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Abstract The sexually transmitted infection (STI) Herpes simplex virus type-2 (HSV-2)
is of public health concern because it is a very common frequently unrecognized life-
long infection, which may facilitate HIV transmission. Within HIV/STI modeling, struc-
tural uncertainty has received less attention than parametric uncertainty. By merging the
compartments of a “complex” model, a “simple” HSV-2 model is developed. Sexual in-
teractions between female sex workers (FSWs) and clients are modeled using data from
India. Latin Hypercube Sampling selects from parameter distributions and both models
are run for each of the 10,000 parameter sets generated. Outputs are compared (except for
2,450 unrealistic simulations). The simple model is a good approximation to the complex
model once the HSV-2 epidemic has reached 60% of the equilibrium prevalence (95%
of the 7,550 runs produced <10% relative error). The simple model is a reduced version
of the complex model that retains details implicitly. For late-stage epidemics, the sim-
ple model gives similar prevalence trends to the complex model. As HSV-2 epidemics in
many populations are advanced, the simple model is accurate in most instances, although
the complex model may be preferable for early epidemics. The analysis highlights the
issue of structural uncertainty and the value of reducing complexity.

Keywords Mathematical modeling - Dynamic model - Model structural uncertainty -
Model reduction - Herpes simplex virus type-2

1. Introduction

The sexually transmitted infection (STI) Herpes simplex virus type-2 (HSV-2) is of public
health concern because it is a very common frequently unrecognized lifelong infection
(Corey et al., 1983a; Corey and Handsfield, 2000), which may facilitate HIV transmission
(Celum, 2004; Corey et al., 2004a; Delany et al., 2007; Freeman et al., 2006b; Nagot et
al., 2007; Wald and Link, 2002; Zuckerman et al., 2007).
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As in other areas of modeling, difficulties can arise when modeling HSV-2 due to the
range of uncertainties involved and these may propagate through a modeling analysis. The
broader modeling literature from the medical/biological sciences highlights that there are
different sources of uncertainty that may propagate through a modeling analysis (Critch-
field and Willard, 1986; Doubilet et al., 1985; Isukapalli et al., 1998, 2000; Manning et al.,
1996): (i) inherent or natural uncertainty (due to inevitable variability or unpredictability);
(ii) structural uncertainty (due to approximations and simplifications in model formula-
tion); and (iii) parametric uncertainty (due to discrepancies over input parameters because
of the lack of accurate data). For example, in dynamic models, the structural uncertainty
could be linked to the dimension of the system (i.e., the number of differential equations
or state variables) or to whether the equations are linear or nonlinear. Once a particular
model structure is assumed, then parametric uncertainty is concerned with the uncertainty
in the coefficients of the equations.

In practice, it is difficult to separate out structural and parametric uncertainty: a struc-
turally simple model usually requires fewer inputs and so may have less parametric un-
certainty, or may instead be an oversimplified system. Inadequate understanding of the
natural history and epidemiology of infection, and extrapolating or generalizing data from
one group (that we have data for) to another (that we are trying to model), can also con-
tribute to structural as well as parametric uncertainty. Furthermore, structural uncertainty
can be turned into parametric uncertainty under certain scenarios. For example, a model
described by a nonlinear equation can be approximated by a linear equation if the para-
meters of the nonlinear terms can be assumed to be very small.

Within HIV/STI modeling, the development of methods for handling structural un-
certainty has received much less attention than methods for handling parametric uncer-
tainty. A range of methods have been devised to deal with different levels of paramet-
ric uncertainty within models of different levels of complexity (Blower et al., 1991;
Blower and Dowlatabadi, 1994; Cancre et al., 2000; Doubilet et al., 1985; Iman and
Conover, 1982; Iman and Davenport, 1982; Iman and Helton, 1988; Isukapalli et al., 1998;
Manning et al., 1996; McKay et al., 1979; Rowley, 1992; Stein, 1987; Watts et al., 2002).
In terms of structural uncertainty, a few published articles have discussed the advantages
and disadvantages of “simple” versus “complex” models (Anderson and Garnett, 2000;
Baggaley et al., 2005; Boily and Masse, 1997; Garnett and Anderson, 1996; Vickerman
and Watts, 2003). It is recognized that the complexity of the model should relate to its
intended function and data availability (Garnett and Anderson, 1996). Generally, any ex-
ploration of structural uncertainty in HIV/STI modeling has tended to involve increas-
ing complexity and then comparing the outputs with those from a simpler version of the
model (Baggaley et al., 2005; Blower, 2004; Blower et al., 2004; Dietz and Hadeler,
1988; Ferguson and Garnett, 2000; Garnett et al., 2004; Kretzschmar and Dietz, 1998;
Kumaranayake et al., 2006; Lipsitch et al., 2000; White and Garnett, 1999). Eames and
Keeling (2002), in their simplification of a pair-wise network model, provide the only
known example in HIV/STI modeling of reducing a complex model into a simpler model
without losing the key aspects (Eames and Keeling, 2002).

In this paper, a model will be developed to describe the transmission and natural history
of HSV-2 infection and progression. Within the context of this paper, complexity refers
to the dimension of the model (i.e., the total number of state variables). A complex model
is first developed and then its structure simplified in order to reduce the number of state
equations. Formal model reduction methods have been widely used in the fields of systems
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and control to reduce the dimension of dynamic systems (Antoulas and Sorensen, 2001).
Here, the aim is to develop simpler application-driven methods to reduce the dimension of
a system while retaining sufficient accuracy in the model outputs. This analysis involves
comparing projections made by models of different structures rather than projecting the
HSV-2 epidemic in a specific setting. The latter (described elsewhere (Foss et al., 2007)),
requires first the development of an appropriate HSV-2 model structure (described here),
which is then coupled with an HIV model, fitted to setting-specific prevalence data, and
used to explore the bidirectional interactions between these infections.

Bayesian model averaging provides one approach for handling structural and para-
metric uncertainty simultaneously within a stochastic framework (Hoeting et al., 1999).
However, unlike statistically-based models which fit data observations directly to empiri-
cal models, the models described in this paper are mechanistic, meaning that the Bayesian
approaches for comparative evaluation of alternative sets of models of different complex-
ities are not appropriate in this case (Spiegelhalter et al., 2002).

1.1. Previous and concurrent HSV-2 modeling

There are basically eight different HSV-2 models that have been developed (Blower et
al., 1998; Fisman et al., 2002; Garnett et al., 2004; Ghani and Aral, 2005; Korenromp
et al., 2002; Newton and Kuder, 2000; Schinazi, 1999; White and Garnett, 1999), al-
though some have been revised and adapted over time and applied to several different
research questions (Blower, 2004; Blower and Ma, 2004; Blower et al., 2004; Freeman
et al., 2006a, 2006b; Gershengorn and Blower, 2000; Gershengorn et al., 2003; Orroth
et al., 2006; Schwartz and Blower, 2005; Schwartz et al., 2007; White et al., 2004;
Williams et al., 2007). There are some key differences between the model structures. Only
three of these eight previous models have a separate compartment for the latent period
where the infection is exclusively noninfectious (Blower et al., 1998; Garnett et al., 2004;
Schinazi, 1999) and just three models distinguish between asymptomatic and symp-
tomatic episodes (Fisman et al., 2002; Garnett et al., 2004; Newton and Kuder, 2000).
Of the eight previous models (or adapted models), five, to varying degrees of complexity,
incorporate a reduction in shedding over time since initial infection (Blower et al., 2004;
Fisman et al., 2002; Garnett et al., 2004; Korenromp et al., 2002; White and Garnett,
1999). None of the models include separate compartments for the different types of ini-
tial infection (symptomatic/asymptomatic), or the possibility that those initially infected
asymptomatically may develop symptomatic infection with recurrences only after a time
delay (Corey et al., 1999; Langenberg et al., 1999). Without all these considerations, mod-
els may misrepresent the transmission dynamics of HSV-2.

To the best of our knowledge, no one has yet explored how the structure of an HSV-2
model may influence model predictions. Model structure uncertainty is a neglected is-
sue in this field but is important to consider, in conjunction with parametric uncertainty,
because of the biological uncertainties surrounding HSV-2 transmission and its natural
history. All the published modeling of HSV-2 has considered hypothetical populations,
used data from US populations, or modeled sub-Saharan African populations. We are not
aware of any modeling of HSV-2 conducted using population data from an Asian setting.

The aim of this analysis is to identify an appropriate model structure that reflects the
key features of the natural history of HSV-2 infection in a simple way, using behavioral
and epidemiological data from a southern Indian setting. Specifically, this paper explores
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whether the following features, considered collectively, are important when modeling the
transmission dynamics of HSV-2:

(1) Distinct episodes of asymptomatic HSV-2 shedding and periods of noninfectiousness;

(2) Separate states for new and old infections to represent reduced HSV-2 shedding in
old infections;

(3) Assuming the first symptomatic episode occurring among asymptomatically infected
individuals is most like initial symptomatic infection rather than a recurrence;

(4) Separate states for the different types of initial infection and natural history.

2. Methods

Firstly, the development of a structurally complex HSV-2 model is described and then the
process by which it was simplified is explained. These two models are then compared to
explore the effect of the assumptions on the model outputs.

2.1. Complex HSV-2 model structure

Figure 1 presents a flow diagram of the “complex” HSV-2 transmission model. This was
developed following a review of the literature on HSV-2 and previous models, and after
discussions with experts to identify common themes and key aspects to incorporate into
the model (see Acknowledgments).

From the susceptible state (S), a proportion of individuals are infected at a rate A, ei-
ther symptomatically (0) or asymptomatically (1 — ), denoted by subscript 1 or 2 for
symptomatic or asymptomatic initial infection, respectively. After initial infection (/) of
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Fig.1 Flow diagram for HSV-2 infection and progression (“complex” model).
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average duration %, they enter a latent phase (L) of no shedding (noninfectious), followed
by periods of infectious asymptomatic shedding (A) or symptomatic recurrences (R). The
frequency and durations of these infectious episodes are denoted by o and y, respectively,
for asymptomatic episodes, and by y and t for symptomatic recurrences. After a recur-
rence, a proportion (§2) experience an asymptomatic shedding episode and the rest return
to the latent state (1 — £2). Those who were initially infected asymptomatically experi-
ence their first symptomatic episode at rate «, following a latent or asymptomatic period,
which is then modeled in the same way as initial symptomatic infection (/;). Throughout
the model, people move at a rate £ from new to old infection states (denoted by subscripts
u and w, respectively). It is assumed that people enter sex work or start buying sex at
the same rate that they cease commercial sexual activity (u) so that the population size
remains constant.

The set of ordinary differential equations corresponding to the HSV-2 transmission
dynamics model illustrated in Fig. 1 are as follows, replicated for each sex:

s _ T—MX4+wns
dt _I‘L /VL ’
dl
E =108+ Ku(LZM + A2u) + Kw(L2w + A2w) - (:0 + /’L)Ih
drl
—Z=2(1-0S—(p+wh,
dt
dLlu
2 =PIt XA+t =R = (ou+yu+&+ WL,
dL2u
dt :p12+XA2u_(Uu + Ky +S+/“L)L2L¢’
dLlw
dt :$L1u+XAlw+T(1_Q)Rw_(aw+yuv+M)L1wa
dLZw
7 = ELZM + XAZu) - (aw + Ky + //L)sz, (1)
dAlu
dt =0, L1y +T82R, — (X +Vu+§+ AW,
dAZu
dt :UML2u_(X + Ky +E+M)A2us
dAlw
dt =SAlu+au7Llw+TQRw_(X+yw+M)Alwv
dAZw
7 = §A2u +ouwloy — (X + Ky +M)A2u)a
dR,
? = yu(Llu + Alu) - (f +E +/J')Rua
dR,
dt = SRM + yw(Llw + Alw) - (T +/~L)va

where A, the rate of HSV-2 infection, is a function of all the state variables and so is time-
dependent. All parameters are constant over time. 7" denotes the total number of sexually
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active people in the population, for each sex, i.e., the sum of the 13 state variables in
Eq. (1) (with definitions summarized in Appendix A). The initial conditions of the system
are set so that 0.1% of female sex workers (FSWs) are experiencing initial symptomatic
infection (1;) while all other people are susceptible (.S).

To focus attention on the uncertainties and complexities surrounding the biological
parameters, sexual mixing behavior is modeled simply by considering only commercial
penile-vaginal sex between female sex workers (FSWs) and their male clients.

Assuming the risk of infection is independent for each sex act and the number of
sex acts is independent of infection state, the rate of HSV-2 infection over a specified
timeframe for an individual of sex ¢ (¢ = 0 for female and ¢ = 1 for male), with m
partners of the opposite sex d(= 1 — ¢), with each of whom they have n sex acts, is given
by A:

4 mic]
Niaig)
Ag=1-— {Z<Td]q [1 — A1 Big(1 — EHSV[C])]H , 2)

q=0

where N4 denotes the number of people of sex d who are in HSV-2 state grouping g
(g =0 for states S or L, g = 1 for state [,, g = 2 for state I, ¢ = 3 for states A, and g =4
for states R), and Tp, is the total number of people of sex d. B is the HSV-2 transmis-
sion probability from a partner in an asymptomatic infection state to a person susceptible
to HSV-2, and A is the multiplicative cofactor for increased HSV-2 transmission if the
partner is in an initial infection state or experiencing a symptomatic recurrence (and set to
zero for states S or L, and to 1 for states A). Eygsy is the average probability an individual
is protected from HSV-2 for one sex act in a partnership:

Eysviey =1 — (1 — feusv)(1 — feircicl€circHSV)> 3)

where condoms are used in a proportion f of sex acts, eysy is the per sex act HSV-2-
efficacy of condoms, f. is the proportion of males who are circumcised (set to zero for
females), and e gsv 1s the possible protective effect of male circumcision in reducing the
risk of HSV-2 acquisition among males. Equation (3) assumes condom use is independent
of circumcision.

The parameter definitions and values used are shown in Appendix B and Appen-
dix C. The natural history parameters and transmission probabilities were obtained from
the literature while the behavioral and epidemiological inputs are parameterized us-
ing data from FSWs in Mysore in Karnataka, India, and data on clients from Kar-
nataka if available or from elsewhere in India otherwise. Based on viral shedding stud-
ies, it is assumed that the probability of transmission per sex act will be highest dur-
ing the first symptomatic episode, fairly high during symptomatic recurrences, and low-
est during asymptomatic shedding episodes (Guinan et al., 1981; Mertz et al., 1985;
Wald et al., 1997). Transmission is taken to be higher from males to females than fe-
males to males (Bryson et al., 1993; Corey et al., 2004b; Langenberg et al., 1999;
Mertz et al., 1992; Wald et al., 2001).

2.2. Reducing the complex model into a simple model

Starting with a complex model enabled the details suggested by experts to be incorpo-
rated explicitly. The model is then reduced to a simple model that retains the key features
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of the infection, but implicitly, rather than using their explicit representation as separate
compartments. The outputs from these two models are then compared. If the process had
instead begun with a simple model then complexity increased, it would have been diffi-
cult to parameterize the more complex model in a parallel manner to the simple model
parameterization for comparison.

The model reduction process involves four steps of simplification from the “complex”
model (Fig. 1) to the “simple” model (Fig. 2). First, the latent and asymptomatically shed-
ding states are merged. Secondly, the new and old infection compartments are merged.
Thirdly, a simplifying assumption is made that the first symptomatic episode experienced
by those asymptomatically infected can be modeled as a symptomatic recurrence rather
than as symptomatic initial infection. Lastly, the different dynamics by type of initial in-
fection are removed.

The corresponding set of differential equations for the simple model is given below:

ds

EZMT—(A-FH)S,

d—IZKS—(P‘HL)L

dt

JA 4)
— =pl+TR - (y + A,

dt

dR

EZVA—(T-HL)R,

where the parameters, and A and T are as defined previously for the complex model,
except now with 4 state equations (4) (with state variable definitions summarized in Ap-
pendix D) and some “average” inputs as described below. The initial conditions of the
system are set, as before, so that 0.1% of FSWs are experiencing initial infection (1)
while all others are susceptible (S).

Comparing both models compartment-wise, in order to make the simple model ap-
proximate the complex model we require S to contain the same number of people in both
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Fig. 2 Flow diagram for “simple” HSV-2 model structure.
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models, and that the following holds:

I'=1+5,
A= Llu + Alu + Llw + Alw + L2u + A2u + L2w + A2w7 (5)
R=R,+R,.

Summing the associated complex model differential equations (1) in the same way as in
(5), substituting in Eqgs. (5), and equating with the simple model differential Egs. (4), gives
the following ratio required to calculate the symptomatic recurrence rate for the simple
model:

y = Yu (Llu + Alu) + Yw (Llw + Alw) + &y (LZu + A2u) + Kk (L2w + AZw)
Ly + Loy + Lyw + Low + Ay + Ay + Arw + Ay '

(6)

Note that y is implicitly time-dependent and depends on y,, ¥, and k,, k,,, respectively,
as expected.

Consider mathematically the part of the transmission equation A (Eq. (2)) that changes
from the complex model structure to the simple model. For the simple model, this expres-
sion is summed over ¢ from O to 3 rather than 0 to 4 (¢ = O for state S, g = 1 for state /,
q =2 for state A, and g = 3 for state R):

q:3

N n
Z(M)[l — A B (1 = Ensviep) ] v
=\ T

In the simple model, those in state A are not continuously shedding asymptomatically as
those in states Ay, Az, A1y, OF Ay, in the complex model are. A fractional multiplicative
factor, F, representing the fraction of the time in state A in the simple model that is spent
asymptomatically shedding, needs to be incorporated. For the corresponding terms in
expressions (2) and (7) to equate we require, by Egs. (5), that:

(L1u+ Loy + Liw + Low) + (A + Az + Ay + Asy)[1 = Ay By (1 — Ensvie) |
= (Llu + L2u + Llw + LZw + Alu + A2u + Alw + AZw)[l - FA[3]B[L‘](1 - EHSV[L'])]na
®)

where g = 3 denotes the asymptomatic shedding states A in the complex model. If first or-
der Taylor Series linear approximations are used for the terms of Eq. (8) that are raised to
the power n, assuming the values for Ay B, (1 — Ensyc)) are sufficiently small (which
are <0.17 for the parameter values considered here), the following requirement is ob-
tained:

F= A1u+A2u+Alw+A2w
Llu + L2u + Llw + L2w + Alu + A2u + Alw + A2w ’

(€))

which, as expected, is simply the proportion of people in A that are asymptomatically
shedding, rather than experiencing a latent period. Since nothing was found in the litera-
ture to suggest a difference for males and females, the mean value for F is used, averaged
over FSWs and clients. Note that F is implicitly time-dependent.
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Since Egs. (1) are nonlinear, due to the rate of HSV-2 infection (1) being a function
of all the state variables, it was intractable to approximate the differential equations about
the equilibrium or solve the system of differential equations analytically. Instead, both
the complex and the simple HSV-2 models were solved numerically by programming
using Borland C++ (Inprise Corporation, California, USA). The forward Euler numerical
method was used with Eqgs. (1) and (4) to approximate progression through the HSV-2
states over time. A time-step of one day was used as some duration parameters were a
few days.

2.3. Steps in analysis

2.3.1. Parametric uncertainty analysis

For the analysis, first the HSV-2 input parameter ranges for the complex model were de-
veloped, distributions defined and correlations set (Appendix B and Appendix C). A range
of values were estimated for each parameter to reflect the parametric uncertainty (uncer-
tainty bounds). These were based on 95% confidence intervals (CIs) or minimum and
maximum values from data where possible, or else based on several data estimates, some-
times requiring additional calculations. Due to lack of data about distributions of input
parameters, they were assumed to be either triangular, if a middle value could be esti-
mated or the lower and upper bounds on the uncertainty range were unlikely, or uniform
otherwise. Although the correlations between the input parameters were not fully known,
these were set up based on current understanding of the qualitative relationships.

Ten thousand parameter sets were selected randomly by Latin Hypercube Sampling
(LHS) from all the input parameters within the estimated ranges, in order to obtain his-
togram distributions of each model output (via “Crystal Ball” add-in to Microsoft® Ex-
cel (2002): Software Crystal Ball 2000 Professional version 5.0 (Decisioneering Inc.,
1988-2000, Denver, Colorado, USA)). Expected correlations were built into this sam-
pling strategy. LHS was chosen because it is highly rated when compared to other meth-
ods, since it samples in a representative manner covering the full range efficiently and
because it deals well with low-probability outcomes represented in input probability dis-
tributions (Blower and Dowlatabadi, 1994; Iman and Helton, 1988; Isukapalli et al., 1998;
McKay et al., 1979; Stein, 1987; Sweat et al., 2000).

2.3.2. Structural uncertainty analysis

The complex model was run to equilibrium and y and F from Egs. (6) and (9) were
output. The equilibrium prevalence was defined as the time-point at which the difference
in the number of susceptible FSWs and clients each changed in the previous time-step by
less than 0.00001.

Equilibrium ratio values for y and F were used to explore the degree to which the
simple model, using these values as inputs, can produce a good approximation to the out-
puts of the complex model when projecting the whole epidemic curve. However, in order
to separate the simple model from dependency on the complex model outputs and make
it more generalizable to other analyses and settings, multivariate linear regressions were
performed on the inputs and outputs of the parametric uncertainty analysis undertaken
on the complex model to estimate equilibrium values for y and F. Linear regression was
used for simplicity and because, intuitively, it was thought that these “average” parameters
might be approximated by linear equations in y,, Y., k,, and &, for y, and o,,, 0,,, and x
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for F. As expected, when the standardized coefficients were ranked (using standardized
units across variables), these were the parameters contributing the most to the values of y
and F (all having statistically significant predictive capability, P < 0.001, standard errors
all <0.05), except «, can be ignored since it was ranked much lower. Only four regres-
sion coefficients are then required for each of the three regression equations in order to
calculate the recurrence rate among females (o)), the recurrence rate among males (1)),
and the proportion of those in state A who are asymptomatically shedding (F):

Yoy = —0.000360847 + 4.31103k,, + 0.170802y,0 + 0.579673 Y10},
Y1) = —0.000597571 4 6.67470k,, + 0.110919y,1; + 0.63651 1y, (1), (10)
F = 0.0500173 4 02274430, + 0.8769360,, — 0.0535463 .

The R? values were 0.980, 0.971, and 0.962, respectively, for yjo), 17, and F, calculated
using Egs. (10).

Using Egs. (10) to calculate the average parameter inputs required for the simple model
(V101> Yu; and F), both the complex and simple models were then run and their outputs
compared. For this analysis, the overall prevalence of HSV-2 was the key output of in-
terest, obtained by summing all of the state variables except S and dividing by the total
population (7). If 95% of the simulations produce HSV-2 prevalence projections from the
simple model that differ from the complex model projections by less than a 10% relative
difference, over a specified timeframe, then the simple model is deemed acceptable.

The model outputs were compared in two different ways:

(1) Models run from start of epidemic to equilibrium

Both the complex and simple models were run from the start of the HSV-2 epidemic until
reaching the equilibrium prevalence. The pair-matched outputs of these models, produced
from each of the 10,000 parameter sets, were compared.

(2) Models run from start of epidemic but only output once part way into epidemic

For each model simulation, both models were run from the start of the epidemic, as in the
analysis above, but set to output once the FSW prevalence reached a specific percentage
of the equilibrium, named the “target.” Once the target was reached, the models output
at many different time-points until the equilibrium was reached, and the pair-matched
outputs were compared.

3. Results

Using linear regression to estimate the symptomatic recurrence rate (y) and proportion
shedding asymptomatically (F'), produced the following mean estimates and ranges (min-
max) over all 10,000 simulations:
viop =2.1 (1.2-3.2) per year,
ynp = 2.2 (1.0-3.2) per year, (11
F=46% (2.6-6.6%).
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3.1. Comparisons between outputs from simple and complex models

(1) Models run from start of epidemic

In order to compare the outputs from the simple and complex models, the relative dif-
ferences are calculated, defined here as the difference in magnitude between the values
output by the complex and simple models divided by the value output by the complex
model. Figure 3 shows the mean (over 10,000 runs) of the relative differences in the
prevalences projected by the simple and complex models from the start of epidemic (until
less then 10% mean relative difference was reached).

For illustration of typical projected epidemic curves, model output prevalences of a
specific simulation are plotted in Fig. 4. The relative differences between the two models
are also shown. Generally, the simple model underestimates the prevalence predicted by
the complex model, and it usually takes longer to reach equilibrium. In these cases, the
plots also show the slow “take-off” of the epidemic when using the simple model (Fig. 4).
In some other cases, the simple model first underestimates the prevalence but then begins
to overestimate prevalence and reaches the equilibrium faster than the complex model,
slightly overestimating the equilibrium prevalence value.

Considering the relative error of the simple model in approximating the complex model
over all 10,000 runs, the approximation is often poor when it takes the models a very long
time to reach equilibrium, and/or if the epidemic does not really ever “take-off”” and so
the prevalence at equilibrium remains very low. In 2,450 of the 10,000 runs, the simple
model did not reach equilibrium within 1,000 years, or the equilibrium prevalence was
less than 1% among FSWs or clients. Examining the input parameter sets producing these
simulations, the only inputs with means that differed by more than 10%, compared with
those over all 10,000 simulations, were the per sex act transmission probabilities (B),
which were lower by at least 60%. These 2,450 runs were deemed unrealistic and removed
from the subsequent analysis.

The simple model takes longer to reach equilibrium in 82% of the remaining 7,550
simulations. The equilibrium prevalences output by the complex and simple models over
the 7,550 simulations are given in Table 1.

Eighty-nine percent of simulations predicted a lower FSW prevalence when using the
simple model and 96% predicted a lower client prevalence, compared to the complex

g 40% 7
N MPEES
8 30% N
5 N,
2 20% A .
k] ~meo
£ 10% —==--. =
c
©
@
= 0% ‘ :
0 100 200 300

Year

— FSW — - - Client

Fig. 3 Mean (over 10,000 runs) of the relative difference in female sex workers (FSWs) and client preva-
lences projected by the simple and complex models from the start of epidemic (until less then 10% mean
relative difference was reached).
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— - -Relative difference in FSW prevalence -— --Relative difference in CL prevalence

Fig. 4 Typical epidemic curves projected by the models from the start of epidemic to equilibrium. FSW,
female sex workers, CL, clients. (Color figure online.)

Table 1 Comparison between complex and simple model predictions of HSV-2 prevalence at equilibrium

Equilibrium HSV-2 Relative difference

prevalence

Mean  95% CI Range Mean 95% CI Maximum
(min-max) (one-sided)

Complex model ~ FSWs 75% 43-90%  33-93%

Simple model 5% 41-90%  31-93% 1.1% 4.0% 14%

Complex model  Clients  34% 13-54%  9.3-65%

Simple model 33% 12-53%  8.7-64% 2:9% 7.0% 20%

CI, confidence interval; FSW, female sex workers

The relative difference is defined here as the difference in magnitude between the values output by the
complex and simple models divided by the value output by the complex model. The mean, maximum, and
95% CI upper bound (one-sided) are calculated over all 7,550 simulations

model. The mean relative difference in the prevalence predicted by the two models at
equilibrium was less than 3%.

The inputs for those runs (of the 7,550) producing a relative error in prevalence of
more than 10% were compared with those from all 10,000 runs. For FSWs, there were
17 such runs, and for clients there were 110 runs. The mean values of the inputs for
these runs that differed by over 20% compared with the mean values of the inputs to all
10,000 simulations were the transmission probabilities (B), which were lower in these 17
FSW runs and the 110 client runs, and the efficacy of male circumcision against HSV-2
(ecircusv) was lower in the 17 FSW runs.

The findings suggest that the simple model can be used as a good approximation if used
to run to equilibrium (for an equilibrium of over 1% prevalence), which is reached within
1,000 years. This suggests that for most reasonable scenarios, using a sufficiently high
value for the transmission probabilities, the simple model produces a good approximation
to the equilibrium prevalences.
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Relative difference

10% 20% 30% 40% 50% 60% 70% 80% 90%
Target percentage of FSW equilibrium prevalence

—=—FSW Mean —«—FSW 95% C| —— FSW Max
— & - CL Mean - % -CL95%ClI — — CL Max

Fig. 5 Relative difference in female sex worker (FSW) and client (CL) HSV-2 prevalence projected by
simple and complex models from target to equilibrium. (Color figure online.)

(2) Models run from start of epidemic but only output once part way into epidemic
Often, in STI modeling, the model is fitted to a specific prevalence and then used to project
the progression of the epidemic. It can be hypothesized from the plots in the previous
section (Fig. 3 and Fig. 4) that if the simple model is set to match the complex model
prevalence part way though the epidemic, the projections from both models from this
time-point to the equilibrium may be very similar. This hypothesis is explored here for the
case where the models are run from the start of the epidemic but only output prevalence
on reaching a certain level.

Figure 5 plots the mean, maximum and 95% CI upper bound (one-sided) of the relative
differences when comparing the outputs from the simple and complex models over time
from once a certain “target” prevalence is reached among FSWs then onto equilibrium.
The mean was calculated by averaging over the 7,550 runs and over all the time-points
output by the model from the target to equilibrium. The maximum and 95% CI upper
bound were calculated similarly.

Although the FSW prevalences are matched at the target, the client prevalences are
not, which partially explain the larger differences seen between the client outputs than the
FSW outputs.

Once the epidemic reaches 60% of the equilibrium prevalence, from this point to
the equilibrium, 95% of the simulations produce relative differences between the model
prevalence estimates that are less than 10% for both FSWs and clients. The approximation
of using the simple model improves if the prevalence comparison is made over short time-
frames (such as 5 years), but is worse earlier in the epidemic, e.g., the maximum relative
error across the 7,550 runs is 45% when the model outputs are compared from 10% of the
equilibrium prevalence.

4. Discussion

The complex model has several features that have not previously been modeled. The main
addition is the inclusion of an initial infectious period that differentiates between symp-
tomatic and asymptomatic infection, and allowing those infected asymptomatically to
develop symptomatic infection after a time delay.
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This simple model offers a reduced structure that retains some of the value of the
complexities implicitly, through the model reduction procedure, rather than explicitly as
compartments. In this analysis, new and old infections are first considered separately in
the complex model, allowing shedding rates to decline over time, and having separate
compartments for symptomatic and asymptomatic initial infection. Collapsing this into
the simple model, under certain conditions (outlined below), it was found that similar
model projections can be obtained by using “average” values for these shedding rates, so
eliminating the need for these extra compartments. It was also found generally unneces-
sary to model asymptomatic shedding episodes as a separate compartment, distinct from
the latent state, since mathematically, these shedding episodes can be closely approxi-
mated by a parameter describing an associated proportion of the latent state shedding
asymptomatically. This simple structure is supported by recent findings of more frequent
shorter HSV-2 asymptomatic reactivations occurring during the “latent” stage than previ-
ously thought (Mark et al., 2007). Additionally, the first symptomatic episode occurring
among asymptomatically infected individuals can essentially be modeled as a recurrence.

The findings suggest that in the vast majority of settings, the simple model is a very
good approximation to the complex model when used to estimate equilibrium HSV-2
prevalence values. This requires that the transmission probabilities are not too low. With
these same constraints, the simple model is also a good approximation to the epidemic
curve if used after fitting the model to a prevalence value of 60% of the equilibrium
prevalence, but can be a poor approximation earlier in the epidemic. The approximation
of using the simple model is improved if the prevalence comparison is made over short
timeframes (such as 5 years).

4.1. Limitations

Unlike Garnett et al. (2004), the models presented here do not stratify by HSV-1 infection,
but instead assume, based on limited available data (Cowan et al., 2003) that the HSV-1
prevalence in the population modeled is high. Adjusted values are used to account for
prior HSV-1 infection possibly increasing the likelihood of asymptomatic seroconversion
(Brown et al., 1997; Brugha et al., 1997; Langenberg et al., 1999; Stanberry et al., 2002).

Another limitation is that the models do not allow for sexual behavior differences in
symptomatic versus asymptomatic episodes (Rana et al., 20006). If there are substantial re-
ductions in sexual risk behavior during recognized symptomatic episodes, then the models
may overestimate the effect of symptomatic recurrences and HSV-2 prevalence.

The equilibrium HSV-2 prevalence outputs for some simulations may seem rather high
for this setting. However, this paper only compares projections made by models of differ-
ent structures rather than projecting the HSV-2 epidemic in Mysore. Model fitting tech-
niques are required to deal with this issue along with the use of a combined HSV-2/HIV
model (Foss et al., 2007). Combining the HSV-2 model with an HIV model enables in-
corporation of the possible effect of HIV increasing HSV-2 infectivity in those coinfected
and potentially increasing the risk of HSV-2 acquisition in those singly infected with HIV,
as well as the effects of HSV-2 on the risk of HIV acquisition and transmission (Celum,
2004; Corey et al., 2004a).

4.2. Implications for modeling

For late-stage HSV-2 epidemics, the simple model gives similar prevalence trends as the
complex model. This simple model is reduced from the complex model and offers a sim-
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pler structure, while still incorporating complexities implicitly by using model-calculated
“average” inputs and linear regression equations. The simple model also requires less
computational time per simulation.

Future work could try to identify a model reduction that better approximates the com-
plex model earlier in the epidemic, perhaps by examining ratios in Egs. (6) and (9) output
by the complex model earlier in the epidemic or by exploring the use of other models
formed during the different steps of the reduction (which could be ordered according to
the dimension of the model).

The simple model structure resembles that of Newton and Kuder (2000), but with-
out the vaccinated class and incubation period (Newton and Kuder, 2000). However, the
symptomatic recurrence rate used in their model seems rather high (5.3 per year) as an
average lifetime rate, and resembles more that observed in the first year of infection
(Benedetti et al., 1994, 1999; Corey et al., 1983a; Corey and Wald, 1999; Diamond et
al., 1999; Lafferty et al., 1987). The values in the simple model presented here are con-
siderably lower (~2 per year). Perhaps this is because a reduction in shedding over time
and a delay in onset of symptomatic shedding among those infected asymptomatically are
implicitly incorporated in the simple model. When using simple model structures, it is
important to adjust parameter estimates to factor in complexities or, in this example, risk
overestimating the HSV-2 epidemic.

Simplifying the HSV-2 model was an important step toward future work, since the
simple HSV-2 model has now been built into a large-scale population-level model of
HIV/STI transmission which will be used to estimate the impact of the multisite Avahan
intervention on HIV/STI transmission in southern India (Boily et al., 2007b).

The techniques presented in this paper could be considered and adapted for other mod-
eling studies. Model simplicity is advantageous for many reasons and these techniques
have shown that this may be possible without losing some of the benefits which would
normally require more complex dynamic structures.

The findings show that it is possible to obtain similar prevalence projections under
different model assumptions and simplifications. As the HSV-2 epidemics in many pop-
ulations are advanced, the simple model may be used in most instances, although the
complex model may be preferable for early epidemics. The analysis highlights the issue
of model structural uncertainty, and the value of minimizing complexity. These issues are
important to all those involved in modeling HSV-2, HIV, or other STI, and warrant further
attention.
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Appendix A: State variables for ‘“complex” model of the natural history of Herpes
simplex virus type-2 (HSV-2)

State variable symbol State variable definition

N Susceptible to HSV-2

I Experiencing initial symptomatic HSV-2 infection or first symptomatic episode
following asymptomatic infection (infectious)

I Experiencing initial asymptomatic HSV-2 infection (infectious)

Ly, Latent phase (noninfectious) among those with a relatively new infection who
have experienced symptoms

Lo, Latent phase (noninfectious) among those with a relatively new infection who
have not experienced symptoms

Liy Latent phase (noninfectious) among those with a relatively old infection who
have experienced symptoms

Loy, Latent phase (non-infectious) among those with a relatively old infection who
have not experienced symptoms

Ay Asymptomatic shedding episode (infectious) among those with a relatively
new infection who have experienced symptoms

Ay Asymptomatic shedding episode (infectious) among those with a relatively
new infection who have not experienced symptoms

Ay Asymptomatic shedding episode (infectious) among those with a relatively old
infection who have experienced symptoms

Ay Asymptomatic shedding episode (infectious) among those with a relatively old
infection who have not experienced symptoms

Ry Symptomatic recurrence (infectious) among those with a relatively new
infection

Ry Symptomatic recurrence (infectious) among those with a relatively old

infection
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Appendix D: State variables for ‘‘simple” model of the natural history of Herpes
simplex virus type-2 (HSV-2)

State variable symbol State variable definition

S Susceptible to HSV-2

1 Experiencing initial HSV-2 infection (infectious) with a proportion of people
being symptomatic and the remainder being asymptomatic

A Latent phase with a proportion of people asymptomatically shedding
(infectious)

R Symptomatic recurrence or first symptomatic episode following asymptomatic

infection (infectious)
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