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Abstract: HIV/AIDS remains a major public health
challenge in South Africa, where denialism continues
to undermine prevention and treatment efforts. This
study develops a mathematical transmission model that
explicitly incorporates denial behaviours, including refusal
of preventive measures, refusal to initiate antiretroviral
therapy (ART), and discontinuation of ART. Analytical
and simulation results show that denial substantially
increases HIV incidence, accelerates progression to AIDS,
and raises the likelihood of a backward bifurcation, an
occurrence where HIV may persist even when the basic
reproduction number falls below one. Sensitivity analysis
identified denial-related transmission as a key driver of
epidemic dynamics. These findings underscore the need
to address denialism by strengthening HIV testing, ART
uptake and retention, and community-level education to
counter misinformation and stigma.
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I. INTRODUCTION

HIV/AIDS remains a major public health challenge
in South Africa, which continues to bear one of the
highest burdens globally. In 2023, the country ac-
counted for 11.5% of global HIV infections and 7.9%
of AIDS-related deaths [1]. Despite major progress in
scaling up antiretroviral therapy (ART) and implement-
ing prevention measures such as condom distribution
and HIV testing campaigns, prevalence remains high,
and the epidemic continues to strain the health system.

One important but often overlooked driver of this
persistence is denialism. Denial of the HIV virus and
its role in causing AIDS, initiated by virologist Peter
Duesberg, challenges the scientific consensus by reject-
ing the link between HIV and AIDS, instead attributing
the disease to alternative causes like drug use or mal-
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nutrition. Although this approach has been thoroughly
discredited, misinformation associated with it led to the
promotion of alternative therapies with severe public
health consequences. Psychological, political, and be-
havioural factors are crucial in shaping the dynamics
of HIV transmission, as well as the effectiveness of
prevention and treatment strategies [2].

Among these factors, denial, characterised by the
refusal to acknowledge one’s HIV status or the seri-
ousness of the disease, represents a significant barrier
to effective HIV prevention, care, and treatment [3].
Denial can manifest in various ways, such as reluctance
to undergo HIV testing, avoidance of disclosing one’s
HIV status to sexual partners or healthcare providers,
and failure to adhere to antiretroviral therapy (ART)
regimens. After the work of Peter Duesberg, AIDS
denialists argue, for instance, that HIV is harmless and
cannot cause AIDS [4]. Some even claim there is no
proof that HIV exists, and they view HIV treatments as
toxic substances that cause more harm than good [4].

The population-level consequences of AIDS denial-
ism can be severe, significantly hindering efforts to
control and treat the disease. In South Africa, the impact
of denialism was particularly pronounced during the
presidency of Thabo Mbeki, when AIDS denialists,
led by Peter Duesberg, were afforded undue credibility
in comparison to legitimate scientists. As the nation’s
leader, Mbeki’s stance significantly undermined the
public health system and responses to the crisis. This
contributed to the South African government’s delay in
promoting HIV testing and obstructed the distribution
of antiretroviral medications [3]. As a result, many
South Africans died prematurely from AIDS. In the
early 2000s, at least 330,000 people are estimated to
have died from the disease, and more than 35,000
babies were needlessly infected with HIV because med-
ications to prevent mother-to-child transmission were
withheld [3,5]. Despite its profound negative impact
on both individual health outcomes and broader HIV
prevention efforts, the role of denial in driving HIV
transmission remains inadequately explored, especially
within the context of mathematical modelling.

Mathematical modelling offers a powerful framework
for understanding the complex interplay between be-
havioural, epidemiological, and healthcare factors in
shaping the trajectory of infectious disease dynamics
[6,7]. In the context of HIV in Sub-Saharan Africa,
several mathematical models [8—14] have been devel-
oped to investigate different issues from a theoretical
viewpoint, including HIV transmission dynamics, eval-
uation of the impact of interventions aimed at reducing
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incidence and mortality, population-level side effects
of HIV therapies, etc. Also, several highly detailed
epidemiological modelling studies have focused on the
specificity of the HIV epidemic in South Africa and
related intervention policies [15-19]. For instance, at
the onset the COVID-19 pandemic, strong concerns
were raised about the potentially severe impact of the
interruption of HIV services [18]. Surprisingly, such
concerns were not specifically raised for HIV denial.

Additionally, in the last epoch, an entire discipline
has emerged that investigates the different facets of
the effects of human behaviour on infection control
[20-22]. Despite these efforts, HIV denialism, a multi-
dimensional behavioural phenomenon recognised for its
significant impact on individual risk and healthcare-
seeking behaviours with a complicated influence on
HIV transmission dynamics, has received limited at-
tention in mathematical modelling studies.

This study addresses that gap. We develop a com-
partmental model that explicitly incorporates denialist
behaviour alongside HIV transmission and treatment.
The model includes refusal of preventive measures,
ART initiation, and ART discontinuation and allows us
to explore how denialism alters epidemic trajectories.
Using analytical and numerical approaches, we assess
the potential for a backward bifurcation, evaluate pa-
rameter sensitivities, and quantify the impact of denial
on HIV spread.

To the best of our knowledge, this is the first
mathematical model to formalise denialism as a struc-
tural driver of HIV persistence in South Africa. By
linking behavioural dynamics with epidemic thresholds
and intervention outcomes, this study underscores that
conventional biomedical measures may prove insuf-
ficient in the presence of mass denialist behaviours
and highlights the need for integrated behavioural and
biomedical strategies in HIV control.

II. MODEL DYNAMICS

The model includes various transitions between com-
partments, which are governed by behavioural, epidemi-
ological, and treatment-related factors.
A. Recruitment into the population ()

Individuals are recruited into the (S,) group at a
constant rate 7.
B. Behavioural transition between S,, and Sy

« Rate of moving into denial (g,): Individuals in
S, may acquire denialist behaviour and move into
compartment S4, where they stop taking precautions.
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In this scenario, denialist behaviour is assumed to
be acquired at a constant rate £,,. We motivate this
choice later on in Section III.

o Rate of moving out of denial (¢4): Individuals in
Sq may switch to S,,, where they adopt protective
behaviours due to education or sensitisation pro-
grammes.

C. HIV infection

o Force of infection for S,, (\,):

Iu + (Z)dld + ¢nIn
N .

Individuals in .S,, are exposed to HIV infection based
on their sexual contact rate (3,) and the relative
infectiousness of individuals in I, 14, and I,,.

o Force of infection for S; (\g):

Iu + ¢dId + ¢nIn
N .

Individuals in S; have a higher susceptibility to
infection compared to those in S, (84 > () due
to their riskier behaviour (e.g., lack of precautions).

Where:

e [n, Bq: Contact rates for individuals in compartments
Sy, and Sy, respectively.

e ¢4, 0. Relative infectiousness of I; and I, com-
pared to [, with the infectiousness of I, set to 1.

)\nzﬂn

Ad = Baq

D. Screening and denial

Individuals in I, are screened for HIV at a rate
of a. A proportion p of those screened deny their
diagnosis and transition to compartment [, including
in-denial infective individuals. The remaining fraction
(1 — p) moves to compartment I, of not-in-denial
infected individuals, where they initiate antiretroviral
therapy (ART). Therefore, newly infected individuals
can begin ART immediately after screening, at an
effective rate of (1 — p)a. We also consider individuals
who refuse screening and move to I, at a rate of w. This
formulation allows the model to capture the behavioural
dynamics of treatment acceptance and denialism fol-
lowing HIV screening.

E. Transitions related to ART

We also assume flows from I, to I; due to embracing
denial and vice versa, much in the same way as for
compartments S,, and .S;. However, we do not assume
the same rates acting therein (that is, €, and €4 )
because further processes can be in place; e.g., I,
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individuals might escape towards I; because of the
onset of adverse effects from ART.

e ART drop-out (J,): Individuals in I,, may discon-
tinue treatment and join the denialist group I; due
to misinformation or side effects of ART.

o ART enrolment (J4): Individuals in I; may accept
treatment and move to I, due to awareness cam-
paigns or education.

F. Progression to AIDS

Individuals in I; and I,, progress to AIDS at rates
~q and ~,, respectively. The progression rate for I, is
lower than that for I; due to the effectiveness of ART
in delaying disease progression.

G. Mortality

« All compartments experience natural mortality at rate
L.

o Individuals in the AIDS compartment A experience
additional disease-induced mortality at rate v.
The model structure is summarised compactly in the

reported flowchart (Figure 1).

H. Model equations

From Figure 1, the system of ODEs governing the
population dynamics is given as follows:

dsS,

W =7+ Sde — (>\n +u+ En)Snv
ds

ditd =50 — (Ag + 1+ €4)S4,

dl,

7 = >\nSn + )\de - (a +w+ ILL)ITM
t (1)

dl

de = (pa +w) Ly + 8n Iy — (6a + 4 + 1) a,
dl,

dtll =1 -p)al,+d4lqg — (6n +vn + 1) 1In,
dA

a =Yala + VYnln — (.u + V)A’

with S, (0) > 0, S4(0) > 0, I,(0) > 0, I4(0) > 0,
1,(0) > 0, and A(0) > 0.

III. MODEL ASSUMPTIONS

The model describes heterosexual transmission of
HIV. Following a common standard in theoretical stud-
ies of sexually transmitted infections, we assumed per-
fect symmetry in the behaviour of males and females,
thereby avoiding gender structure [6].

Building on this, the model further assumes two
heterogeneous risk groups: individuals not in denial
(low-risk) and those in denial (high-risk). This places
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Fig. 1: Transmission dynamics of HIV in the context of denial.

the framework within the class of epidemic models with
heterogeneity [6]. To the best of our knowledge, this
is the first time that such heterogeneity has been used
as the key ingredient in a model for HIV denialism.
Recruitment is assumed to occur only into the not-
in-denial susceptible group. This assumption could be
relaxed, for example, by allowing a fraction of new
entrants to join the denialist group due to family or so-
cial influence, but such an extension does not materially
affect the qualitative results.

Another key assumption concerns the force of infec-
tion. AIDS individuals are included in the denominator,
meaning that they are eligible as sexual partners, but
excluded from the numerator, implying that they do not
engage in risky sex. This hypothesis was less appropri-
ate in the early epidemic when AIDS progression was
rapid and untreated individuals quickly succumbed to
illness and death [6]. However, the assumption becomes
increasingly valid in the ART era, as therapy improves
health status and quality of life [23,24].

The model formulation of screening and ART access
reflects current South African policy, where enrolment
in ART requires only a positive test result. Following
WHO recommendations, South Africa has adopted the
“Test and Treat All” approach, which provides ART to
all individuals diagnosed with HIV, regardless of CD4
count or clinical stage [25].

We do not split HIV-unaware individuals into sub-
compartments based on their attitude toward denialism,
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i.e., we do not differentiate between I,,n (unaware
but not in denial) and I,,,d (unaware and in denial).
Though this should be in principle correct, given that
HIV-infected but unaware individuals should behave as
susceptible ones, this leads to unnecessary complexity
that does not meaningfully affect the key model dynam-
ics. The adopted formulation keeps screening (related
diagnosis) as the key process through which infected
individuals can enact their ideological behaviour by
refusing ART.

The most important modelling choice concerns the
representation of denialist behaviour. In this first effort,
we opted for parsimony (Occam’s razor) and mod-
elled transitions between denial and non-denial states
as constant rates. We argue that this is appropriate
for the period when denialism was actively promoted
by South African President Thabo Mbeki, under the
influence of virologist Peter Duesberg. In this period,
adherence to denialism was largely driven by top-
down political and media pressure. Classical models
of information diffusion, such as the Bass model [26],
describe diffusion processes driven by institutional or
media communication as a linear process driven by
constant rates. Pairwise, we assume that also the reverse
flow from denial to non-denial was also mediated by
‘external’, top-down, communication, e.g., from non-
denialist public health officers, who largely opposed the
denialist stance [3,5,27,28].

While ideological commitment rather than rational
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cost-benefit reasoning explains much of the denialist
adherence in the president Mbeki’s era, we do not
claim that other mechanisms of information diffusion,
such as word-of-mouth imitation dynamics, were ab-
sent [20,21,26,29-31]. Rather, we consider the major
drivers sufficient for this first formulation, given the rich
dynamics they already generate. Extensions to include
word-of-mouth dynamics would be particularly useful
for modelling the post-Mbeki period, when denialism
was no longer state-promoted but persisted within spe-
cific communities.

Summing up in relation to the behavioral epidemiol-
ogy literature, our approach represents AIDS denial as a
loss of awareness implying a return to high-risk behav-
iors due to public communication [30]. This is mainly
modelled by additional compartments of individuals
losing awareness of HIV risks. This approach was
used both during the early wave of behavioral change
models for AIDS but also in the modern behavioral
epidemiology literature [20,30].

IV. ANALYTICAL RESULTS
A. Feasible region

To determine the feasible region where the model so-
lutions are epidemiologically meaningful, the following
theorem for positivity and boundedness is established.

Theorem 1. The solutions to the system (1) that start
with initial conditions that are non-negative, remain
non-negative and bounded for all t > 0.

Proof: The proof of the first part (non-
negativeness) immediately follows from the model
equations. Indeed, in the event any state variable
reaches its zero boundary, it will either remain there or
will increase. As for the second part of the Theorem,
by summing the equations in (1), we get:

dN

EZW—MN—VASW—MN.

Which in the limit has to be larger than zero and so we
have the upper bound:

limsup N(t) < il

W

t—o0

:N*’

where N* represents the population level in the absence
of the infection.
This shows that the solutions of the model, starting
from non-negative initial values, are bounded. |
Therefore, the feasible region for the system is given
by:

Q= {(S1. S Lo L1, 4) € BE | N(t) < & = N7},
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which is positively invariant with respect to the dynam-
ics of (1).

B. Disease-free equilibrium and the basic reproduction
number

The disease-free equilibrium point is given by
(S%.55,0,0,0,0) € Q, where the total population N
is at its disease-free steady state (given by N* = 7/u)
and it holds:

m(p + €a)

(/’[’ + 5d)(/.L + gn) — EdEn ’
TEn

Sy =

n

S = .
T (A ea) (et en) — cacn

Quantities S}, and S} represent the equilibrium levels
balancing the populations of the denialist and non-
denialist groups in a disease-free setting where pro-
and anti-denial messages circulate but the infection is
absent.

The next-generation method is used to determine the
basic reproduction number R, and to analyse the local
stability of the disease-free equilibrium. This method
requires the calculation of the transmission matrix (F)
and the transition matrix (V) [32,33]:

1 ¢d ¢n 0

F_m$+@$ 0 0 0 0

N N* 0O 0 0 O

0O 0 0 O

V =
o+ 0 0 0
—(pa+w) 6d+7d +u _5n 0
—(1-p ) on—+ v, +p 0
0 —Yd —Tn mw+v

The basic reproduction number, is obtained by cal-
culating the dominant eigenvalue of the matrix FV 1.
After simplification,

ROZRu+Rd+Rn7

where y .
R — BnSn + Bde
L = 2on T Perd
N*(a+ p)
represents the contribution to Ry from typical infective
individuals who are unaware of their HIV status,

2

Ra
_ ¢a(BnSy;, + BaSy)

N*(ar+ 1) ((On + 0 + )8+ 7+ 1) = 600
x ((5n+’yn+,u)(pa+w)+5n(1 —p)a). 3)
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represents the contribution from individuals who are in
denial and not on ART, and

R
N* (@ 12) (On + 9+ 1) (0a + 9+ 1) = uda)
X ((5d+“/d+,u)(1 —p)a+5d(pa+w)). 4)

represents the contribution from individuals under ART
who are not in denial. These components of R cor-
responding to different subgroups of the population
(unaware, denialists, and those under treatment), and
reflect how each group contributes to the overall spread
of HIV. By analysing these components, we can assess
the impact of interventions targeting each group, such
as improving screening rates, reducing denialism, or en-
hancing ART uptake, on controlling the HIV epidemic.
Based on Theorem 2 in the study given in [33], the
following theorem has been established:

Theorem 2. The disease-free equilibrium is locally-
asymptotically stable when Ro < 1, and unstable when
Ro > 1.

This theorem emphasises the importance of reducing
Ro below 1 to control HIV/AIDS spread within a
population. In the absence of a backward bifurcation
(discussed in the next section), if Rg is less than 1, the
disease will gradually fade, leading to a stable, disease-
free state. On the other hand, if Ry remains above 1,
the risk of widespread transmission persists, leading to
an endemic equilibrium, and significant effort may be
necessary to manage the number of new infections.

C. Endemic equilibrium

Endemic states of the model (S, S, I}
€ int (Q) fulfill:

i Loy 13 Iy A7)

TN+ p+eq)

Sr = ,
At pten) (Mgt ea) — enca
N TEn
Sd = * )
A+t en) N+ 1+ eaq) —enga
W(A;;(A;; + i+ ea) + A;;sn)
I = ,
(ot 1) (A + s+ 2) N5 + 1+ 2a) = 2na)
Rl
I* — u ,
¢ (bdRu
Rl
Ir=
" quLRu’
A — (7d¢an + ’Yn(lsd,Rn)Lj
¢aPnRu(p +v)
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where R, Rq and R,, are as given in (2), (3), and (4),
respectively, and the forces of infection are:
I+ ¢aly + onl;
A* — . Uu n , 6
" 5‘<S;+S;+I;+I;;+I;;+A* ©)
I+ ¢aly + only
Ay = v L . 7
d 5d<s;:+s;+1;+1;;+1;+A* ™
Substituting (5) and (6) into (7) leads to a character-
istic polynomial

A5 <cz(A;;)2 + e N+ c0> =0, ®)
where
¢2 = BuRu(a+ ) (Rudnbulp +v)
+(p+rv+y0)onRa+ (p+v+ %)%Rn),
¢1 = Rula+ p)* (Bn(p+ a) + Bacn)
% (Rubna(i+v) + (1 -+ v+ 706, Ra

+ (1 + v +70)9d R )

+ OndaRuBa(p+ v) (o + p)*
X ((a+ p)Ru — Rofbn),

co = PndafaRu(p + V) (1 + n + €d)
x (o +p)* (1= Ro).

From the polynomial in equation (8), the root A}; = 0
corresponds to the disease-free equilibrium since it
implies a null force of infection. The remaining roots
determine endemic equilibria, contingent upon the signs
of the coefficients. Specifically, the signs of ¢; and ¢y
are influenced by the magnitude R, whereas ca > 0
irrespective of the value of Ry. The model allows for
various bifurcation scenarios at the endemic equilib-
rium, depending on the number of positive roots and
the magnitude of Ry. One such scenario is a backward
bifurcation, which occurs when multiple positive roots
(representing both endemic and disease-free equilibria)
exist for Ry < 1. In the presence of a backward
bifurcation, reducing R¢ below unity is insufficient to
control the disease. To investigate the potential for a
backward bifurcation in the system described by model
(1), the number of positive roots of equation (8) for
different cases of R are analysed using Descarte’s rule
of signs and summarised in Table 1.

From Table 1, the following theorem is derived:

Theorem 3. The HIV/AIDS model (1) has
(i) an endemic equilibrium if Rg > 1,

(5) (ii) two endemic equilibria if Ry < 1 and whenever the

second scenario holds.
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Scenario c2 c¢1 o Ro Possible number
of positive roots

1 + - - Ro>1 1

+ + + Ro<l1 0

2 + o+ - Ro>1 1

+ - + Ro<l1 2,0

Table 1: Number of possible positive roots for the polynomial

(8).

Figure 2 and Theorem 3 highlight that reducing Rg
below unity may not guarantee HIV elimination if
denial-driven heterogeneity in transmission or treatment
response sustains the epidemic. This underscores the
need to combine biomedical strategies (testing, ART
scale-up) with psychosocial and behavioural interven-
tions that address denialism directly. Without such
integration, HIV may persist even after the classical
control threshold is achieved.

Although the mechanisms underlying backward bi-
furcation in epidemiological models have been well
characterised [34, 35], this study is, to the best of
our knowledge, the first to identify denial, through its
combined effects on transmission and therapy efficacy,
as an important driver of HIV persistence.

To further explore how individual parameters influ-
ence Ro and disease outcomes, numerical simulations
are conducted in the next section.

V. NUMERICAL RESULTS

To obtain the numerical results, a set of parameter
values is required. These values are estimated in the
following subsection.

A. Parameter assignments

In this section, we assign numerical values to the
main parameters that characterise the dynamics of HIV
transmission and progression in South Africa. These pa-
rameters are derived from various data sources, includ-
ing demographic information, epidemiological studies,
and UNAIDS reports. The following is a description of
each parameter and its corresponding value range:

1) Natural mortality (11): The natural mortality rate
is based on life expectancy data from the World Health
Organization [36], which reports an average life ex-
pectancy of 58.9 years for males and 64 years for
females in South Africa. Additionally, according to
Richter et al. [37], the average age of sexual debut is
15 years for females and 16 years for males. Thus, the
range for the natural mortality rate corresponding to
the life expectancy after sexual debut is estimated as
w=1[1/(64 — 16),1/(58.9 — 15)].

Biomath 15 (2026), 2607244, https://doi.org/10.55630/j.biomath.2026.07.244
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Fig. 2: Backward bifurcation diagram for model (1), showing
that HIV can persist even when Ry < 1.

2) Disease mortality (v): AIDS-related mortality is
derived from UNAIDS [1] data, which reports approx-
imately 7.5 million adults living with HIV in South
Africa in 2023. Deaths due to AIDS among adults aged
15 years and older ranged from 4 x 10 to 6.3 x 10%
annually. Thus, the disease mortality rate is taken as
v=[4x103/7.5 x 105,6.3 x 10%/7.5 x 10°].

3) Proportion of HIV individuals not accepting ART
(p): The proportion of HIV-positive adults who are in
denial (i.e., not receiving ART) is based on UNAIDS [1]
data indicating that 72-86% of adults aged 15 and older
are receiving ART. Assuming that those not receiving
ART are in denial, the proportion of individuals in
denial is estimated to range from 16% to 28%. Thus,
p =10.16,0.28].

4) Screening rate () and screening denial (w): The
screening process is decomposed into two components:
a screening invitation rate (/) and an acceptance prob-
ability (A). Hence, the effective screening and refusal
(denial) rates are given by: o = KA, w = K(1 — A),
where 1/K represents the average interval between
successive testing opportunities, and A denotes the
probability of accepting testing once invited.

Model-based estimates for sub-Saharan Africa in-
dicate that the average time from HIV infection to
diagnosis has decreased substantially over the past two
decades, from nearly 10 years in 2000 to about 1.5
years in Southern Africa by 2020 [38]. We therefore set
1/K to range between 1.5 and 10 years, corresponding
to K € [0.10, 0.67]. Based on Mabuto et al. [39],
74-87% of adults accept HIV testing when offered,
giving A € [0.74, 0.87]. Substituting these ranges
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Par.  Unit Average [min, max] Source

s Humans 8.8 x 10° Estimated
year ' [8.5 x 10°,9.3 x 10

Ba  Year ™' 0570, 1] [8]

Bn Year—! 0.04 [0, 0.08] Estimated

én  Year '  0.29 [0.23, 0.35] Estimated

¢a  Year* 1.5 [1, 2] [8]

en  Year™'  0.125 [0, 0.25] Assumed

€d Year—! 0.125 [0, 0.25] Assumed

u Year™!  0.022 [0.021, 0.023] Estimated

a Year™!  0.325 [0.07, 0.58] Estimated

p Dimens-  0.22 [0.16, 0.28] Estimated
ionless

5  Year™*  0.110,0.2] Assumed

5,  Year™!  0.110,0.2] Assumed

Yn  Year™'  0.061 [0.022, 0.1] Estimated

va  Year™'  0.084 [0.067, 0.1] Estimated

v Year—! 0.007 [0.005, 0.008] Estimated

w Year™!  0.095 [0.02, 0.17] Estimated

Table 2: Model parameters: units, average values (minimum,
maximum), and sources. The estimates are as in the text.

yields « € [0.07, 0.58] and w € [0.02, 0.17].

5) Progression rate of untreated to AIDS (7v4): The
progression rate of untreated HIV-positive individuals
to the AIDS stage is assumed to range between 10 and
15 years, based on WHO [36] guidelines. Consequently,
the progression rate is given by: 4 = [1/15,1/10].

6) Progression rate of treated to AIDS (7v,): The
progression rate for individuals on ART is assumed to
range from 10 years (if ART fails) to 45.9 years (if
ART is fully effective), with the difference representing
the average life expectancy of 61.4 years minus the
average age of first sexual debut, 15.5 years. Therefore,
Yo = [1/45.9,1/10].

7) Measure of infectiousness for those not on ART
(¢4): The amplification factor represents the increased
risk of HIV transmission for individuals with symp-
tomatic HIV infection. Based on the study by Nyabadza
et al. [8], we assume that the amplification factor
for individuals in denial (who are not on ART and
have uncontrolled viral loads) lies within the range:
ba = [11 2]

8) Measure of infectiousness for those on ART (¢y,):
UNAIDS [1] reports that between 65% and 77% of
people living with HIV have suppressed viral loads
due to ART. Therefore, the amplification factor for
individuals on ART (those with suppressed viral loads)
is assumed to range between 0.23 and 0.35. Thus,
¢n = [0.23,0.35].

9) Recruitment rate (m): Based on South Africa’s
demographic data [36], the total population of individ-
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Fig. 3: Partial rank correlation coefficients for the model
parameters.

uals aged 15 years and older is approximately 48.2 mil-
lion, of whom about 7.5 million are living with HIV [1].
The susceptible population is therefore taken as approx-
imately 40.7 million. Assuming demographic steady
state, so that recruitment balances natural mortality to
maintain a constant adult population, the recruitment
rate is modelled as m = uS = [8.5 x 10°, 9.3 x 10°],
where S denotes the susceptible population.

10) Transmission rate for those not in denial (5,):
The transmission rate for individuals not in denial is
related to the transmission rate for individuals in denial.
It is assumed that the transmission rate for individuals
not in denial is reduced by a factor of (1 — ), where
n represents the effectiveness of condom use. The
effectiveness of condom use is taken to range from 0.9
to 0.94 [40]. Thus, the transmission rate is modelled as
Bn = (1 —n)Ba.

These parameter estimates are summarised in Ta-
ble 2. For parameters with limited data, values are
assumed based on previous studies, as indicated in the
table. The resulting R is calculated to be 1.6. When
n =0 or B, = B4, Ro = 3.2, which falls within the
range of 2 to 5 as reported in the literature [41].

B. Sensitivity index

Sensitivity analysis is conducted to assess how vari-
ations in the parameters of the HIV transmission model
impact the overall transmission dynamics, particularly
the estimated basic reproduction number (Rg). The
Latin Hypercube Sampling (LHS) method is used to
carry out the sensitivity analysis [42—44]. In applying
LHS, a baseline value is established for each parameter
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along with its corresponding range, followed by gener-
ating IV distinct model runs to evaluate the outcome.
As outcome parameter, we focus on Rg [42,43]. The
value of N 1is determined to satisfy the condition
N > (4/3)K, where K represents the number of
uncertain parameters in the model [42,43]. It is assumed
that the model parameters are uniformly distributed.
The sensitivity of Ry to these parameter variations
is quantified through the calculation of partial rank
correlation coefficients (PRCCs) [42]. The sign of the
PRCC determines the direction of the influence of a
parameter on the output (Rg), while its magnitude
reflects the relative strength of that influence.

The LHS method is used to derive the PRCCs for
the parameters of the HIV transmission model (Table
2) and depicted in Figure 3.

Biomath 15 (2026), 2607244, https://doi.org/10.55630/j.biomath.2026.07.244

From Figure 3, it is evident that the parameters
exerting the greatest influence on HIV transmission
are the transmission rate within the susceptible denial
group (84), the rate at which individuals transition
into denialism (e,), the rate of disengagement from
denialist behaviour (g4), and the screening rate («). This
indicates that the transmission risks from the susceptible
denial group (S;) are considerably higher than those
from the infected denial group (I;), since denialists
often forgo protective measures. A lower PRCC value
of 0.3 for (3, compared to 0.9 for (3, illustrates that
effectively controlling denialism within the population
can markedly reduce HIV transmission rates.

The parameters ¢, and ¢4 highlight potential strate-
gies for managing this high-risk group, while those
associated with the infected denial group — specifically,
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parameters are set to the average values listed in Table 2.

the rate of individuals dropping from ART to join the
denial group (d,) and the rate at which individuals
leave denialism to re-engage with ART (J4), also exert
significant effects on disease dynamics. Notably, €4 and
04 have negative PRCC values, whereas the others are
positive.

The high sensitivity of o underscores the pivotal role
of early HIV diagnosis in epidemic control. Increased
screening shortens the period during which individuals
remain unaware of their infection, thereby reducing
the duration of untreated, high-transmission states and
limiting onwards spread. These results highlight that in-
terventions directly targeting denial-related behaviours,
such as reducing entry into denial and supporting re-
engagement with care, could have a disproportionately
large impact on epidemic control, especially when
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complemented by intensified screening that promotes
early diagnosis and treatment initiation.

In the following subsections, the effects of denial are
further explored by analysing the numerical model solu-
tions as the respective parameters vary within the ranges
specified in Table 2. The simulations are assumed to
begin in 2023, as most of the data used to derive the
parameter values correspond to that year, with the final
time set to 2040, covering a period of 17 years.

C. Effects of denial: refusal of preventive measures

As shown in Figure 4, denial of preventive measures
can significantly increase both the number of new
infections and the number of individuals progressing to
the AIDS stage. In the absence of individuals joining
the denial class, the annual incidence rate continues
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to decline, along with the number of people reaching
the AIDS stage. Denial of preventive measures directly
undermines HIV control. Scaling up prevention cam-
paigns, including condom promotion, HIV education,
and stigma reduction, remains essential, particularly for
high-risk denialist groups.

D. Effects of dropping the denial behaviour before
infection

As observed in Figure 5, if individuals abandon
the denial behaviour of not using preventive measures,
both the incidence rate and the number of AIDS cases
will significantly decrease. Encouraging individuals to
abandon denialism early, through trust-building, coun-
selling, and stigma reduction, can substantially cut HIV
incidence, reinforcing the importance of behavioural
and community-based interventions.

E. Effects of accepting to join ART for those previously
in denial

As observed in Figure 6, when individuals who have
been in denial accept to join ART, there is a reduction
in both the number of new HIV infections and the
number of people progressing to the AIDS stage. Ex-
panding linkage-to-care and treatment re-engagement
programmes targeting denialists could markedly reduce
transmission, supporting South Africa’s “Test and Treat
All” policy.

F. Effects of ART discontinuation

As shown in Figure 7, discontinuation of ART in
favour of joining the denial class leads to an increase
in both the number of new HIV infections and the
number of individuals progressing to the AIDS stage.
Preventing ART discontinuation among denialists is
critical for sustaining epidemic gains and achieving
UNAIDS 95-95-95 targets. Interventions should priori-
tise adherence support, combating misinformation, and
providing psychosocial support to minimise drop-out.

G. Overall system dynamics

To provide a complete picture of the model’s long-
term behaviour under denial-related dynamics, Figure 8
illustrates the trajectories of all compartments simu-
lated over an extended period of 250 years. The 250-
year simulation horizon is not intended as a realistic
policy projection but rather to illustrate the asymptotic
behaviour of the system and demonstrate convergence
towards the endemic equilibrium predicted by the an-
alytical results. The results indicate that the system
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Fig. 8: Long-term dynamics of all model variables showing
convergence towards endemic equilibrium. The parameter
values used are given in Table 2.

eventually converges to an endemic steady state fol-
lowing pronounced transient oscillations across all sub-
populations. In particular, the susceptible groups (S,
and S;) exhibit large fluctuations before stabilisation,
reflecting the delayed epidemiological and behavioural
feedback caused by transitions into and out of denial.

These long-term dynamics reinforce the analytical
results, demonstrating that denial can sustain HIV
transmission for extended periods and delay epidemic
stabilisation even when R is close to unity. The inter-
play between behavioural adaptation, treatment uptake,
and denial-driven heterogeneity produces persistent epi-
demic behaviour that would not arise in homogeneous
models.

VI. DISCUSSION

Despite substantial progress in expanding access to
HIV testing and antiretroviral therapy (ART), HIV
remains a major public health challenge in South
Africa. A key barrier is denialism, expressed through
reluctance to test, non-disclosure of status, and ART
non-adherence [3]. This study highlights, through a
mathematical modelling approach, how denialism al-
ters epidemic trajectories and complicates elimination
efforts.

Bifurcation analysis (Table 1) shows that the system
may undergo a backward bifurcation, where disease-
free and endemic equilibria coexist even when Rg < 1.
This implies that reaching the classical threshold con-
dition is not sufficient for elimination. Similar findings
in other settings [9, 10] reinforce that conventional
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biomedical interventions alone are inadequate in popu-
lations with entrenched denialism. Public health strate-
gies must therefore pair ART scale-up with behaviour
change interventions explicitly addressing denial.

The backward bifurcation observed in this model is
primarily driven by the combined effects of transmis-
sion heterogeneity and treatment refusal among denial-
ist individuals. In particular, high transmission rates
within the denialist susceptible group (/34), together
with low ART uptake and increased ART discontinua-
tion, allow a sufficiently large high-risk subpopulation
to persist even when the average transmission potential
falls below the classical threshold Rg = 1. This creates
bistability, where both disease-free and endemic equi-
libria may coexist depending on the initial conditions.
Epidemiologically, this implies that reducing transmis-
sion alone may be insufficient if denial-driven treatment
avoidance remains prevalent within the population.

Sensitivity analysis (Figure 3) identifies the transmis-
sion rate among denialist susceptibles (5;) as the most
influential parameter. This finding emphasises the need
for targeted education and communication efforts that
promote safer sexual practices among individuals who
avoid testing or reject diagnosis. Reducing 5, through
stigma reduction and trust-building with health systems
could substantially curb transmission.

Numerical results (Figures 4-5) demonstrate that
flows into and out of denial (¢, and &4) strongly
shape epidemic dynamics. High rates of entry into
denial drive HIV incidence upward, while high rates
of exit support epidemic control. Interventions that
reduce stigma, counter misinformation, and strengthen
social support for disclosure and treatment-seeking are
therefore central to epidemic mitigation.

The model further shows the dual impact of ART
uptake and discontinuation (Figures 6—7). Sustained
ART use lowers incidence and delays AIDS progres-
sion, while discontinuation among denialists reverses
these gains. Sustaining ART adherence is thus critical
to achieving the UNAIDS 95-95-95 targets [1]. Policies
should not only promote ART initiation but also invest
in adherence support, counselling, and targeted outreach
to individuals at risk of denial-driven discontinuation.

A limitation of the present model is the assumption
that transitions into and out of denial occur at constant
rates. Although this approximation is reasonable in the
context of the President Thabo Mbeki era, characterised
by strong ideological commitment combined with top-
down political and media influence, it does not fully
capture other involved nonlinear behavioural processes.
These might include a range of factors acknowledged
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by the literature on coupled behavior-infection models
e.g., peer imitation (that is, word-of-mouth), social net-
work effects, prevalence-dependent risk perception or
social norms [20-22,26,29-31]. Future work incorpo-
rating these mechanisms could enhance model realism
and improve understanding of the interplay between
denialism and HIV transmission dynamics, especially
regarding trends in the epoch after President Mbeki.
Overall, these findings underscore that denialism is
not a passive behavioural factor but an active driver
of HIV transmission. Addressing denial requires em-
bedding psychosocial and cultural interventions within
existing biomedical programmes. For South Africa and
other resource-constrained settings, this means expand-
ing HIV services to include counselling, community-led
education, and communication campaigns that directly
counter denialist narratives. Future research should
explore the long-term impact of various intervention
strategies on mitigating denialism and assess how dif-
ferent sub-populations respond to targeted interven-
tions. Understanding these dynamics could provide
deeper insights into refining policies aimed at achieving
sustainable HIV epidemic control in South Africa.
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