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Abstract

In the United States, incidence of sexually transmitted infections (STIs) has risen sharply. Be-
tween 2014 and 2019, male and female incidence has increased 62.8% and 21.4%, respectively, with
an estimated 68 million Americans contracting an STT in 2018 [7]. Some human behaviors impacting
the STT epidemic are unprotected sex and multiple sexual partners [23]. Increasing dating app usage
has been postulated as a driver for the increase in these behaviors. This study attempts to quantify
the impact of dating apps on the incidence and prevalence of STIs utilizing a sex-structured SIS
model of STI transmission. The model is also used to assess the possible benefit of in-app prevention
campaigns. Additionally, the mathematical model is used to estimate the percentage of people who
seek treatment after contracting an STI.

2014-2019, male and female incidence has increased 62.8

1 Introduction

Sexually transmitted infections (STIs), also referred to as sexually transmitted diseases (STDs), are very
widespread in the U.S. and cause many short- and long-term health problems as well as great expenses
to treat them. The Center for Disease Control and Prevention’s (CDC) latest estimates indicate that 68
million people (20% of the U.S. population) — approximately one in five people — had an STI on any given
day in 2018, with 25 million of them newly acquired that year, and these cost the American healthcare
system nearly $16 billion in direct medical costs alone [7].

The eight most common STIs are chlamydia, gonorrhea, syphilis, trichomoniasis, hepatitis B virus
(HBV), herpes simplex virus type 2 (HSV-2), human immunedeficiency virus (HIV), and human papil-
loma virus (HPV). The first three are caused by bacteria, the fourth one by protozoa, and are generally
curable with existing single-dose regimens of antibiotics lasting 1-4 weeks. The last four are viral infec-
tions for the first three of which the best available treatments are antivirals and, for HPV, there is no
treatment but there are preventative vaccines [26]. Table 1 summarizes their nationwide prevalence and
incidence in 2018 [7].

Table [2| contains more detailed prevalence data for the same year, such as the Q1, Q2, and Q3 values
for each prevalence that refer to the 25th, 50th, and 75th percentiles respectively. This data confirms
that chlamydia and gonorrhea have the highest incidence and prevalence rates and, as such, have a
significant impact on the increasing STI rates in the United States. [25]

One recent social change that has been postulated to modify human sexual behavior, and in turn the
incidence and prevalence of STIs, is the advent of dating apps. For context, mobile phone and dating
site applications have seen a global surge in usage since the start of COVID-19. For example, in the



STI Prevalence (in millions) | Incidence (in millions)
Chlamydia 2.4 4
Gonorrhea 0.209 1.6

Syphilis 0.156 0.146
Trichomoniasis 2.6 6.9

HBV 0.103 0.0083

HSV-2 18.6 0.572

HIV 0.984 0.0326

HPV 42.5 13

Table 1: Prevalence and Incidence of the 8 most common STIs, U.S. 2018

Men, Median Women, Median Total, Median
(251h-T5th Percentile)’ (25th-75th Percentile)’ (25th-75th Percentile)™*
All ages®
Chlamydia 1,050,000 (944 (001,157,000 1,306,000 (1,193,000-1 415,000} 2,353,000 (2,202,000-2,508,000)
Gionorrhea S0,0040 {40,000-63,000) 155,000 {131,000 154,000) 200,000 { 183,000-241,000)

AMR gonorrhea’ 26,0000 {2 1,000-32 000) B0,000 {67 000-94,0040) 107 000 {94, 000124 000
Trichomoniasis 470,000 (4 14,000-530,000) 2103000 { 1,982,000-2 225 000) 2,576,000 {2,446,000-2,713.000)
Syphilis 112,000 (92,0001 37,000 38,0000 (28,000-55, 004} 156,000 {132,000 1 84,000)
Cienital herpes 6,354,000 {6,093 0006629 000) 12,203,000 (1 1,885,000-12,538,000)  15.574,000 {15, 140,000 19,002 (00)
HPy** 25411000 (22,669,000-24, 2000000 19.210,000 (18, 700,000-19,776,000) 42,500,000 (41 400,000-43, 700,000)
Hpv" S1,000 (4 1,000-61,000) 52,000 (42,000-63,000) 103,000 (89,0001 18,0000
vt 775,600 (T69,200-781,900) 208,400 (205,600-211,200) Q4,000 (977000990, H00)
Total* 32,321,000 (31,519,000-33,124,0000 35,311,000 (34,656,000-35,980,000)  67.636,000 {66,599,000-68,668,000)

Apes 15-24y
ﬁlam}'dl: 595,000 (530,000-659,000) Q90,000 (5990001 054, 000) 1,583,000 (1,472,000-1,696,000)
Gonorrhea 20,000 { 15,000-27,000) Q0,000 (72,0001 15,000) 113,000 (93,0001 35, 000)

AMR gonorrhea’ 10,0040 {8, 000 14,000 46,000 {37.000-59,000) 58,000 (48 0007 1 000)
Trichomoniasis £3,000 (63,000-107 0001 2 314,000 (275,000 356,000) 402 000 (356,000-449 000}
Syphilis 24,000 { 18,000-32,000) 10,000 {7,000 1 6,000) 36,000 { 29,000-46,000)

Genital herpes 39K, 000 (336,000-472,000) Q18,000 (323,000-1.017,000) 1,325,000 (1,208,000-1 447,000}
HPV** 3,606 000 (3,383 ,000-3,826,000) 5. 376,000 (5,091, 000-5.645,000) 8979000 (8,625,000-9 500,000
HBv"™ N NC MC

HIVT# 39,900 (38,200-41,500) SE0N) (4900-6000) 45,400 (43 600-47_100)

Total® 4,529,000 {4,587 000-5,062 000) 7,779,000 {7 467, 0008 096, 000) 12,608,000 (12,219 00012, 98%,000)

Table 2: Estimated number of prevalent sexually transmitted infections. United States, 2018

first quarter of 2022, 39% of all single, divorced, or widowed consumers reported use of an online dating
site in the previous month . This trend in human dating behavior is consistent with the recorded 17
million daily users among the top twenty dating apps in 2020. This data is further corroborated by
statistics that state 26.6 million Americans used a smartphone dating app in 2020, with Tinder reporting
957,700 downloads in the month of June 2022 alone [9].

Researchers from The Chicago School of Professional Psychology, found a relationship between sexual
discounting, usage of dating applications, and sexual risk. Delay discounting refers to the devaluation
of an objective as a function of increasing time; correspondingly, sexual discounting indicates the deval-
uation of protected sex in favor of unprotected, immediate sex. The researchers utilized Kendall’s 7-b
to calculate the correlation between risky sexual behavior and sexual discounting for dating app users
and non-users. Their results give evidence of a strong correlation among users (r = —0.357) and no
correlation among dating app non-users (r = —0.05). This adds support to the hypothesis that dating
apps may play a significant role in the increasing STI rates [|4].

The relationship between risky sexual behavior and dating app usage is significant as such behaviors
have been linked to the increased STI infection rates. Several critical risky sexual behaviors have been
associated with dating app use: unprotected sex, multiple sexual partners, sex after too much to drink,
and sex after using drugs. In a 2017-study to evaluate the correlation between these sexual risk behaviors
and dating app usage, the authors surveyed 509 heterosexual, cisgender undergraduate students (18-25
years old) from a psychology class at a Mid-Atlantic institution. The survey evaluated the students’
impulsivity, dating app usage and motivations, sexual behavior, and demographics. It was found that
individuals who seek sexual partners through dating sites and apps have higher rates of unprotected sex,
higher rates of STIs, and a greater number of sexual partners; the individuals who used dating apps were
also found to be more impulsive [23].



The extant literature presents a qualitative correlation between dating app usage, sexual risk behavior,
and STIs but fails to provide a quantitative assessment of the impact dating apps have on increasing STI
incidence. As such, this study attempts to use SIS epidemic modeling in order to quantify the increase in
STTIs that has resulted from the use of dating apps. In order to use our SIS models, several types of data
are needed to estimate model parameters. We found a scarcity or absemce of data needed, for example
to estimate the percentage of people who seek treatment after contracting an STI, as STIs are often
asymptomatic. To solve for this unknown value, we used used an algebraic relation among 8 parameters
after obtaining the values for most of those from existing literature or parameter-fitting using our models.

To combat the rising STI rates, prevention campaigns within dating apps have been proposed as a
possibility. In one study the authors performed in-depth interviews of 25 men who have sex with men
to qualitatively assess the potential to deliver sexual health information and promotion through dating
apps. Results indicate that these interventions are acceptable and have the potential to reduce STI
rates. We will use our models to provide a quantitative assessment of the possible impact that this study
suggests, so as to quantify the reduction of STI-incidence that dating apps’ prevention campaigns |15].

In summary, the three objectives of the present study are to assess the percentage increase in STI
cases resulting from dating apps, estimate the percentage of infected individuals who seek treatment,
and appraise the positive impact of dating apps’ pop-up ads may have in reducing STI incidence. These
results are meritorious as they provide a quantitative assessments that can be used to inform public
health initiatives.

2 A simple two-sex SIS model

We consider the sexually active population of the United States of two sexes that we will call female
amd male, which we will identify with individuals aged 15 and above who have engaged in sexual contact
(oral, vaginal, or anal).

STTs may be transmitted by all of these types of contact, through both same-sex and opposite-sex
contacts.

Data concerning STI infections is quite detailed for the U.S. in the form of incidence (mostly) and
prevalence (occasionally).

We shall use the definitions of disease prevalence and disease incidence from the CDC [7].

Definition 1: the number of cases of a disease (or infection) present at a given time is called disease
(or infection) prevalence at that time.

Definition 2: the rate of new cases of a disease (or infection) appearing at a given time is called
disease (or infection) incidence at that time.

We divide this population initially into four compartments, according to the two essential binary
variables related to sexually transmitted infections, sex and infection status. Accordingly, our model
has the following four compartments: STI-susceptible females, STI-infected females, STI-susceptible
males, and STI-infected males. Later, we shall subdivide these four compartments into two disjoint
compartments each, one of dating app users and another of non-users.

The size of the population at time ¢ will be denoted N = N (t), and the sizes of the four compartments
will be denoted, respectively, as

Sy =5¢(t), I =I4(t), Sm = S (t), I, = I,(1).
Because every individual is in exactly one of these compartments, it follows that
N=S8;+1I;+Sp+ In. (1)
We shall use the following notation (With g representing sex, g € {f, m}):
&g = per capita exit rate from sexually active class of sex g for sex g by any reason > 0,
g = Dper capita recovery rate for sex g by successful treatment or by spontaneous recovery > 0,
Ay = number of newly sexually active people who are female per unit time,

A,, = number of newly sexually active people who are male per unit time,

Ag = per capita infection rate (force of infection) of sex-g susceptibles.



We consider same-sex and opposite-sex contacts, suggesting the following constitutive form for the
forces of infection:

I I,
A =Csr =+ Crp—, 2
1=Crr 5t Cm—y (2)
I Iy
)\m = Umm =7 mf 7>
C N + Cpy N (3)
where, for g1, g2 € {f,m},
Cy,9, = unit per capita probability of transmission from sex g2 to sex gi. (4)
Vs
A R
A, >
Female ——— > Sf —> 5,« If > £f
Vm
AL _
A I g
Male ———> Sm — ¢, Im > ¢

Figure 1: Flow diagram of the simple two-sex SIS model. Parameters over arrows are per capita rates,
except for A and A,, which are total rates.

Our SIS model describing the evolution of the compartment sizes is the following:

d

58 = Aptrdy = ApSy = &85y, (5)
d

1t = ASs = pls = &y, (6)
d

°r, = EEPNIN SR §

dt m )\’mS’m ’77n m gm m (8)

where, summing with (6) and (7) with (8), we see that F' = Sy + Iy and M = Sy, + I,,, satisfy the
following ODEs:

dF

L As— & F

dM

— =N\, — & M. 1
= : (10)

respectively for the rates of sexual debut by females and males and for the per capita exit rates from
the sexually active female and male populations, we see that the functions F' = number of sexually active females
and M = number of sexually active males have graphs shaped like learning curves, i.e. concave (convex
if F(0) > Ay /&, respectively M(0) > A, /&,y ) functions that increase (decrease if convex) monotonically
from their initial values F'(0) and M (0) to their asymptotic values Foo = Ap/&y and Mo, = Ay /&,
respectively. Specifically,

F(t) = F(0)e st + ﬂu —e 8, (11)
£r



M(t) = M(0)e=6n* + 2—”(1 —eEmty, (12)

m

Moreover, and imply that F is bounded by max{F'(0), %{} and M is bounded by max{M (0), Ig\:: }.
Similarly, summing and , we obtain the following ODE for the total population N:

AN A A,
— = A — £(t)N, with solution N(t) = F(0)e %! + g—f(l — e St £ M(0)e~omt ?(1 — ety
f m

where £(t) = ¢ f% + §m% is the (non-constant) per capita exit rate from the sexually active population
at time ¢t. However, for consistency, we prefer to have £ constant and model N as solution of the learning

curve model AN A
7 = A —¢N, with solution N(t) = N(0)e 5" + E(1 —e %), (13)

We point out that IV is defined for all ¢ > 0, is bounded above, and bounded away from 0. Therefore,
the existence and uniqueness theorem for systems of ODEs guarantees the existence of a global unique
solution to system f for any initial conditions.

For the systems representing only one of the sexes, —@ for females and — for males, we have
the basic reproduction numbers

A A

o N(Ef +7f)€f o N(Em +7m)§m-

Omitting the subindex that indicates the sex of the person when we consider only transmission within
the same sex (making N = A/¢ and Ry = C/(£ + 7)), we have for the system (B))-(6) or (7)-(3), a

disease-free equilibrium
A
S, I")y=(—-,0
51 =(30)

and a unique endemic one that lies in the positive quadrant if, and only if, Ry > 1,

o= (S220-2)) - (R2(-2)

We have the following stability results.

Theorem 1: [24] The disease-free equilibrium of the single-sex model —@ or — is globally
asymptotically stable if Ry < 1 and unstable if Ry > 1. In the latter case, the endemic equilibrium is
globally asymptotically stable.

3 Analysis of the Simple Two-Sex SIS Model

We will prove that solutions that begin non-negative, stay non-negative for all time.
Theorem 2: The non-negative orthant of R* is invariant under the flow of system 7.

Proof: We first discard the trivial cases that have no infected individuals initially (i.e. I;(0) = I,,(0) =
0). In that case, by uniqueness of solutions, the susceptible class of each sex evolves demographically
according to the learning curve equations and , while the infected classes are empty at all times.

We then assume that at least one the infected classes is initially non-empty, without loss of generality
let
I;(0) > 0. (15)

It follows from (2] that A(0), A, (0) > 0 and, by continuity, there is £ > 0 such that

Af(t), A (t) >0, for all ¢t € [0.%). (16)
Note that and @ imply that, for ¢ € (0,%) and g = f, m,

d ¢ ¢
% (Sg efgt"‘fo Ag(T)dT) — [Ag + fyglg(t)] efg“‘fn Ag(T)dT > O7 (17)



whereby

t t
S, (1) St I _ g (0) = A, / St I N gy / I, (v) fom 5 Mo gy 5 .
0 0

Hence, for all t € (0,t) and g = f,m,
t
Sy(t) = S, (0) e St~ Jora(Mdr / [Ag + 71 ()] e~ Ea ==X dr gy > 0, (18)
0

Similarly, starting from @ and and writing the analogue of for them, we can prove that for all
t € (0,t) and g = f,m,

t
I(t) = I,(0) e~ Gatra)t 4 /0 e~ )=\ (7)S,(T)dT > 0. (19)

Then, collecting , , and , for t € (0,) we have
Sp(t), Ip (), Sm(t), I (t), Ay A > 0. (20)

We need to prove that the sizes of the four compartments stay positive for all time. Suppose they do
not, and let ¢t* be the first positive time at which one of the four becomes empty: (¢* >t by )

t* =1inf{t > 0: S¢(t) - Sy (t) - If(t) - I, (t) = 0}. (21)
Note that implies
Se(t), I¢(t), Sm(t), Im(t), Af(t), Am(t) > 0 for all t e (0,t"). (22)
Combining , , and , we see that
Sy(), Lp (), S (), I (£7), A (87), Am () > 0

This contradicts the assumption on t*, establishing that the solutions cannot vanish, thus concluding
the proof.
O

We will prove next a classical threshold condition for the stability of the disease-free equilibrium [10].

Note that f readily yield an explicit expression for it: setting & = m,

Ay A > ) . - Ay A A
Eo=(—, 0, —, 0], with total population N = — + — = —. 23
= (g0 e TR 2

We compute next the basic reproduction number Ry as the spectral radius of the next generation
matrix

L (E gt et a b C c

G — 7]\_[ C‘:;:"flf Ef‘t:}/f ‘i{” gm“l’zm — <c d> , Where a = R£7 b = %R(})‘" c = CinlfRBn’ d = Rgl.
Em  Erty Em  Em+Tm If mm

Because the off-diagonal coefficients of G have the same sign (they are both non-negative), G has two

real non-negative eigenvalues,

a+d +/(a+d)?—4(ad—bc) a+d +/(a+d)?—4(ad - bc)
2 2 =g 2 '

0<

Indeed, this follows because the discriminant (tr(G))* — 4det(@) = (a — d)2 + 4bc > 0. Therefore,

2 f o 2
Ro = tr(QG) I \/tr iG) — det(G) = Ry —;RO + \/tr iG) — det(G). (24)

Theorem 3: (see [10]) The equilibrium Ej is locally asymptotically stable if Ry < 1 and unstable if
Ro > 1.



Proof: First, note that the threshold condition Ry < 1 is equivalent to
tr?(GQ) — 4det(@) < (2 — tr(GQ))?,

that is,

[Ro <1 <= 1—tx(G) +det(G) >0]. (25)

We compute now the Jacobian matrix of the system — at Ey:

s A Cgm Ay
I I O 7
0 Sl 0 _Cm By
J(E) = N s Co? h
“NEr Tim m T TREE
i Ao Coam Am
0 > 0 === —&n—"m

Its eigenvalues are the two negative real numbers,

75]"7 7£m>
and the two eigenvalues of the matrix
Cry Ay Crm Ay
A— B A rlak S el NEr
o %Ai Crom Am f _
N &n N Em m — Tm

A necessary and sufficient condition for them to have negative real part is that
tr(A) <0 and det(A4) > 0. (26)
Note that, in view of , the condition Ry < 1 implies that

R+ Ry

<1
2 )

and so
(RE—1)+ (R —1) <0.

The first condition in is
(@ =1 +77) + (d=1)(Em + m) <0
The second condition in is equivalent to
(a—1)(d—1) — bc = det(G) — tr(G) + 1 > 0,

which, by (25)), is equivalent to Ro < 1. This proves the stability part of the theorem. The instability
follows immediately from

(Ro>1 <= 1—t(G) +det(G) < 0 <= det(4) <0]. (27)

O

4 Parameter fitting for the simple SIS model

4.1 Initial Conditions

In order to run the model, ten parameters and four initial conditions need to be specified. We use
the year 2009 as the initial one (corresponding to ¢ = 0) so that we may compare model output with
data for ten consecutive pre-pandemic years, 2010-2019. The years 2020 and 2021 were anomalous in
terms of social and sexual contacts, and data for them should not be expected to fit well with output of
autonomous dynamical systems such as those we use.



It is important to note that Definition 1 tells us the infection prevalence at a given time ¢ is precisely
the value of state variable I(t), frequently reported as the proportion (percent) I(t)/N(t). Similarly,
Definition 2, when examined in view of @ and , tells us that the infection incidence is precisely the
value of A(t)S(t) = the acquisition rate of new infections at time ¢.

The initial conditions used for the number of susceptible and infected individuals of each sex are based
on prevalence data derived from the National Health and Nutrition Examination Survey (NHANES)
[list articles here/citation]. The data from NHANES is based from 2007-2012, and was used as an
approximation for 2009 data, which is not available. For each age group this was calculated by multiplying
the corresponding prevalence percentages by the corresponding population data from 2009. Females and
males were separated by multiplying the prevalence population number by the proportion of the newly
sexually active population that is female and by the proportion that is male. These were used as initial
values for infected females and males in 2009, while the sizes of the susceptible compartments were
calculated subtracting the initial numbers of infected from the total sexually active population of the
corresponding sex.

4.2 Estimation of demographic parameters: Ay, and ¢,

Of the ten model parameters, four can be obtained from demographic and other published data, namely

Ay = number of newly sexually active people who are female per unit time
A, = number of newly sexually active people who are male per unit time, and

&y and &, whose reciprocals are the median durations of the sexual lives for sex g = f, m.

Because our population of interest consists only of sexually active individuals, for whom data con-
cerning the population sizes by sez is unavailable, we began by using data from the literature to build
approximate sexually active population sizes by sex for the years 2009-2019.

We began by gathering data on the proportion of sexually active individuals by age and sex. Tables
3, 4, and 5 show the approximate percentages of sexually active and newly sexually active people in the
U.S by age and sex.

The percentages of sexually active females and males of the given ages in table 3 are pulled from [1]
for ages 15-20 (20112015 data), from a 2014 study on ‘late in life virginity’ [13] for ages 21-29, from [14]
for ages 30-39 (2006-2008 data), and from [8] for ages 40-44 (2006-2008 data). We assume that people
aged 45 or above who have never had sex will not debut sexually. We also assume that percentages for
ages over 20 did not change during the period from 2010 to 2019 because there is no data available other
than that we already used. The percentages in table 5 for ages 15-20 are pulled from a 2020 NCHS
data brief on sexual activity and contraceptive use among teenagers |19] that used data from 2015 to
2017. Therefore, we updated for those ages the corresponding entries while keeping those for ages over
20 unchanged. Table 4 percentages of sexually active by sex and age are averages of those in Tables 3
and 5 to account for the fact that both [1] and [19] report data for 15- to 20-year-old people, respectively,
for years 2011-2015 and 2015-2017.

age % active females | % active males | % female debutantes | % male debutantes
15 11 16 11 16
16 25 27 14 11
17 42 41 17 14
18 55 55 13 14
19 69 68 14 13
20 75 75 6 7
21-24 87.7 85.7 12.7 10.7
25-29 95.2 95.6 7.5 9.9
30-34 97.6 96.7 24 0.1
35-39 98.5 98.4 0.9 2.7
40-44 99.6 98.7 1.1 0.3
45+ 99.6 98.7 0 0

Table 3: Percentage by sex and age of sexually active U.S. population 2010-2014

The percentages of newly sexually active (debutantes) by age and sex were computed as differences
of percentages of the sexually active population percentages from Tables 3, 4, and 5. Those percentages



age % active females | % active males | % female debutantes | % male debutantes
15 16 18 16 18
16 31 30.5 15 12.5
17 47.5 44.5 16.5 14
18 60 58.8 12.5 14
19 71.5 69 11.5 10.5
20 s 76 5.5 7
21-24 87.7 85.7 12.7 10.7
25-29 95.2 95.6 7.5 9.9
30-34 97.6 96.7 2.4 0.1
35-39 98.5 98.4 0.9 2.7
40-44 99.6 98.7 1.1 0.3
45+ 99.6 98.7 0 0

Table 4: Percentage by sex and age of sexually active U.S. population 2015

age % active females | % active males | % female debutantes | % male debutantes
15 21 20 21 20
16 37 34 16 14
17 53 48 16 14
18 65 62 12 14
19 74 70 9 8
20 79 77 5 7
21-24 87.7 85.7 8.7 8.7
25-29 95.2 95.6 7.5 9.9
30-34 97.6 96.7 1.4 1.1
35-39 98.5 98.4 0.9 1.7
40-44 99.6 98.7 1.1 0.3
45+ 99.6 98.7 0 0

Table 5: Percentage by sex and age of sexually active U.S. population 2016-2019

were then multiplied by the size of the corresponding age and sex group for each year desired (available
from the National Bureau of Census and Statistics). Summing over all age groups for each sex provided
us with the total number of newly sexually active females and males for each year from 2009 to 2019.

The sexually active population sizes by sex were used to fit the three parameters of each of the
single-sex learning curve models and (12, and those for the total sexually active population (L3)).

Figure [2[ shows the fitting by our learning curve model of the size of the U.S. female sexually
active population for the years 2009-2019 calculated from demographic data as explained above, as well
as that data. We fitted the three constants Fy = F'(0), Ay, and £ to the population data and obtained
an excellent fit (maximum annual deviation approximately 0.6%) with the values

Fy = 114,425,275, Ay = 3,630,878, &5 = 0.021085. (28)
Similarly, we show in Figure [3] the fitting of and the size of the U.S. male sexually active population

for the same years. The three constants fitted were My = M (0), A,,, and &,,, and we obtained again an
excellent fit (maximum annual deviation less than 0.5%) with the values

My = 106, 724, 822 A, 331 m = 0.025003, 9
We also fitted the parameters of eqN to the'Sizes of t%e total U.g sexually active population for(the)z
years 2009-2019. The three constants fitted this time were Ny = N(0), A, and ¢ and the fit obtained

was just as good (maximum annual deviation approximately 0.5%), with the values
Ny = 221,150,097, A =17,399,2009, & = 0.0230609. (30)

We now have determined the following four parameters for our 4-compartment SIS model,

A
X = Xf (from and (30)), A (from (30)), & and &, (from and (29)).
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Figure 2: Learning curve fitting of female sexually active population, F(t) = F(0)e~ 5/t + 2—;(1 —e 8,
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Figure 3: Learning curve fitting of male sexually active population, M () = M (0)e =t + 2’” (1—e=8mt).

4.3 Estimation of epidemiological parameters: 7, and Cy

Concerning the eight-compartment model, there were six fitted parameters, 4 fixed parameters, and 4
fitted parameters. The 4 initial and 4 fixed parameters are Sy, Sp,, I, and I, and A¢, A, &, and &5,
respectively. These were found using the methods detailed in section 4.1 and 4.2. The fitted parameters
were obtained using the method detailed below.

Note that each of the effective unit contact rates Cy g, in is a product of a behavioral parameter
and an epidemiological one,

C9192 = MNg,9, Pg,9,>

where

Pg,g, = expected number (median) of sexual contacts per unit time of a person of sex go

with persons of sex ¢,
and

Ng,g = probability of an infected person of sex g transmitting infection to a susceptible

(uninfected) person of sex g1 during a sexual contact (transmissibility).
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The factors making up each of the parameters Cy 4 do not appear separately in our model, but
rather only as their product; therefore, we do not need to identify them separately. The effective unit
contact rates themselves will be identified by parameter fitting to incidence data.

The parameters pg 4 , however, can be estimated using data for sexual identity-behavior [11]. Sexual
identity in that study was given as 100% heterosexual, mostly straight/bisexual, or mostly gay/100%
gay, while sexual behavior was defined as opposite sex only or both-sexes sex. The data for females aged
24-32 is given in Table 3 and for males aged 24-32 in Table 4. This data is compiled from answers to
the questions “Considering all types of sexual activity, with how many male partners have you ever had
sex?” and “Considering all types of sexual activity, with how many female partners have you ever had
sex?”

100% Heterosexual Mostly Straight/Bisexual | Mostly Gay/100% Gay

total sample | op. sex only | both sex sex | op. sex only | both sex sex both sex sex
Respondents (N) 7392 5607 307 716 629 133
STI Rate 46.63 43.62 58.09 51.11 64.19 32
Sexual Partners (N) 10.41 7.7 15.84 11.63 27.7 16.5

Table 6: Females (24-32) Sexual Identity-Behavior

100% Heterosexual

Mostly Straight/Bisexual

Mostly Gay/100% Gay

total sample | op. sex only | both sex sex | op. sex only | both sex sex | same sex only | both sex sex
Respondents (N) 6323 5744 151 142 117 94 75
STI Rate 32.67 31.96 41.36 32.04 43.66 39.41 48.85
Sexual Partners (N) 17.64 17.1 20.21 12.09 26.92 37.45 29.47

Table 7: Males (24-32) Sexual Identity-Behavior

The mean age for women is 28.7 and 28.9 for men. The median age of sexual debut is 17.2 for females
and 16.8 for males [5]. We may estimate the average time since sexual debut for females in the study as
28.7 — 17.2 = 11.5, and for males as 28.9 — 16.8 = 12.1.

We compute now the median numbers of sexual partners that sexually active women have per year,
of the opposite sex, ay —as the weighted average of the numbers of partners reported in columns 3 and
5 of Table 3— and of the same sex, by —as the weighted average of the numbers of partners reported in
columns 4, 6, and 7 of Table 3:

5607 716
(220 ) () (11.63) ~ 8.15.
a (5607+716>( )+(5607+716>( )

307

by = ( 629
Y307 1629 + 133

307 4+ 629 + 133

133

- (15.84 —_—
)+ (15.84) +( 307 + 629 4 133

) - (27.7) + ( ) - (16.5) ~ 22.9.

Finally, we compute the annual numbers as ratios.

8.15 22.9
- ~ 0.709 — 227 1.99.
’ PIr =115

m= 31
Pim =115 (31)

Similarly, we compute the median numbers of sexual partners that sexually active men have per year,
of the opposite sex, a,, —as the weighted average of the numbers of partners reported in columns 3 and
5 of Table 4— and of the same sex, b,, —as the weighted average of the numbers of partners reported
in columns 4, 6, 7, and 8 of Table 4:

5744 142
= (5744+142) AT <5744+142) (1209) ~ 17.0

by = =7 [(151) -(20.21) + (117) - (26.92) + (94) - (37.45) + (75) - (29.47)} =~ 27.3.
Now, we may compute the annual numbers for men as ratios.
17.0 27.3
mf = —— =~ 1.40, mm = —— =~ 2.26. 2
Pmi =121 0 p 12.1 0 (32)
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The sexual preference parameters, v, are the fractions of all sexual contacts of persons of sex g that
are with persons of the opposite sex (that can separate same-sex contacts from opposite-sex contacts):

aj - 6323

= =~ 89.3%.
YI T 4y 6323+ by - 1069 %

QA - D886
U =

~ 67.8%, =
% - 5886 + by - 437

(33)

Concerning the parameters 7, ¢ , there is some scattered information for the three STIs of our study,
for example, [2] reports chlamydial 7y, = 0.022 — 0.044 for the four types of sexual partnerships
combined. On the other hand, [16] reports some probabilities of transmission per type of sex act for
gonorrhea that can be combined as: ¢y, = 0.5 —0.84, 1,y = 0.02 — 0.2, and 7y, = 0.63 — 0.84. We see
wide ranges of values and disparate orders of magnitude for different STTs have been reported. Therefore,
we decided to identify the transmissibilities for our model (together with the per capita recovery rates)
by fitting them to incidence data. Still, for reference purposes, we compute them from the p and 7 values
above:

Cyy ~ 1.99(0.033) = 0.00657,
Cpg ~ 1.40(0.05) = 0.07,

Cm = 0.709(0.6) = 0.0395,
Crum =~ 2.26(0.7) = 1.58.

The parameters representing unit effective contact rates and per capita recovery rates of our model
f are fitted to available annual data of incidence by sex of gonorrhea. We fitted five years of
incidence data (2014-2019, with 10 data points in total). The fitting of the model to incidence data was
performed in the software MATLAB, using the routine “lsqcurvefit” which determined the parameter
values (Y, Ym: Crfy Cgm, Cmm, Cmy) that minimize the sum of the squared deviations. The results of
the parameter fitting are shown in Figure 4] and the estimated parameter values are presented in Table

]

%10° Female Incidence Gonorrhea %105 Male Incidence Gonorrhea
2| o Data 2| o Data
Model Model
19 19
18 18
1] 7]
c o
S 1.7 ° ° S1.7F
= =
3 o ]
"_E 1.6 ° "_E 1.6
% 15F ag> 15F
4 =z
14 1.4
1.3 1.3
12k . . . . 12F L L L N
2014 2015 2016 2017 2018 2019 2014 2015 2016 2017 2018 2019
Time (year) Time (year)

(a)

(b)

Figure 4: Fitting of the simple model to incidence data.

Parameter | Fitted Value || Parameter | Fitted Value
S¢(0) 123,388,000 Sm(0) 115,731,000
I4(0) 35,000 1,,(0) 990,000

Ay 3,876,624 A 3,887,378
& 0.021 Em 0.025
o7 0.100 Ym 0.185
Cyy 0.050 Cim 0.265
Cim 0.343 Ciny 0.245

Table 8: Initial, fixed, and fitted parameters of the simple model to incidence data.

The reciprocals of the parameters ji, represent the median (expected value) of the remaining life of
people of sex ¢ in the sexually active population (i.e. life ezpectancy at age 15). These can be obtained
from life tables (3], 1/p; = 66.8 and 1/p, = 62.1. Thus,

1y = 0.0150, fim = 0.0161. (36)
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The reciprocals of the parameters £, represent the median (expected value) of the permanence of
people of sex g in the sexually active population (length of sexual life). They are estimated later (by
fitting to our sexually active population data, see and (29)) to be 1/0.021085 ~ 47.4 years for women
and 1/0.025003 =~ 40.0 for men. From them, we may obtain estimates for k, = £, — py (that are not
really needed):

ky = 0.021085 — 0.0150 = 0.0061, Km = 0.025003 — 0.0161 ~ 0.0089. (37)

The reciprocals of the parameters 7, represent the median (expected value) of the duration of in-
fection for infected people of sex g. Those may differ significantly because of the different courses that
infection may follow for different individuals. Infected people may be symptomatic or asymptomatic.
The former may or may not seek treatment, while the latter may or may not recover spontaneously.
The asymptomatic who do not recover spontaneously may discover their infection through screening.
Let us introduce seven parameters related to infection and recovery to quantify these different courses
of infection,

¢ = percent of infections that are asymptomatic = 0.7, 118, 122]
6 = percent of identified (by symptoms or screening) infected who seek treatment,

o = percent of asymptomatic (infected or uninfected) that are screened,

¢ = percent of infections that clear spontaneously = 0.22-0.74, [12]
Tsc = median duration of spontaneous clearing = 1.25, [20]
Tor = median wait from diagnosis until treatment onset: 0-1/52, (estimated)
T = median duration of treatment = 1/52 . 6]

We can decompose the duration of infection for infected people of sex g as follows:

leg{wnﬁu_@). <0~0-(ToT+TT)—|—((1—U)—|—0~(1—9))£1>} (38)

g9 g9

+(1-¢) {(1—0)-((1—<p)-;g+<p~Tsc>+ 0 - (TOT+TT)}.

We estimated Ts by fitting an exponential decay function at rate k to the data reported in [20],
with an almost perfect fit to the values of still-infected cases after 1, 2, 3, and 4 years for k = 0.8. Its
reciprocal is our estimate for Ty = 1.25. We proceed now to use to see how estimated parameter
values fit together in this balance equation applied to data for females. We estimated vy = 0.9745 by
fitting our model parameters to the combined incidence data for gonorrhea and chlamydia from 2010 to
2014. Because o and 6 are not found in the literature, we look in Figure[f]at the functional dependence of
the former on the latter derived from for the stated values of the remaining 7 parameters (¢ = 0.74).

Females Males

03F

025

0.15F

01f

Fraction of asymptomatic that are screened (o)
Fraction of asymptomatic that are screened (o)

N L N L N N N M
0.4 0.45 0.5 0.55 0.9 0.91 0.92 0.93 0.94 0.95 0.96 0.97
Fraction of identified infected who seek treatment () Fraction of identified infected who seek treatment ()

(a) (b)

Figure 5: Percentage screening as a function of percentage treatment-seekers
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We see in Figure [5| that, when 90%-97% of detected infections in males are treated, there needs to
be 37%-40.5% screening of non-symptomatic (susceptibles and infecteds), with the needed screening to
balance the duration-of-infection equation becoming larger as ¢ decreases, with no possible values
for o and 0 as ¢ approaches the smallest value in its range, 0.22.

In summary, it is likely that the percentage of identified infections that are treated is very
high, between 90% and 97%, because otherwise some of the other model parameters would (39)

have to take on values that do not seem realistic for the population and the STIs under study.

5 An STI SIS model for dating app users

We now assign the individuals of each sex to compartments based on the two factors that are at the center
of this study, namely dating application status (user vs. non-user) and infection status (susceptible vs.
infected) for the two bacterial, most common, curable STIs (chlamydia and gonorrhea). Thus our model
has the following eight compartments: susceptible female users of dating apps, infected female users
of dating apps, susceptible male users of dating apps, infected male users of dating apps, susceptible
female non-users of dating apps, infected female non-users of dating apps, susceptible male non-users of
dating apps, infected male non-users of dating apps. The sizes of these compartments will be denoted,
respectively, as

Sf=S¢t),  Ip=1If1),  Sn=5.0), I, =I5, (40)
Spt = Su(t), I =1p(t), Shv=Sme(t), Int=IM(t). (41)

Because every individual is in exactly one of these compartments, it follows that
N =8¢+ 17+ S, + I, + S7" + I7" + St + 1) (42)

We shall keep the meaning of the parameters Ay, and £, (because they are demographic, independent
of app use and infection) and introduce the notation, for s = n, u,

Ay = number of newly sexually active people entering compartment of sex g and app user status s,

v, = per capita recovery rate in compartment of sex g and app user status s,

A, = per capita infection rate (force of infection) in compartment of sex g and app user status s.

In this setting, unlike in our simple SIS model () ~(8)), we formally model opposite-sex contacts only.
Same-sex contacts are not considered separately due to a lack of data of sexual partners by dating app
usage, and also to avoid the need for an additional 8 constants (the effective same-sex contact rates
by infection and by dating-app-use status. This may not affect our conclusions too much because, for
individuals of each sex, the proportion of same-sex contacts is fairly small within all their sexual contacts.

Consequently, the constitutive form of the forces of infection are given by

)\—C’I+CI,

fm m fm- m
AN =ClI +C T,
w_ m o ’ (43)
A= cfm +Chl

un _n

No=C I T
where, for g1, g2 € {f,m}, s1,s2 € {u,n},

0< C:lzz = unit per capita infectivity from sex go and status s to sex g1 and status s;. (44)
9195

Furthermore, we shall assume that the initial, non-negative compartment sizes satisfy the following
equilibrium condition for the total recruitment and mortality rates:

No = S7(0) + 17(0) + S5,,(0) + L;,(0) + S7(0) + I7(0) + Sy, (0) + 1,,(0) = A/p, where

45
A =A%+ AL+ AR+ AL, and 30 17(0) > 0 so that there is STT transmission. (45)
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Figure 6: Flow diagram of our dating app STI model. The parameters over the arrows are per capita
rates, except for inflow parameters into susceptible compartments that represent total rates.

Figure [ shows the flow diagram for our dating app model, where the parameters over each arrow are
per capita transition rates, with the exception of the inflow parameters into susceptible compartments
that represent total rates.

Our dynamical system model describing the evolution of the compartment sizes is the following:

d n n nirn n gqn mn
751 =Ny Hpdy = Sy — &Sy (46)
d n n n n nirn
d n n n n n n n
ES’M =A) +yn I — A0S — EnSy, (48)
d n n mn n n n
EIm = )‘mSm = &ndy, — vt (49)
d U u U Ju u U u
7 0F = Nj +ply — ApSp — &S5, (50)
d U u U u U Jyu
d U u u u u u U
Esm = Am + PYmIm - AmSm - émSm’ (52)
d U u U U u U
aIm = )‘mSm - ngm - ’YmIm' (53)
Note that summing equations (46])-(53)), it follows from (I) that
dN
— =A—¢N. 54
L =A-¢ (54
Using the initial condition (45)), we see that the total population N is constant,
N = Np. (55)
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6 Well-posedness of the dating app model

We need to show that the non-negative orthant of R® is invariant under the flow of system f.
This is done in an entirely analogous way as for the simple model, Theorem 2.

Starting with the equations for the four compartments of susceptible individuals, equations , ,
, and , we write equivalent ones (which are just with the parameters distinguishing now
app-user status)

d tys
S (Spesst N Ma) — [Ag 4y L3(1)] SN S0 ge{fim), s € {nyul,

whereby

t
S’; (t)eigt‘f‘fo A;(T)ClT _ Sgs(o) _ Ag / ng-‘rf“ S (T)de,U + '7 / Ig( ) fgv-ﬁ-f” AS (T)dev
0 0

Hence, for g € {f,m}, s € {n,u}, and as long as the infected class sizes stay positive,
S3(t) = §5(0) ¢St~ Jo A (DT /O [AS + 5L (0)] e St = LAy >, (56)

Concerning the four compartments of infected individuals, we note that f imply that at least
one of the four compartments of infected is non-empty, say I¥ 7 ; this makes the two forces of infection
A% > 0 and Ay > 0 whereby, by continuity of solutions, for ¢ > 0 small enough, necessarlly I ”( ) >0,
I3, (t) > 0, and Iy (t) > 0. Hence A}(t) > 0 for ¢ > 0 small enough and, even if A}(0) =0, . ) leads to
I§(t) > 0fort >0 small enough

Also, equations (47| , , , and (b3]) imply that, as long as the sizes of the susceptible classes
are positive,

t
I3(t) = I3(0) e~Sot=JoXo(dr 1 /0 X3 (v) 83 (v) e~ S t=I=Lu (Dl gy >, (57)

In summary, for ¢ > 0 small enough, S;(t) > 0 and I;(t) > 0 for all four combinations of sex and
dating-app-user status. We want to show that the positivity stays true for all time ¢ > 0.

Suppose that this is not the case, and consider the smallest positive time ¢ at which one of these eight
compartments of susceptible or infected individuals is empty,

F=min{t > 0: SP(t) - SE(E) - ST (E) - SU (1) - T () - () - I (E) - T2 () = O} (58)

It follows that for t € (0,%), ST(t), S¥(t), Sh, (), Sii(t) > 0, IF(t), I} (1), I, (¢), I, (t) > 0 and a fortiori,
because of (43)), we have all four forces of mfectlon positive on that interval: N} (2), A¥(t), A7, (), Ay, (t) >0
for ¢t € (0, f) Consequently, because of (56) and (57)), we have

St(®), 87 (), S (), S (1) > 0,17 (1), 17 (1), Iy, (), I, (£) > 0,
contradicting . Hence, such time does not exist and we have proved the following result.

Theorem 4: The non-negative orthant of R® is invariant under the flow of system 7.

7 Parameter Fitting for the STI SIS model for dating app users

The 8-Compartment STT SIS model for dating app users, 7, involves 6 demographic parameters
that were identified for the simple two-sex SIS model, namely A}L,A:;,A;,A;;,g ¢, and &,. For that
model we actually identified Ay = A}‘ + A} and A,, = A}, + A¥,, which we separated into app-user and
non-user based on the percentages of each of these statuses derived from data contained in [9).

The 8-Compartment STI SIS model for dating app users also contains 12 epidemiological parameters
that need fitting to chlamydia/gonorrhea incidence data by sex. These parameters were estimated using
MATLAB, specifically the routine “fminsearch” to minimize the maximum of the deviations between the
model output and incidence data. The parameter names and their estimated value are shown in Table
[9 while the graphs of the model output together with the incidence data appear in Figure
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Parameter | Fitted Value
fy? 2.462
'y? 0.307
Y 0.387
v 1.338

ﬁj} 4.624
ot 2.197
mf 0.247
it 8.437
c 0.100
o 0.100
o 3.794
;}fn 2.968

Table 9: Parameters estimated by fitting the model to incidence data.
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Figure 7: Fitting of the STI SIS model for dating app users to incidence data.

8 Simulations

8.1 STI Incidence on the Rise

Figures 7-10 present the annual increase in male and female STI prevalence due to dating apps that has
occurred between 2015 and 2019. As shown, the percent of change in STI prevalence has decreased as a
function of increasing time for both males and females; however the percentage of change levels off at a
positive value for both populations. As such, these figures indicate that research towards understanding
the dynamics of STIs and dating apps is a worthwhile endeavor.

Regarding female prevalence, Figure 8 conveys that between 2018 and 2019 there was a 8.7% increase in
female prevalence due to dating apps. Moreover, this percent increase is shown to stabilize at this value,
indicating that STT prevalence is continuing to increase annually as a function of increasing time. In a
similar fashion, Figure 9 presents a 9.2% increase in male prevalence due to dating apps between 2018
and 2019, with the annual percentage of change stabilizing at around 8-9% with increasing time.

Consistent with the trends discussed above, Figures 10 and 11 referring to the annual percentage
of change in female and male incidence over time display their trend-lines stabilizing at 9.9% and 6%
respectively. As all four figures indicate the stabilization of the annual percentage of change in STIs is
a positive value, it is suggested that both the incidence and prevalence of STIs are continuing to rise
over time. This information provides additional motivation for the inquiry into the quantifiable effects
of dating app usage upon the proliferation of STTs.
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15 Annual Increase in Female Prevalence Due To Dating Apps 16 Annual Increase in Male Prevalence Due To Dating Apps
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8.2 Sensitivity Analysis

We performed sensitivity analyses of incidence and prevalence by sex for four 'y; parameters and eight
C;llz parameters. We found that 4* and v have the greatest impact on the prevalence and incidence
of the STIs in our study (chlamydia and gonorrhea), because the sensitivity indexes of incidence and
prevalence with respect to these parameters were the largest in magnitude. This finding is consistent
with the literature, as users of dating apps are shown to engage in more risky behavior that is linked

to STI transmission. The corresponding sensitivity curves are shown below, where the baseline values
correspond to the fitted ones shown in Table 9.

Sensitivity of v+  on Male Prevalence Sensitivity of v
MU

on Female Prevalence
F.U

Percentage of Change
Percentage of Change

35 L L Baspiine 35 L L L L L

0.5 1 1.5 2 25 3 0.5
Parameter Value

-

1.5 2 25 3
Parameter Value

Figure 12: male prevalence v Figure 13: female prevalence vy

With regard to the sensitivity curve for v,, ,, a 1% increase in the parameter value results in a 3.4%
decrease in male prevalence and a 3.1% decrease in female prevalence. In contrast, based on Figure 5, a
1% increase in the 7, , results in a 2.65% decrease in female prevalence and a 2.45% decrease in male
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prevalence.

In addition, comparison of the baseline values for v,, , and ~,, indicates that the population of
male users present the most obvious gender-behavior group for prevention measures with regard to the
cost-benefit of such a public health intervention. This claim is supported by the baseline value’s position
near the absolute minimum on the sensitivity curve. Additionally, a 1% change in the parameter value
in either direction would have a significant impact on the corresponding STI prevalence.

In a similar fashion to the results presented above for v, ., the sensitivity curves of Cgllg; indicate

C;:;: and C’ENZ[] have the greatest impact on the prevalence and incidence of STIs, as quantified by the
percentage of change in STI prevalence. This finding is logical because increased sexual risk behavior is

. . . U,U U,U .
associated with dating app users and, as such, C’MF and CFM are postulated to have a larger impact on
the prevalence and incidence of STIs. The corresponding sensitivity curves are shown below.

uu uu
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M F

. . . o . . UU . .
Interpretation of Figure 6 and Figure 7 indicate that a 1% increase in C|,  results in a 2.6% increase
F
. . . UU . . .
in male prevalence whereas a 1% increase in C,  results in a 2.7% increase in female prevalence. Fur-
M
. . u.U . . . . .
thermore, a 1% increase in C'|  suggests a 2.2% increase in female prevalence while a 1% increase in
F

U,u . . .
C. ~ indicates a 2.5% increase in male prevalence.
M

The results suggested by the figures above are further supported by comparison of the following
two sets of sensitivity curves: (1) C’U’NU, C'U’U7 CNU'U, and CIZ:'NU; and (2) C’U’U, CU'NU7 CNU'U, and

Mp
NU,NU . . . u,u . . . .
C . Regarding the former,a 1% increase in C',,  presents the largest increase in male incidence and
F

o . . v . .

prevalence rates. Similarly, for latter set a 1% increase in C,  corresponds to the largest increase in
M

female incidence and prevalence rates.

Mp Mp Fae Fyv Far

Fy

Synthesis of the sensitivity analyses for 7, and Cy 4 reveals that perturbations among the male
dating app users results in consistently greater percent changes in the incidence and prevalence of ST1Is,
in comparison to the other sex-behavior classes. From a public health standpoint, this presents male
dating app users as the most influential sex-behavior population for an intervention. Based on the data,
targeting other sex-behavior groups would not result in as big of impact in the reduction of the incidence
and prevalence of STTs.

8.3 PCRA Plots

Partial Rank Correlation Analysis was conducted for the parameters ~; and C: 1;2 and the four pertinent
“172
sex-behavior populations. The former is shown in Figure

As shown, the positivity of the correlation coefficient for ~; differs for incidence and prevalence, with
prevalence having a negative r value. This negative correlation is logical as a larger v, corresponds to
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Partial Rank Correlation Analysis For Parameters
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Figure 16: PCRA of Fitted Parameters

a smaller duration of infection for the infected individual. As very small values of v, are unlikely, the
prevalence and vy are understood to share a negative correlation. In contrast, 7; and incidence present
a positive correlation coefficient as larger values of vy correspond to a larger susceptible class. This
phenomenon relies on the incidence being represented by AS(t).

In contrast to vy, the correlation coefficients for all combinations of c 1q2 and incidence and preva-

lence are positive values. This suggests that as the unit per capita probablhty of transmission from sex
g2 to sex g; assumes larger values, there is a greater observed incidence and prevalence of STIs. This
conclusion is sensible and indicates both the validity and reliability of our model.

Figure exhibits the partial rank correlation analysis for the eight combinations between four
pertinent sex-behavior populations and the incidence and prevalence of STTs.

Partial Rank Correlation Analysis
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Figure 17: PCRA of Sex-Behavior Category

Regarding the correlation coefficients associated with STT incidence, female and male users demon-
strate a positive r value whereas female and male non-users demonstrate a negative. This trend suggests
that dating-app users have a greater impact on the annual rate of newly acquired STIs. This is sup-
ported by further analysis of the correlation coeflicients for male uses and non-users. For instance, for
STT incidence male users (r = 0.9) maintain a strong positive correlation and male nonusers a strong
negative correlation (r = -0.9). Moreover, sex comparisons among dating app users and non-users present
males as having a greater relationship with STI incidence than females from either population. From a
public health standpoint, this argues for male users being the target population for intervention strategies.

Figure [18] also provides relationship assessments for STI prevalence in accordance to the four previ-
ously discussed sex-behavior categories. For female users and female non-users the moderately strong
correlation coefficients (r = 0.6 and -0.6, respectively) are intuitive; STI prevalence increases as the num-
ber of female uses increases and decreases as the number of female non-users increases. In contrast, the
correlation coefficients for STI prevalence among male users and male non-users are peculiar, however
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the have p-values greater than 0.05 and, thus, are not significant. As such, the validity and reliability of
our model is preserved.

8.4 Scenario Analysis

Scenario analysis was conducted to assess the potential impact of ad campaigns being implemented into
dating apps. Calculations relied upon the reduction of C' ' *, the per capita infectivity from sex g» and

b2

“172
status s2 to sex g; and status s;. Results were plotted against " Time (year)” on the horizontal axis and

”Number of Infected Individual in Millions” on the vertical axis.

Reduction of Cu:l was calculated and assessed for its impact on male prevalence, male incidence,
female prevalence, and female incidence between 2009 and 2021. Results suggested that a reduction in
the per capita infectivity from male users to female users had the greatest effect on the percent change
in female incidence. An example of the procured scenario analysis graphs for male prevalence is shown
below.

Potential Impact of Pop-Up Ads on Male Prevalence

0.95H Baseline :
— = Start of Campaign 1
@ 09 10% Reduction in C 1
o fm 1
E 0851 0% Reductionin C :
c o0sH " ;
= —30% Reduction in C 1
2 0.75 fm 1
8 40% Reduction in C 1
© 0.7H fm 1
£ 1
= 0.65 1
2 1
Z 0.6 1
1
0.55| 1
b Il Il Il Il Il Il Il 'l I 'l
0P 0 g ge? e et g e e g R @
Time (year)

Figure 18: C:; Scenario Analysis: Male Prevalence

Table [I0] below synthesizes the scenario analyses and provides numeric quantities for the percent
change in STT incidence and prevalence that result from a 10%, 20%, 30%, and 40% reduction in C’fu:l.

% Reduction in C’:: Male Prevalence | Male Incidence | Female Prevalence | Female Incidence
10 4.2 7.3 4.9 7.6
20 7.3 10.9 11.3 15.9
30 11.2 18.2 18.7 23.5
40 14.6 23.6 21.7 29.4

Table 10: C::z Scenario Analysis Results

Comparison of the percent change in male and female incidence resulting from a 40% reduction in C;:
provides salient information regarding the most impactful sex-behavior population to target for a public
health intervention. As shown, a 40% reduction in C’::L results in a 23.6% decrease in male incidence and
a 29.4% decrease in female incidence. This indicates that pop-up ads would have the greatest quantifiable
effect on female prevalence under the circumstance in which the males transmitted the infection.

Scenario Analysis for C::; fails to maintain a similar trend, as displayed in the Table |11| below.

As presented, a 40% reduction in C:u results in a 40.0% decrease in male incidence and a 29.4%
decrease in female incidence. Thus, a reduction in the transmissibility of infection from male users to
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% Reduction in C:Z; Male Prevalence | Male Incidence | Female Prevalence | Female Incidence
10 4.5 13.6 7.1 7.6
20 12.6 22.7 9.5 14.7
30 22.9 34.5 15.7 22.4
40 28.7 40.9 19.0 29.4

Table 11: Cmf Scenario Analysis Results

female users has the greatest impact on male prevalence. Synthesized with the projected STT incidence
and prevalence corresponding to C’mf, a the largest percent change in both STT incidence and prevalence

occurred for 40% reduction in C:; This finding proposes male users as the most influential population
to target for pop-up ads or other related public health campaigns.

In addition to C:; and C’;:, scenario analysis was performed for 7§ and ~,,. Reduction of vy signifies
an increase in the duration of infection for an infected person which, in turn, decreases the number of
susceptible people for the corresponding sex-behavior category. As such, scenario analysis for v, indicates
the quantifiable effect the minimization of the susceptible class has upon STI prevalence and incidence
rates.

In comparing 7% and 7y, it is found that reduction of v} has a greater decrease in female incidence,
male incidence, and male prevalence than . This indicates that reducing the per capita recovery rate
of male users and, thus, increasing their duration of infection has the greatest potential the sharply
increasing rates of STIs in the United States.

9 Conclusion

This study utilized mathematical modeling and statistical analysis to investigate the relationship be-
tween dating-app usage and STI incidence and prevalence. Specifically, a four-compartment SIS STI
model and an eight-compartment SIS STI model were created reliant on data collected from various
sources, but most prominently the CDC and WHO. In conjunction, these models were used to quantify
the impact of dating apps upon STI incidence rates and estimate the percentage of people who seek
treatment after contracting an STI. Additionally, a modified version of the model allowed for the benefit
of in-app prevention campaigns to be assessed.

The four-compartment two-sex SIS STI model was constructed primarily to guide the choice of the
parameters used in the eight-compartment two-sex dating-app SIS STI model. The model was also used
to study the variability of fit with respect to simulation period and specific STI combinations, as well as
to assess the correspondence between the model output and the incidence data.

Concerning the primary use of the four-compartment model, parameter fitting was conducted initially
for the computationally derived £, and provided A,;. The obtained values were then used to ascertain
the remaining 6 parameters, v¢, Ym, C,,, C,.., C, ., and C,, reliant on the available data of STT in-
cidence by sex. Furthermore, the parameter fitting discussed utilized a descent method. To elaborate,
initial conditions for the fitted parameters were supplied based on prevalence data computed from liter-

ature. The fitting then produced the optimal parameter values by generating values that minimized error.

After necessary parameters were obtained, the Ry, stability threshold, values corresponding to differ-
ent STI fittings were successfully computed. Ultimately The Ry values calculated were all greater than
one, providing insight into the equilibrium status of the 4-compartment model. A classical threshold
condition for the stability of a disease free equilibrium is that the equilibrium is locally asymptotically
stable if Ry is less than one and is unstable if Ry is greater than one. This means that for the model,
the disease free equilibrium is unstable, and that STT Incidence is not dying out. This directly correlates
to the literature review collected regarding to continual growth of STT Incidence within the United States.

Following the parameter fitting and validation of the model using Ry, N(t), the population of sexu-
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ally active individuals, was further sub-divided into dating app users and non-users. This resulted in the
eight-compartment two-sex dating-app STI SIS model. In contrast to the four-compartment model, the
eight-compartment model only considered opposite-sex sexual contacts only. This was done as there are
significant gaps in the data regarding same-sex sexual partners by dating app usage and also to avoid the
use of an additional 8 constants, which would have created computationally erroneous equations for A4,
the forces of infection. Furthermore, literature suggests that the quantity of same-sex sexual contacts
among all sexual contacts is small. As such, it is postulated that disregarding same-sex sexual contacts
will have a negligible affect on the study’s findings.

The eight-compartment model was used to conduct a series of four simulations that provide useful
information regarding our research aims. For reference, these are listed as follows: to quantify the per-
centage change in STT incidence and prevalence that results from dating app usage, to assess the impact
of pop-up ads upon the incidence and prevalence of STIs, and to identify the sex-behavior group most im-
portant for a public-health intervention. Before conducting the simulations, v; and C’ "2 were estimated
through parameter fitting. The fitting followed the same method as was used for the four compartment
model discussed above.

The first set of these simulations was shown in Figures 6 through 9. From analysis of these four fig-
ures, its concluded that both STT incidence and prevalence for females and males has increased annually
between 2015 and 2019 and is projected to stabilize at a positive value indicating that STI incidence and
prevalence will continue to increase in the future. Moreover, the figures indicate that there is an annual
9-15% increase in male and female prevalence due to dating apps.

Sensitivity analysis for 7, and Cy 4, provide information regarding the most inﬂuential sex-behavior
population with respect to a public health intervention. Regarding Cy 4. , C’u" and C * correspond with

the greatest percent change in the prevalence and incidence of STIs. As such users of dating apps are
presented as having more impact on the rising STI rates in the United States. This claim is furthered
by the sensitivity analysis for v,; a 1% increase in 7% and 7y, were shown to have the greatest percent
change in the incidence and prevalence of STIs. Furthermore, among v¢ and 7y, Yy, has the greatest
decrease in male and female prevalence. As such, it can be stated with reasonable confidence that male
users are the sex-behavior group to target for a public health intervention.

Concerning a public health intervention, scenario analysis for v, and C;I;Z quantified the impact of
172

prevention campaigns, providing that such an intervention reduces the per capita infectivity from sex g
and status sy to sex g7 and status s;, which is represented by C "2 Table 8 and Table 9 convey that
the greatest reductlon in STT incidence and prevalence occurs for Irllale prevalence under the condition of
a 40% reduction in C . The datum confirms results from the sensitivity analysis which proposes male
dating app users as the sex-behavior group of interest with regards to a prevention campaign.

Partial Rank Correlation Analysis for 77 and qulqj and the four pertinent sex-behavior populations
further confirms male users as the target group for in-app prevention campaigns. As shown in Figure 15,
the relationship between male dating-app users and STI incidence maintains the correlation coefficient
of the largest positive magnitude. Correspondingly, the relationship between male dating-app non-users
and STT incidence maintains the correlation coefficient of the largest negative magnitude. These statis-
tics further indicate male users as the sex-behavior group of interest with regard to a public health

intervention campaign.

In addition to the four simulations, the eight-compartment SIS model was used to compute the dura-
tion of infection for an infected individual. This computation relied upon Equation 3, solving for %, as
presented in the ”Parameter Fitting for the 4-Compartment SIS Model” section. After finding literature
values for 5 out of the 7 parameters, a functional dependence graph was created for ¢ and 6. Analysis
of this relationship indicates that the percentage of identified infections is likely very high, between 90%
and 97%.

Overall, the two SIS models for STIs and their associated computations, parameter fittings, and
simulations provided significant information concerning the relationship between dating apps and STIs
and, additionally, supplied novel STI prevalence data. Reliant on data from the simulations, it was
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found that there is a significant increase in STT prevalence and incidence due to dating apps, with the
annual increase in male and female prevalence due to dating apps being between 9% and 15%. Moreover,
algebraic computation of Equation 3 found that the percent of infected individuals who seek treatment
is likely between 90% and 97%.

Concerning a public health intervention, scenario analysis for v, and Cgllgz indicates that pop-up ads
have a quantifiable effect on the reduction of STI incidence and prevalence. This signifies that in-app
prevention campaigns are note-worthy mediation strategy to reduce the prevalence and incidence of STIs
from continuing to rise. Furthermore, regarding public health, results from the scenario analysis, sensi-
tivity analysis, and PCRA plots suggest male app users as the group to target for a prevention campaign
as they are the group with the largest impact on STI prevalence and incidence.
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