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a b s t r a c t

We apply a consistent sexual partnership formation model which hinges on the assumption that one gen-
der’s choices drives the process (male or female dominant model). The other gender’s behavior is
imputed. The model is fitted to UK sexual behavior data and applied to a simple incidence model of
HSV-2. With a male dominant model (which assumes accurate male reports on numbers of partners)
the modeled incidences of HSV-2 are 77% higher for men and 50% higher for women than with a female
dominant model (which assumes accurate female reports). Although highly stylized, our simple inci-
dence model sheds light on the inconsistent results one can obtain with misreported data on sexual activ-
ity and age preferences.

� 2011 Elsevier Inc. All rights reserved.

1. Introduction

Much theoretical work has demonstrated that the choice of an
age-structured partnership formation process is crucial for simu-
lating the spread of sexually transmitted diseases (STDs)
[9,11,12,14,19]. In order to be useful such models require realistic
parameters. Those are obtained by fitting the partnership forma-
tion process to real data. However two problems often arise: (1)
A balance constraint requires that the number of partnerships be-
tween any group of men (M) and any group of women (W) must
equal the number of partnerships between W and M; (2) Data used
to fit a partnership formation process is often measured with errors
and does not satisfy the binding constraints referred to in (1). This
is particularly the case for heterosexual contacts where men report
roughly twice as many partners as women do [1,3,5,13,18,20].

The balance between different groups can be achieved by
choosing mixing probabilities that satisfy the balance constraints
for different groups. These mixing probabilities must add up to
one. Earlier studies propose three different methods in order to
choose these probabilities [12]: Restricted mixing, where contacts
are only made within the same group; proportional mixing, where
the probability of interacting with a partner is random and only de-
pends on the relative availability of partners in a given age group,
and preferred mixing where a fraction of interactions is made

within one’s own group and the remaining partnerships are
formed randomly. To choose the right model these assumptions
have to be verified against existing data sources [8].

Hyman and Li propose an elegant solution to the problem of the
balance constraints [11]. Their ‘‘biased preference model’’ assumes
that people from different groups make a certain number of at-
tempts to form partnerships, but that a partnership is formed only
if it is mutually acceptable. Thus, only the total number of attempts
is pre-specified and is not constrained by any balancing equations.
The total number of partners acquired in such a manner automati-
cally satisfies the balance constraint. Unfortunately, this method
cannot be directly fitted to existing data. Indeed the total number
of successful and unsuccessful attempts needs to be coded. Existing
data sources, however, code only successful partnership formations
(i.e., the total number of partners in a given period). Thus, this meth-
od can be fitted only indirectly. One possibility is to choose the struc-
tural parameters of the simulation in such a way that the simulated
moments come as close as possible to observed moments. The ques-
tion is, whose moments should be used for fitting: male or female
moments? In the case of misreported data on sexual behavior (such
as inconsistent numbers of partners reported by men and women)
both moments cannot be fitted at the same time while satisfying bal-
ance constraints on the numbers of partnerships. The researcher has
to decide whose responses he finds more trustworthy and thus
adopt an ‘‘asymmetric’’ approach [9–11,14,19].

Here we adopt this asymmetric approach in which one gender
does the choosing. The dominant gender establishes partnerships
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at age-specific rates that are independent of the ‘‘market’’ of avail-
able partners. The partnership formation rates for the ‘‘dominated’’
gender depend on the demographic structure of both populations
and reflect the relative availability of partners.

We model the partnership formation process of the dominant
gender via a Weibull density for the partnership formation func-
tion and a Gompertz growth function for the cumulative number
of partnerships over the life course. The equivalent functions for
the other gender are imputed using the necessary binding con-
straints. The model is simple enough to be fitted to data and will
highlight the importance of consistent male and female data. The
use of the Weibull–Gompertz modeling for the dominant gender
will be illustrated with an application to a sexually transmitted
disease with results that will depend crucially on whether we
use a male dominant model which assumes accurate male reports,
or a female dominant model which assumes accurate female
reports.

In Section 2 we describe the partnership formation process and
the balancing constraints that insure consistency between the two
genders. In Section 3 we fit the model to UK data and in Section 4
we apply it to HSV-2, a common sexually transmitted infection. In
Section 5 we summarize our results and compare them with those
one might obtain with biased preference models.

2. Consistent partnership formation model

We consider age-structured female and male populations de-
fined by densities N1(x) for women and N2(x) for men (the indices
1 and 2 refer to women and men respectively). We let
kkðxÞ ðk ¼ 1;2Þ be the age-specific partner acquisition rates for gen-
der k. This means that individuals of gender k whose age is in the
interval (x,x + dx) establish NkðxÞkkðxÞdx partnerships with individ-
uals of the opposite sex. The duration and nature of these contacts is
irrelevant and unspecified: they can be instantaneous contacts with
sex workers or lifetime partnerships. The density functions of the
ages at which women and men enter into a partnership are then

gkðxÞ ¼
kkðxÞNkðxÞR 60

15 kkðyÞNkðyÞdy
; k ¼ 1;2; ð1Þ

where 15 and 60 are taken as the lowest and highest ages at which
one may acquire new partners (to improve readability in the sequel
we drop the bounds 15 and 60 in the integrals).

The partnership formation process is defined by the female and
male conditional probability density functions fkðxjyÞ of the age X
of the partner given a woman’s (k = 1) or a man’s (k = 2) age
Y = y. In the sequel we call fkðxjyÞ the partnership formation function
for gender k. The bivariate distribution function gðx; yÞ of the ages
(X,Y) at which a man and a woman establish a new partnership is
then

gðx; yÞ ¼ g1ðxÞf1ðyjxÞ ¼ g2ðyÞf2ðxjyÞ: ð2Þ

This equation provides the relationship that must hold between the
densities g1, g2, f1 and f2. Given that the number of partners acquired
by women must equal the number of partners acquired by men we
haveZ

k1ðxÞN1ðxÞdx ¼
Z

k2ðxÞN2ðxÞdx: ð3Þ

A simple way of satisfying the consistency constraint of Eqs. (2)
and (3) is to postulate either a male or a female dominant model.
We develop the equations in the case of the male dominant model
with the understanding that they unfold in the same way for the
female dominant model.

A male dominant model is defined by specifying the male part-
nership formation function f2ðxjyÞ and the male partner acquisition

rates k2ðxÞ from which we derive the marginal distribution g2ðxÞ of
Eq. (1). The female marginal density g1ðxÞ is then imputed from Eq.
(2) as

g1;impðxÞ ¼
Z

gðx; yÞdy ¼
Z

g2ðyÞf2ðxjyÞdy

¼
R

k2ðyÞN2ðyÞf2ðxjyÞdyR
k2ðyÞN2ðyÞdy

; ð4Þ

where ‘‘imp’’ emphasizes that the function is imputed. Using Eq. (2)
we derive the imputed female partnership formation function

f1;impðyjxÞ ¼
gðx; yÞ

g1;impðxÞ
¼ g2ðyÞf2ðxjyÞR

g2ðuÞf2ðxjuÞdu

¼ k2ðyÞN2ðyÞf2ðxjyÞR
k2ðuÞN2ðuÞf2ðxjuÞdu

: ð5Þ

We use Eq. (1) to express the imputed female rate of partner
acquisition

k1;impðxÞ ¼
g1;impðxÞ

R
k1ðyÞN1ðyÞdy

N1ðxÞ
ð6Þ

¼
g1;impðxÞ

R
k2ðyÞN2ðyÞdy

N1ðxÞ
ð7Þ

¼
R

k2ðyÞN2ðyÞf2ðxjyÞdy
N1ðxÞ

; ð8Þ

where we substituted g1,imp(x) of Eq. (4) into Eq. (7) to obtain Eq.
(8).

The second equation in (2) combined with Eq. (1) shows that

N1ðxÞk1;impðxÞf1;impðyjxÞ ¼ N2ðyÞk2ðyÞf2ðxjyÞ: ð9Þ

This equation expresses the equality between the density of new
male partners aged y acquired by women aged x (left side) and
the density of new female partners aged x acquired by men aged
y (right side).

In the next section we fit both the male and female dominant
models to UK data on sexual behavior.

3. Empirical application

3.1. Data

The National Survey of Sexual Attitudes and Lifestyles II (NAT-
SAL II) is a multi-stage stratified random survey of 12,110 men
and women (age 16–44) who were living in private households
in Great Britain in 2000–2001. A description of the survey design
can be found elsewhere [6]. The survey collected detailed informa-
tion on partnership history. Each respondent reported the sex of
his/her most recent partner and their ages when they first had
sex together. Respondents also give the total number of new heter-
osexual partnerships acquired in the last 12 months.

3.2. Modelled partnership formation function

The NATSAL II data cannot be used to model directly the joint
distribution of the ages of partners because it concerns men and
women separately, not couples. However the age distribution of
partners for each gender and each age y are samples from the part-
nership formation functions fkðxjyÞ.

In the case of a male (or female) dominant model we assume
that the partnership formation function f2ðxjyÞ (or f1ðxjyÞ) belongs
to a three-parameter family of conditional Weibull distributions
of the form
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f ðxjyÞ ¼
0 if x 6 cðyÞ;
aðyÞ
bðyÞ

x�cðyÞ
bðyÞ

� �aðyÞ�1
� exp � x�cðyÞ

bðyÞ

� �aðyÞ
� �

if x > cðyÞ;

8<
:

ð10Þ

where the shape, scale and location parameters a; b and c are func-
tions of the individual’s age y. With the Weibull family of functions
it is possible to model age preferences in partnership selection in a
flexible way. Furthermore, the Weibull parameters can be directly
interpreted which makes this family particularly attractive. The
parameter c is the minimum age of sexual activity. When the shape
parameter a is less than 1, the density is monotonically decreasing
and means individuals have strong preferences for very young part-
ners. With a greater than one, the density has a mode and the
spread in the ages of partners is determined by the scale parameter
b. A small b means a relatively homogeneous population with part-
ners concentrated in a small age range. A high b means greater
heterogeneity.

Marks [16] shows that a two-parameter Weibull density can be
re-parameterized in terms of any pair of low and high percentiles
PLðyÞ and PHðyÞ (with 0 < L < H < 100): L percent (or H percent)
of the partners of an individual aged y are aged less than PLðyÞ
(or PHðyÞ). Here the shape and scale parameters aðyÞ and bðyÞ are

aðyÞ ¼
ln

ln 1� H
100ð Þ

ln 1� L
100ð Þ

� �

ln PHðyÞ�cðyÞ
PLðyÞ�cðyÞ

h i ð11Þ

and

bðyÞ ¼ PHðyÞ � cðyÞ

ln 1
1� H

100

� �1=aðyÞ : ð12Þ

Because the location parameter cðyÞ cannot be estimated
through quantile regression, we approximate cðyÞ as the first per-
centile P1(y). This approximation introduces a very small error and
deals with possible outlier problems than can arise if one individ-
ual reports an extremely young (or old) partner.

We chose L = 30 and H = 70 for the low and high percentiles. For
cðyÞ; P30ðyÞ and P70ðyÞ we therefore assume linear relationships of
the form

cðyÞ � P1ðyÞ ¼ l1 þ m1y; ð13Þ

P30ðyÞ ¼ l30 þ m30y; P70ðyÞ ¼ l30 þ m30y: ð14a;bÞ

The coefficients are estimated through quantile regression using the
Stata qreg procedure (Table 1). The reported and fitted percentiles
are plotted in Fig. 1. They reveal a clear linear trend between the

age of a person and the first, 30th and 70th percentiles for the
age of the partners.

Given the quantile nature of these straight lines, they must not
cross: the line for the 30th percentile must remain above the one
for the first percentile and below the one for the 70th percentile.
Fig. 1 shows that this is the case with the point estimates (at least
during the ages of sexual activity). The upper 95% confidence inter-
val for the regression parameters however, would result in crossing
lines.

Our results are presented for a model fitted using the 30th and
70th percentiles, but other pairs of quantiles could have been used.
We performed a sensitivity analysis by fitting the model to three
additional pairs (10th and 90th, 20th and 80th and 40th and
60th percentiles). The Weibull densities are very similar for the
four pairs of percentiles (results available upon request).

From Eqs. (13) and (14a,b) we derive the functions aðyÞ and bðyÞ
of Eqs. (11) and (12) for both the male and female dominant model.
We next need population densities and rates of partner acquisition.

3.3. Population densities

Stationary populations, which have a constant age structure and
zero growth rate, will be used in the applications. Stationary fe-
male and male population densities NkðxÞ at age x are of the form

N1ðxÞ ¼ b� skðxÞ; N2ðxÞ ¼ SRB� b� skðxÞ; ð15Þ

where b is a positive constant, SRB the sex ratio at birth and skðxÞ
the UK probability of surviving to age x for gender k; SRB is set to
1.05, the value most commonly found in human populations. This
structure captures crudely the state of the UK population in the
early 2000s.

3.3.1. Modelled rates of partner acquisition
The NATSAL II data on average numbers of partners acquired in

the last 12 months are available for ages between 16 and 45. These
are estimates of the (annualized) acquisition rates kkðxÞ. These
rates increase rapidly during the teen years and peak around ages
20–22 (Fig. 2). We thus need a growth model that results in a peak
in partner acquisition rates. Logistic and Gompertz growth models
are standard candidates, and the latter provided the best results.

Table 1
Quantile regression coefficients of Eqs. (13) and (14a,b) for the first, 30th and 70th
percentile for men’s partners’ age (male dominant model) and women’s partners’ age
(female dominant model).

Men Women

Coef. SE Coef. SE

First percentile
l1 12.385 1.404 12.857 1.266
m1 0.115 0.056 0.143 0.053

30th percentile
l30 6.571 0.254 6.286 0.253
m30 0.571 0.010 0.714 0.010

70th percentile
l70 2.765 0.362 6.286 0.304
m70 0.882 0.014 0.929 0.012
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Fig. 1. Reported and fitted percentiles from quantile regression, for men (upper
panel) and women (lower panel). For an age on the x-axis the linearly fitted age on
the y-axis is the 1st, 30th, and 70th percentile of the age of the partner.
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Differentiating the Gompertz function (which models cumulative
growth) yields the partner acquisition rate

kkðyÞ ¼ p1p2e�p2ðy�p3Þe�e�p2 ðy�p3 Þ ð16Þ

with parameters that have meaningful interpretations: p1 repre-
sents the cumulated number of partners theoretically from age 0
up to the end of life (i.e. for y!1); p2 measures the rate at which
the number of partners grows; p3 is the age at which the rate of new
partner acquisition k2ðxÞ reaches a maximum (the p’s will depend
on the gender k).

Female and male reported rates of partners acquisition are fit-
ted to kkðyÞ ðk ¼ 1;2Þ of Eq. (16) using Stata’s nlreg procedure.
The parameter estimates are in the first three lines of Table 2. Re-
ported and fitted values are plotted in Fig. 2 which shows a rela-
tively good overall fit. The fact that fitted values tend to
underestimate reported ones after age 35 for both genders results
in fitted average annual rates of partner acquisition from ages 16–

45 (row 5) that are slightly lower than the reported averages of
row 4.

The imputed averages are obtained by using the imputed rate
derived in Eq. (8) on the basis of the other gender’s data (row 6).
If male and female population structures are the same (which is al-
most the case) then Eq. (3) shows that the Gompertz-fitted aver-
ages (row 5) and the consistently imputed averages (row 6)
should be roughly the same for men and women. Rows 5 and 6
show that for the male dominant model (k = 2) men and women
will have on average 0.691 and 0.701 partners per year. With the
female dominant model (k = 1) these numbers are equally close,
but roughly half these values at 0.355 and 0.359 for men and wo-
men respectively.

The inconsistency between results obtained with male and fe-
male dominant models is apparent in Fig. 2. Fitting a male domi-
nant model results in imputed female rates of partner acquisition
(dashed line of upper panel) that are considerably higher than re-
ported rates, at least during the high-activity years (early twen-
ties). Conversely, the female dominant model results in imputed
male rates (dashed line of lower panel) that are considerably lower
than reported ones. This suggests that the male dominant model
(based on overestimated male rates) could provide upper bounds
for both the male and (imputed) female rates of partner acquisi-
tion. The female dominant model could provide lower bounds.

The inconsistency between the two models is unlikely to result
from problems with the fitting procedure (particularly for older
men) because the under-fitting for this age cohort would generally
bias the imputed results in the other direction. Rather, the incon-
sistency results from, and is consistent with the fact that men re-
port roughly twice as many average numbers of partners than
women [1,3,5,18].

3.3.2. Imputed partnership formation functions
The imputed female partnership formation function f1;impðyjxÞ of

Eq. (5) is now

f1;impðyjxÞ ¼
e�p2ðy�p3Þe�e�p2 ðy�p3ÞN2ðyÞf2ðxjyÞR
e�p2ðy�p3Þe�e�p2ðy�p3 ÞN2ðyÞf2ðxjyÞdy

: ð17Þ

These densities depend on the age distributions and clearly do
not belong to the Weibull family. This can be seen by examining
the 0th, 30th and 70th percentiles of these densities as functions
of the age x of the partner (not shown). These percentiles are
increasing but slightly concave functions of x, unlike the exact lin-
ear trend implied by the conditional family Weibull distribution
considered for men (Fig. 1).

Reported, fitted and imputed partnership formation functions
for ages y = 20, 30, 40 are plotted for both genders in Fig. 3. The
fit appears better for individuals aged 20 and 30 than for those
aged 40. This could be due to larger partner counts for younger
ages: there are 232 and 134 reported partners for men aged 20
and 30 but only 49 for men aged 40 (the corresponding numbers
for women are 336, 150, 37).

Fig. 3 shows that for each gender the fitted and imputed part-
nership formation functions are not that far apart. This is con-
firmed by Table 3 which shows that the statistical moments of
the two distributions are relatively close, at least for men and wo-
men aged 20, 30 and 40. This is in contrast to the large discrepancy
noted in Section 3.3.1 between the average annual number of new
partners acquired between ages 16 and 45 for the male and female
dominant models.

4. Application to a sexually transmitted disease model

We use a simple incidence model for Herpes Simplex Virus II
(HSV-2) to demonstrate that the choice of a female or male domi-
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Fig. 2. Reported, Gompertz-fitted and imputed female (upper panel) and male
(lower panel) partner acquisition rates. With the female (or male) dominant model
it is the women’s (or men’s) rates that are fitted, with the other gender’s rate being
imputed. The male dominant model results in average female imputed rates
roughly twice the reported ones (upper panel). The female dominant model results
in average male imputed rates roughly half the reported ones (lower panel).

Table 2
Rows (1)–(3) are the parameter estimates for the Gompertz model for the annual rate
of partner acquisition, for men and women ðkkðyÞ ¼ p1p2e�p2 ðy�p3Þe�e�p2 ðy�p3 Þ Þ. Rows (4–
6): Reported, Gompertz-fitted, and imputed average annual rate of partner acquisi-
tion between ages 16 and 45. Because mortality is very low during those ages the
three averages in rows (4)–(6) are all very close to the corresponding unweighted
averages

R 45
16 kk;rep=19;

R 45
16 kk=19 and

R 45
16 kk;imp=19.

Men (k = 2) Women (k = 1)

Coef. SE Coef. SE

Gompertz parameters
(1) p1 21.187 0.903 13.011 1.266
(2) p2 0.225 0.016 0.162 0.014
(3) p3 20.748 0.242 19.196 0.737

Average annual rate of partner acquisition (ages 16–45)

(4) Reported
R 45

16
NkðxÞkk;repðxÞdxR 45

16
NkðxÞdx

 !
0.761 0.389

(5) Gompertz-fitted
R 45

16
NkðxÞkkðxÞdxR 45

16
NkðxÞdx

 !
0.691 0.359

(6) Imputed
R 45

16
NkðxÞkk;impðxÞdxR 45

16
NkðxÞdx

 !
0.355 0.701

M. Artzrouni, E. Deuchert / Mathematical Biosciences 235 (2012) 182–188 185



Author's personal copy

nant model is crucial for disease modeling. HSV-2 is chosen be-
cause it is a common disease that is primarily sexually transmitted
[4]. The model is based on a Bernoulli trial approach (similar to
[7]).

For simplicity we assume that people do not use condoms for
disease prevention which means that transmission rates are the
same for all individuals. The prevalence rate for gender k and age

x is denoted ukðxÞ. Per partnership transmission probabilities are
lkð¼ 1;2Þ. The age-specific incidences are denoted
ikðxÞðk ¼ 1;2Þ. With a male dominant model the resulting male
incidence is

i2ðyÞ ¼ ð1�u2ðyÞÞN2ðyÞ 1� 1�
Z

f2ðxjyÞl2u1ðxÞdx
� �k2ðyÞ

" #

ð18Þ

which is the number of susceptible men aged y multiplied by their
probability of infection. The imputed female incidence i1;impðyÞ is
expressed in the same manner with the imputed female versions
of f2ðxjyÞ and k2ðyÞ.

With small enough transmission probabilities l1 and l2 the
Taylor expansion 1� ð1� uÞk � ku shows that the terms in the
square brackets of Eq. (18) is

R
k2ðyÞf2ðxjyÞl2u1ðxÞdx. This approx-

imation shows that when l2 (or l1) is small the incidences are lin-
ear functions of these l’s.

Total incidences are obtained by summing age-specific
incidences:

I1;imp ¼
Z

i1;impðyÞdy; I2 ¼
Z

i2ðyÞdy: ð19Þ

Identical expressions are derived with a female dominant model,
leading to incidences i1ðyÞ; i2;impðyÞ and the totals I1 and I2,imp.

Unfortunately HSV-2 prevalence data is not available for the UK.
Since our purpose is purely illustrative we will use instead US data
from the 2007–2008 National Health and Nutrition Examination
Survey (NHANES) on prevalence rates. The NHANES is a national
representative survey that includes laboratory tests for various dis-
eases including HSV-2. We fit age-specific prevalence rates ukðxÞ
for men and women separately using a standard logistic regression
model:

ukðxÞ ¼
expða0 þ a1xþ a2x2Þ

1þ expða0 þ a1xþ a2x2Þ ; ð20Þ

where the a’s will depend on the gender k. Parameter estimates are
given in Table 4, with observed and fitted prevalences plotted in
Fig. 4. The data shows quite different prevalence patterns for men
and women. The overall female prevalence (23.6%) is almost twice
the male one (12.2%) and increases over all ages. The male preva-
lence levels off in the late forties.
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Fig. 3. Reported, fitted and imputed partnership formation function: f1ðxjyÞ and
f2ðxjyÞ (Eq. (10)) are the female and male Weibull-fitted partnership formation
functions, respectively; f1;impðxjyÞ (Eq. (17)) and f2;impðxjyÞ (male analogue of Eq. (17))
are the imputed functions for the male and female dominant models, respectively.
Solid (or dotted) curves thus correspond to a female (or male) dominant model.

Table 3
Statistical parameters for the fitted Weibull densities fkðxjyÞ and the corresponding imputed densities fk;impðxjyÞ obtained for the partnership
formation process, with both the male and female dominant model, for ages y = 20, y = 30 and y = 40.

Men Women

Weib. dens. (Male dom.) Imputed dens. (Fem. dom.) Weib. dens. (Fem. dom.) Imputed dens. (Male dom.)

Age 20
Mean age partner 19.34 19.22 23.08 22.27
Median age 19.15 18.78 22.58 21.61
Mode 18.70 17.93 21.37 20.47
Standard dev. 2.22 3.79 4.00 3.44
Skewness 0.50 0.79 0.69 1.26

Age 30
Mean age partner 26.77 26.23 31.19 29.72
Median age 26.3 25.72 30.85 28.96
Mode 25.44 24.74 30.16 27.62
Standard dev. 5.07 5.55 4.00 3.44
Skewness 0.46 0.64 0.34 1.11

Age 40
Mean age partner 34.2 33.99 39.35 36.30
Median age 33.56 33.23 39.09 35.49
Mode 32.17 32.00 38.65 34.01
Standard dev. 7.92 6.25 7.86 5.36
Skewness 0.45 0.47 0.21 0.94
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As a baseline we took per partnership transmission probabili-
ties lk both equal to 0.026 [15]. The resulting incidences ikðyÞ
and ik;impðyÞ are plotted in Fig. 5. Under male dominance the higher
partner acquisition rates (Fig. 2) translate into significantly higher
age-specific incidence (Fig. 5). The difference is largest at younger
ages, where the difference between fitted and imputed partner
acquisition rates is also highest. This discrepancy is reflected in
the total incidences of row (1) in Table 5 which for men are 1-
66.2/37.5 = 77% higher under male dominance than under female

dominance. For women the incidence rate is 50% higher under
male dominance.

The fact that simulated incidences are always higher for men
may initially seem surprising given that the prevalence rate is
higher for women, which is often the case for sexually transmitted
diseases [2]. Our higher simulated male incidences could be driven
by two factors:

1. It may not be accurate to assume equal transmission probabil-
ities for men and women as the latter are often biologically
more susceptible to sexually transmitted diseases than men
[17]. We therefore provide a sensitivity analysis by doubling
the transmission probability for women to 0.052 (row (2) of
Table 5). As expected this doubles the female incidences which
come much closer to the male ones while remaining smaller. A
tripling of the transmission probabilities would bring the
female incidences above the male ones.

2. The lower male prevalence rate translates into larger numbers
of susceptible men who have a higher chance of interacting
with an infected female (because of the women’s higher preva-
lence). This can result, at least in the short term, in male inci-
dence rates that are higher than females’, despite a higher
female prevalence.

In order to better understand the roles of dominance and of the
partnership formation process, we provide two further sensitivity
checks. In rows (3) and (4) of Table 5 we assume that male and fe-
male prevalences, respectively, apply to both genders. Both trans-
mission probabilities are set to their common baseline value. These
two rows thus illustrate the role of the partnership formation pro-
cess since prevalences and transmission probabilities are the same
for both genders. Balance constraints are satisfied, with higher
numbers of partners for the male dominant model. This translates
for both genders and in both rows into higher incidences for the
male model than the female one: in row (3) the male and female
incidences are 24.6/15.6-1 = 37% and 33% higher, respectively, for
the male dominant than for the female dominant model. In row
(4), the percentages are 44% and 40% higher for males and females.

For each model and in both rows, the female incidence exceeds
the male one: by 29.4/24.6-1 = 16% and 21% for the male and fe-
male models of row (3); by 8% and 15% for the two models of
row (4). That the female incidence exceeds the male one reflects
the fact that other things being equal women tend to have older
partners who have a higher probability of being infected than
younger men.

5. Discussion

In this paper we developed a relatively simple asymmetric part-
nership formation model which can be fitted to data on sexual
behavior. With either the male or female dominant model the esti-

Table 4
Parameter estimates for logistic regression of Eq. (20).

Men Women

Coef. SE Coef. SE

a0 �7.298 1.664 �3.400 1.154
a1 0.250 0.097 0.069 0.069
a2 �0.003 0.001 0.000 0.001
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Fig. 4. Observed and logistically fitted prevalence of HSV-2 in the US for men and
women (2007–2008).
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Fig. 5. Age-specific incidences of HSV-2 with a male and a female dominant model.

Table 5
Simulated total incidences of HSV-2 under male and female dominant assumptions
(in thousands).

Men Women

I2 (Male
dom.)

I2,imp (Fem.
dom.)

I1,imp (Male
dom.)

I1 (Fem.
dom.)

(1) Baseline 66.2 37.5 26.8 17.9
(2) Double transm. rate

females
66.2 37.5 53.7 35.8

(3) Male prev. rates for
both genders

24.6 15.6 29.4 19.8

(4) Female prev. rates for
both genders

60.3 33.6 65.9 39.4
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mated partnership formation functions (age distribution of part-
ners) were similar and consistent. With the male dominant model
(which assumes accurate male reports) the imputed average an-
nual rate of partner acquisition for women aged 16–45 was almost
twice the reported number (0.701 vs. 0.389). Similarly, with the fe-
male dominant model the imputed average number of partners for
males was less than half the reported number (0.355 vs. 0.761).

In light of the fact that the Weibull–Gompertz model captures
fairly accurately the level of sexual activity reported by either gen-
der whose reports were assumed accurate, we conclude that the
inconsistencies between reported and imputed numbers of part-
ners come from the misreporting of lifetime sexual partners. The
larger numbers reported by men may be due to the fact that they
use ‘‘rough estimates’’ as opposed to women’s ‘‘enumeration strat-
egy’’ [3].

The role of this misreporting in the modeling of sexually trans-
mitted diseases was illustrated with a very simple model of HSV-2.
Indeed the model ignored important aspects of the transmission
dynamics, such as the correlation between the number of partners
and the number of contacts with the same partner. Still, results
show that men reporting roughly twice as many partners as wo-
men translates into incidences that for men are 77% higher with
a male dominant model that with a female dominant one. For wo-
men the incidence is 50% higher with a male dominant model.

We chose to deal with misreporting by using only the male or
the female data, and imputing results for the other gender. On
the face of it this approach breaks the rule which says that all
the data must be used. However we do use both data sets when
we fit the model separately for men and women. This has two
advantages. First this approach ‘‘exposes’’ the inconsistency be-
tween the sexes. Second, the two sets of results provide plausible
upper bounds (when using male data) and lower bounds (with fe-
male data). This is because we are sure of only one thing: men
overestimate and women underestimate their numbers of part-
ners, the problem being that we do not know by how much.

It may be of interest to compare our results with those obtained
with models that treat both genders symmetrically, such as the
‘‘biased preference models’’ discussed in the introduction [11].
However the NATSAL data available to us could not be used to fit
the model. Even if it did, this approach would take us beyond the
scope of this paper as it leaves the researcher with the same dilem-
ma we were confronted with here: the data need to be made con-
sistent for the two genders and we are not sure how to achieve this
(i.e. which gender’s data is the most reliable). Arguably we could
‘‘split the difference’’ in terms of the male and female misreporting.
We would expect the results to fall between our low and high val-
ues, which are based on assumed correct female or correct male re-
ports. Our bounds are not proper confidence intervals but are
plausible lower and upper bounds as they rely on levels of sexual
activity that are too low if women are to be believed and too high
if men are to be believed.

Acknowledgment

The authors thank two anonymous referees whose comments
helped improve a previous version of the paper.

References

[1] M. Artzrouni, E. Deuchert, Do men and women have the same average number
of lifetime partners?, Math Pop. Studies 17 (4) (2010) 242.

[2] G.R. Baue, N. Khobzi, T.A. Coleman, Herpes simplex virus type 2 seropositivity
and relationship status among U.S. adults age 20 to 49: a population-based
analysis, BMC Infect. Dis. 10 (2010) 359.

[3] N. Brown, R. Sinclair, Estimating number of lifetime sexual partners: men and
women do it differently, J. Sex Res. 36 (1999) 292.

[4] R. Brugha, K. Keersmaekers, A. Renton, A. Meheus, Genital herpes infection: a
review, Int. J. Epidemiol. 26 (4) (1997) 698.

[5] J.A. Catania, A framework for conceptualizing reporting bias and its
antecedents in interviews assessing human sexuality, J. Sex Res. 36 (1999) 25.

[6] B. Erens, S. McManus, J. Field, C. Korovessis, A. Johnson, K. Fenton, et al.,
National survey of sexual attitudes and lifestyles II: Technical Report. National
Centre for Social Research, UK, 2001.

[7] E. Gouws, P.J. White, J. Stover, T. Brown, Short term estimates of adult HIV
incidence by mode of transmission: Kenya and Thailand as examples, Sex
Transm. Infect. 82 (Suppl 3) (2006) iii51.

[8] H.W. Hethcote, The mathematics of infectious diseases, SIAM Rev. 42 (4)
(2000) 599.

[9] J.M. Hyman, E.A. Stanley, A risk-based heterosexual model for the AIDS
epidemic with biased sexual partner selection, in: E. Kaplan, F. Brandeau
(Eds.), Modeling the AIDS Epidemic: Policy and Prediction, Raven Press, New
York, 1994, p. 511.

[10] J.M. Hyman, J. Li, Biased preference models for partnership formation, World
Congress Nonlinear Analysts (1996) 3137.

[11] J.M. Hyman, J. Li, Disease transmission models with biased partnership
selection, Applied Numerical Mathematics, Second International Conference
on the Numerical Solution of Volterra and Delay Equations 24 (2–3) (1997)
379.

[12] J.A. Jacquez, C.P. Simon, J. Koopman, L. Sattenspiel, T. Perry, Modeling and
analyzing HIV transmission: the effect of contact patterns, Math. Biosci. 92 (2)
(1988) 119.

[13] P.K. Jonason, An evolutionary perspective on sex differences in exercise
behaviors and motivations, J. Soc. Psychol. 147 (1) (2007) 5.

[14] D. Kirschner, J. Morgan, Solution of the asymmetric mixing problem, SIAM J.
Appl. Math. 58 (3) (1998) 725.

[15] S.G. Mahiane, C. Legeai, D. Taljaard, A. Latouche, A. Puren, A. Peillon, J.
Bretagnolle, P. Lissouba, E.P. Nguema, E. Gassiat, B. Auvert, Transmission
probabilities of HIV and herpes simplex virus type 2, effect of male
circumcision and interaction: a longitudinal study in a township of South
Africa, AIDS 23 (3) (2009) 377.

[16] N.B. Marks, Estimation of Weibull parameters from common percentiles, J.
Appl. Stat. 32 (1) (2005) 17.

[17] A. Nicolosi, M.L. Corrêa Leite, M. Musicco, C. Arici, G. Gavazzeni, A. Lazzarin,
The efficiency of male-to-female and female-to-male sexual transmission of
the human Immunodeficiency virus: A study of 730 stable couples,
Epidemiology 5 (6) (1994) 570.

[18] T. Smith, Discrepancies between men and women in reporting number of
sexual partners: a summary from four countries, Soc. Biol. 39 (3-4) (1992) 203.

[19] E.A. Stanley, Partner selection in heterosexual populations, in: O. Arino, M.
Kimnel, M. Langlais, D. Axelrod, (Eds.), Mathematical Population Dynamics:
Analysis of Heterogeneity, vol. 1: Theory of Epidemics, Wuerz, Canada, 1993, p.
311.

[20] J. Wadsworth, A.M. Johnson, K. Wellings, J. Field, What’s in a mean?–An
examination of the inconsistency between men and women in reporting
sexual partnerships, J. Royal Stat. Soc. Ser. A (Statistics in Society) 159 (1)
(1996) 111.

188 M. Artzrouni, E. Deuchert / Mathematical Biosciences 235 (2012) 182–188


