1ct + µ+ σ + δ,

µ5 = ρ1ct + µ̄+ δ, µ6 = ρct + µ+ σ.

(16)

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
Iu Infected youth who have never tested for HIV/AIDS
Ia Infected youth who have ever tested for HIV/AIDS

Tu
Infected aware youth who are not adherent to ART
or consistent condom use

Ta
Infected aware youth who are adherent to ART
and use condoms consistently

S1 Table. 631

Table 10. Description of Single-Sex Model Parameters

Parameter Description

Λu
Natural birth and maturity rate of susceptible youth
unaware of their HIV status

Λa
Natural birth and maturity rate of susceptible youth
aware of their HIV status

ρht Youth HIV/AIDS testing rates
ρt Youth adherence rate to anti-retroviral therapy treatment
ρc Youth condom use rate
µ Natural death rate of youth respectively
γ Probability of youth transmission risk
δ Disease induced deaths in youth
cm Youth sexual contact rate

αht, α
1
ht

Factors negatively and positively influencing HIV/AIDS testing rate
among the youth

αc, α
1
c

Factors negatively and positively influencing condom use rate
among the youth

αt, α
1
t

Factors negatively and positively influencing ART adherence rate
among the youth

σ Exit rate of youth upon turning 24 years
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S2 Table. 632

Table 11. Parameter Values for the Single-Sex Model, γ̃ = c γ

Parameter Value Unit Source
Λu, Λa 60.476325, 100.55365 year−1 Data Estimated
µ 0.0095859 year−1 Data Estimated
γ̃ 3.17245525 year−1 Data Estimated
δ 0.0095 year−1 Data Estimated
σ 0.041667 year−1 Calculated
ρht 0.48 year−1 Data Estimated
ρc 0.3 year−1 Data Estimated
ρt 0.1 year−1 Data Estimated
αht, αc, αt 0.4, 0.27, 0.1 year−1 Estimated
α1
ht, α

1
c , α

1
t 0.78, 0.8, 0.75 year−1 Estimated

S3 Table. 633

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

Parameter Value Unit Source
Λu, Λa 60.476325, 100.55365 year−1 Data Estimated
µ 0.0095859 year−1 Data Estimated
γ̃ 0.03022869 year−1 Data Estimated
δ 0.0095 year−1 Data Estimated
σ 0.041667 year−1 Calculated
ρht 0.48 year−1 Data Estimated
ρc 0.3 year−1 Data Estimated
ρt 0.1 year−1 Data Estimated
αht, αc, αt 0.4, 0.27, 0.1 year−1 Estimated
α1
ht, α

1
c , α

1
t 0.78, 0.8, 0.75 year−1 Estimated

S4 Table. 634
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