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ABSTRACT
Background and objectives Understanding the time
course of sexual partnerships is important for
understanding sexual behaviour, transmission risks for
sexually transmitted infections (STI) and development of
mathematical models of disease transmission.
Study design The authors describe issues and biases
relating to censoring, truncation and sampling that arise
when estimating partnership duration. Recommendations
for study design and analysis methods are presented and
illustrated using data from a sexual-behaviour survey that
enrolled individuals from an adolescent-health clinic and
two STD clinics. Survey participants were queried, for
each of (up to) four partnerships in the last 3 months,
about the month and year of first sex, the number of days
since last sex and whether partnerships were limited to
single encounters. Participants were followed every
4months for up to 1 year.
Results After adjustment for censoring and truncation,
the estimated median duration of sexual partnerships
declined from 9months (unadjusted) to 1.6 months
(adjusted). Similarly, adjustment for censoring and
truncation reduced the bias in relative risks for the effect
of age in a Cox model. Other approaches, such as
weighted estimation, also reduced bias in the estimated
duration distribution.
Conclusion Methods are available for estimating
partnership duration from censored and truncated
samples. Ignoring censoring, truncation and other
sampling issues results in biased estimates.

INTRODUCTION
Theoretical investigations of the transmission
dynamics of sexually transmitted infections (STI)
have demonstrated the importance of partnerships
and partnership networks on disease spread. A
number of studies have provided cross-sectional
summaries of partnerships and/or networks, such
as numbers of partners in a network,1 mixing
patterns2 and concurrency,3 and these results been
incorporated into STI epidemic models.4e6 Often,
such models use only summary statistics of part-
nerships and treat partnerships as instantaneous
entities so that their time course (ie, duration) is
lost. Alternative models that simulate the forma-
tion, evolution and dissolution of partnerships
suggest that partnership duration is a key determi-
nant of partnership turnover rate, concurrency and
STI risk.7 To date, however, there have been only
a few studies that report empirical data on the time
course of sexual partnerships.7e9 In this manuscript
we review issues that complicate estimation of the
distribution of the duration of sexual partnerships

from typical sexual-behaviour surveys, and we
recommend approaches to the design and analysis
of such surveys. To illustrate these methods we
analyse data from the Seattle Sex Partner Survey,2 10

a sexual behaviour survey of individuals recruited
through an adolescent health clinic and two STD
clinics.

METHODS
Conceptually, our goal is to estimate the distribu-
tion of duration of all partnerships for all members
of a defined population. In the absence of age and
cohort effects, one could sample this ‘population of
partnerships’ in a number of ways: select a random
sample of individuals and obtain duration infor-
mation on all or a random sample of their completed
partnerships; assemble a cohort of individuals prior
to sexual debut and follow them over time to obtain
duration information for all partnerships during
their life; or some combination of these. Additional
care must be taken in defining the sample if age and/
or cohort effects are expected, but estimation of the
duration distribution from such data would be
relatively straightforward. However, such sampling
strategies are generally not practical or possibled
individuals may not recall all partnerships, less
recent partnerships may be subject to recall bias,
follow-up periods are limited, etc. In contrast, the
strategies used in typical sexual-behaviour surveys
rely on non-random sampling of partnerships (eg,
most recent partners, all partners in a time interval)
and do not follow all partnerships to completion.
Without careful analysis, these procedures can lead
to biased estimates of partnership duration. In this
section, we review the statistical issues and
methods relevant to estimating partnership dura-
tion from typical sexual behaviour surveys using the
Seattle Sex Partner Survey (SSPS) as an example.

Seattle sex partner survey
Briefly, heterosexual men and women were
recruited from 1992 to 1995 into a study of sexual
behaviour and STI risk (‘source 1’ in Aral et al2);
66% of those approached agreed to participate in the
study. Participants were enrolled and followed every
4months for 1 year. At enrolment and each follow-
up visit, participants received a physical exam and
STI testing, and a standardised questionnaire was
administered. For a maximum of four heterosexual
partners within the past 3months (at entry) or
since the last visit (follow-up visits), participants
were asked to provide details on the month and year
of first sex, the number of days since last sex and
whether the partnership was limited to a single
encounter. Other than this single encounter
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indicator, participants were not asked whether partnerships were
‘ongoing.’ However, partnerships were tracked over follow-up
visits (by initials or other unique identifiers provided by the
participant) so that the visit date when each partnership ceased
to be reported could be determined.

Statistical issues and methods
Definition of the start and end of a partnership
The concept of ‘partnership duration’ implies that partnerships
have a well-defined beginning and end. While the start of a sexual
partnership is conceptually well defined, ascertainment of the
exact date based on retrospective interviews may be difficult. In
the SSPS, participants were asked to specify only the month and
year of the start of partnerships. Thus, for the purposes of these
analyses, partnership start time was fixed at the middle of the
month.

Defining the end of a partnership is more difficult, since the
duration reported by the participant at the time of the interview
is the ‘current duration’ and not necessarily the ‘total duration’ of
the partnership. The latter is important for estimating partner-
ship turnover rates and incorporating partnership time course
into mathematical models of sexually transmitted infections.
Ideally, participants should be queried about the status of their
partnerships, and this information can be used to classify the
partnership as ongoing or terminated (possibly with some
misclassification). If such information is unavailable or deemed
unreliable, then current duration can still be determined.
However, it is impossible to estimate total partnership duration
without further information and/or assumptions. For example,
since participants in the SSPS were not asked about the status of
their partnerships, we assumed that partnerships that were no
longer reported at a given follow-up visit (effectively, 4months
with no reported sexual activity) had ended at the date of last sex
reported at the previous visit. Partnerships that were described
continuously through the end of follow-up were considered
ongoing and were right-censored.

Partnership subsampling
Partnership surveys often ask participants to describe either all
sexual partners within a fixed time period (‘sampling window’)
or to describe a fixed number of most recent partners. In the SSPS,
for example, participants were asked at entry to describe their
most recent partners (up to four) within the past 3months. Both
subsampling schemes can lead to bias.

Fixed window subsampling tends to oversample longer part-
nerships, since longer partnerships are more likely to fall into the
window, a problem known as length-biased sampling or left-
truncation bias11 (left truncation means that shorter partner-
ships are more likely to be excluded from the sample). This bias
occurs even if all partners within the window are described. As
a result, the standard product limit estimator of Kaplan and
Meier12 overestimates the median length (and all other quantiles)
of sexual partnerships. As the length of the sampling window
increases, the bias decreases. One solution is to consider only
partnerships which began within the sampling window.
However, this approach discards much of the data and limits the
range of the duration distribution that can be estimated. A better
approach is to use a modified KaplaneMeier estimator that
explicitly accounts for left truncation13 (see appendix). A similar
modification can be made to Cox’s proportional hazards model to
evaluate factors that effect the duration distribution.

An alternative to fixed-window subsampling is to sample
a fixed number of partnerships for each participant. Participants
may be queried about their k (say) most recent partners or, less

commonly, about a random sample of k partnerships. Such
sampling schemes may also bias duration estimates. For
instance, suppose that within a hypothetical population of
participants, 50% have one partner, and 50% have two partners.
Thus, in this population, 33% of the partnerships are monoga-
mous. However, if we sample only one partnership per partici-
pant, then 50% of the partnerships in the sample will be
monogamous. If partnership duration is associated with the
number of partners, then the duration estimates from such
a sample will be biased. However, if the single partner from each
participant is chosen randomly, the bias can be removed by
weighting each sampled partnership according to the partici-
pant’s total lifetime number of partnerships. For instance, if
a participant reports five total lifetime partnerships, and infor-
mation is available on two of those, then each of those two is
given a weight of 5/2 in the analysis (an approach known as
inverse probability weighting). If most recent (rather than
random) partners are sampled, such a correction may not elimi-
nate the bias, since the recent partners may not be representative
of all partnerships (although more complex weighting schemes
have recently been proposed14). Sampling weights can be incor-
porated into estimation of the distribution function or a Cox
model using modern statistical packages.

CIs
Since each participant may contribute multiple partnerships,
and the partnership durations from a single individual may be
correlated, standard methods for computing CIs are suspect. To
assess the variability of the estimated duration distribution, we
recommend computing bootstrap-based CIs. The bootstrap
procedure resamples participants and uses all partnerships
associated with each resampled participant, thereby preserving
correlation among the partners of the same participant.15 Simi-
larly, robust variances16 may be used to provide valid CIs for the
relative hazards in a Cox model.
Table 1 summarises the issues discussed above. Descriptive

statistics, figures and algorithms were produced with the R
package, version 2.4.1 (http://www.r-project.org).

RESULTS
SSPS participants (n¼593) were followed for a median (IQR) of
197 days (0e370) and provided information on 1286 sexual
partnerships. Participants were primarily female (55%), white
(59%) and never married (84%) (table 2). Since some individuals
were recruited from an adolescent health facility, a relatively high
proportion of participants (26%) had not completed high school.
This dataset illustrates all of the complexities noted above:

participants were not explicitly asked whether partnerships had
ended, illustrating the problem of unknown censoring status,
and participants described up to four most recent partners in the
previous 3months, illustrating the issues of left-truncation,
partner subsampling and correlated data. We apply the methods
discussed above to demonstrate the impact of these issues on
estimation of the distribution of partnership duration.

Current duration versus total duration
Current duration is the length of time from the start of a part-
nership through the date of last sex. In contrast, total duration
incorporates censoring information (ie, whether or not the
partnership has ended). The lower line in figure 1 depicts the
KaplaneMeier (KM) estimate of the distribution of current
partnership duration without adjustment for left truncation.
The upper curve in figure 1 depicts the KM estimate of total
duration, also without adjustment for left truncation. Not
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surprisingly, the median and all other quantiles for current
duration are uniformly shorter than the corresponding values for
total duration (table 3), reflecting the effect of ignoring censoring.

Estimating duration with left-truncated partnerships
The estimate of total duration in figure 1 makes no adjustment
for left truncation and is reproduced as the dashed line in
figure 2A. The median duration from this curve is 9.0months,
but as explained previously, this figure is biased towards longer
durations. Using the truncation-adjusted estimator of the dura-
tion distribution produces a median estimated duration of
1.6months (solid line in figure 2A). Figure 2B shows that there
are large differences between the duration distributions reported
by participants recruited through the STD clinics versus the
adolescent health clinic (p<0.001). Interestingly, after stratifying
by clinic, the differences between the duration distributions for

different age groups are relatively small (RR¼0.99 (95% CI 0.73
to 1.32) and RR¼1.1 (95% CI 0.80 to 1.54) for comparing 19e22-
year-olds and>22-year-olds to those less than or equal to 18 years
old, respectively), although our ability to look for such age
differences is limited in the adolescent health facility. Failure to
adjust for left truncation also affects the estimated relative risks
in this example (RR¼0.70 and RR¼0.85 for the same compari-
sons when no adjustment is made for left truncation), although
the degree and direction of RR bias are difficult to predict. When
plotted on a log scale (not shown), the truncation-adjusted
estimators in figure 2B are similar in shape to the second to fifth
most recent partnership curves shown in figure 4 of Foxman
et al9dapproximately lineardsuggesting an exponential distri-
bution of partnership durations. Quantiles of the various dura-
tion distribution estimates are summarised in table 3.

Partnership sampling strategies
The effect of partnership sampling strategy (recent vs random)
is illustrated in figure 3. For simplicity, only partnerships
described at entrydwhen subsampling of partnerships is most
relevantdare included. Figures 3A,B show, respectively,
duration distribution estimates from most-recent and random

Table 1 Summary of methodological issues

Scientific/study design issue Statistical concern Solution(s)

Current versus total duration Censoring status <Current durationdignore censoring
<Total durationdinfer censoring from
questionnaire or follow-up

Fixed window sampling Left truncation (length-biased sampling) <Design study with longer sampling
window
<Restrict analysis to partnerships
initiated within the sampling window, or
<Use KaplaneMeier estimate modified to
account for left truncation
<Randomly sample partnerships within
a long window

Fixed number of partners sampling Sample of partnerships biased towards
individuals with fewer partners; possible
length-biased sample

<Weight partnerships by total number of
partners in lifetime
<Randomly sample partnerships within
a long window

Multiple partnerships per individual Correlated data <Use bootstrap or robust variance to
compute CIs

Table 2 Descriptive statistics for participants (N¼593) from the Seattle
Sex Partner Survey sample

No %

Gender Male 265 45

Female 328 55

Race* White 348 59

Black 176 30

Other 68 11

Age group less than 20 199 34

20e24 181 30

25 and older 213 36

Marital status Never married 502 84

Married 22 4

Divorced 52 9

Other 17 3

Education Less than high school or
still in high school

154 26

High school 194 33

More than high school 245 41

No partners described
over follow-up

1 282 48

2 133 28

3 80 9

4 51 6

5 or more 47 9

Median (25the75th)

Age 23 (19e28)

*One missing observation.
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Figure 1 Current duration versus unadjusted total durationdall
reported partnerships. Current duration is the time from the start of the
partnership to the last reported date of sex. Total duration is similar
except that partnerships are considered ongoing unless (i) they are listed
as single encounters or (ii) there has been a 1 visit (w120 day) hiatus in
sexual activity. Neither estimate is adjusted for left truncation.
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1- and 2-partnerships subsamples compared with the full
sample of partnerships (which includes up to the four most
recent partnerships and may, therefore, suffer some bias as
well). All the estimates are left-truncation-adjusted, and
censoring information is incorporated. For both sampling
schemes, the over-representation of partnerships from partici-
pants who report few total partners (within the previous
3months) shifts the duration distribution towards longer
durations (compared with the distribution from all partner-
ships). The estimates based on randomly selected partnerships
(figure 3B) can be corrected with weights calculated from the
total number of reported partnerships for each participant
(figure 3C). Correcting the bias induced by most recent partner
sampling is more difficult due to (potential) dependence
between duration and number of reported partners. Nonethe-
less, figure 3C shows that weighting the most recent partner
sample by number of partnerships does substantially reduce the
bias in this example. There is no guarantee, however, that such
weighting will always reduce the bias attributable to most
recent partner sampling, since the most recent partners may not
be representative of all partnerships.

DISCUSSION
Analyses of data on the duration of sexual partnerships collected
in sexual behaviour surveys are complicated by a number of
issues including censoring, truncation and sampling biases, and
correlated data. Although some of these issues have been
recognised previously,9 14 no comprehensive analysis of their
impact has been presented. We review these issues and illustrate
their effect in the SSPS. We also suggest solutions that are
appropriate for different study designs. A recent paper by Copas
et al14 provides alternative approaches based on weighting and
focuses on the most recent partner sampling.

We distinguish between the ‘current duration’ and ‘total dura-
tion’ of a partnership. Current duration may be more relevant to
risk of STI, while total duration is more relevant to investigations
of disease transmission and epidemic course, and is necessary to
parameterise mathematical models of disease transmission. To
estimate total duration, the end of a partnership must be unam-
biguously defined, and ongoing partnerships must be treated as
right-censored. To determine if a partnership has ended, the
researcher can explicitly ask whether the partnership is ongoing;
alternatively, in longitudinal surveys, partnerships that have not
been active for a given period may be assumed to have ended. In
the SSPS, the end of a partnershipwas defined as a hiatus in sexual
activity of approximately 4months, although this definition was
driven as much by the study design as by any underlying
behavioural construct. However, once one distinguishes between
current duration and total duration, other issues related to
endpoint definition (eg, interval censoring) are less critical.

In addition to right censoring, the design of sexual-behaviour
surveys often leads to left truncation and length-biased sampling.
For instance, fixedwindow sampling preferentially includes longer
partnerships and can lead to significant biases in the estimated
duration distribution. This bias can be removed with appropriate
statistical methods that incorporate information on the window
length. Sampling schemes that select afixednumber ofmost recent
partnerships can also bias estimates of partnership duration. In the
SSPS data, the bias induced by most recent partner sampling
appears to be less than that seenwith fixedwindow sampling (and
declines as more partners are sampled). However, bias due tomost

Table 3 Quantiles of the duration distribution of the Seattle Sex Partner Survey data by various methods (see text)

0.1 0.25 (lower quartile) 0.5 (median) 0.75 (upper quartile) 0.9

Current duration* 0 daysy 11.5 days 2.1months 10.9 months 31.4months

Total duration

Unadjusted* All 7.0 days 33.5 days 9.0months 49.5 months 103months

Truncation adjusted All (95% CI)z 3.0 days (1.5 to 5.0) 12.0 days (10.5 to 14.0) 1.6months (1.4 to 2.0) 6.8months (5.7 to 7.9) 16.8months (14.2 to 20.9)

Adolescent health
facility clinic (95% CI)z

5.0 days (3.5 to 10.5) 19.0 days (13.0 to 53.5) 5.3months (3.1 to 7.3) 19.1 months (12.3 to 24.4) 28.5months (24.3 to 50.4)

STD clinic (95% CI)z 2.0 days (1.0 to 4.5) 11.0 days (9.5 to 12.5) 1.3months (1.1 to 1.6) 4.9months (3.8 to 6.3) 11.9months (10.0 to 14.9)

*No adjustment for left truncation.
ySingle encounter.
zCIs are based on the 2.5th and 97.5th percentiles the bootstrap distribution based on 2000 bootstrap samples.
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Figure 2 Truncation-adjusted total partnership durationdall reported
partnerships. (A) Estimates of the Seattle Sex Partner Survey total
duration distribution corresponding to an unadjusted KaplaneMeier (KM)
estimator for all partnerships (median duration¼9.0months) and
a truncation-adjusted estimator for all partnerships
(median¼1.6months). (B) Truncation-adjusted estimator of total part-
nership duration separated by clinic type and age group. AH, adolescent
health facility; STD, STD clinic.
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recentpartner sampling is lesswell defined, and statisticalmethods
to adjust for it depend on assumptions about the representative-
ness of the sampled partners.

An alternative to adjusting for left truncation and sampling
biases in the analysis is to design the survey to reduce or elim-
inate the biases by limiting the extent to which partnership

inclusion criteria are associated with the outcome of interest (ie,
partnership duration). One possible strategy is to first query
participants for a small number of key statistics about all of their
partnerships within a relatively long window prior to the
interview. Then, the interviewer could randomly sample
a subset of these partnerships from which more extensive
information is to be gathered. Any estimates based on the
random subsample should use weights to correct the estimates
for the total number of partners reported by each participant.
Such a strategy may be subject to recall bias, however, and is
likely to be most effective in individuals who have had a small to
moderate number of partners (ie, so all can be listed and
recalled). The trade-off between recall bias and length bias is
a potential area for future research.
A key assumption of the statistical methods presented here is

that the censoring and truncation processes are independent of
duration. The independence assumption for censoring is
commonly made in time-to-event analyses and may be reason-
able in many settings. Independent truncation means that the
sampling window does not depend on the time to the event of
interest (eg, end of partnership). The assumption of independent
truncation may be violated if there is a significant secular trend
in duration (ie, partnerships are systematically getting longer or
shorter over time). The sensitivity of duration distribution
estimates to such violations can be explored through simulations
tailored to the particular setting, but ultimately, such assump-
tions are not testable, and conclusions based on these methods
should be appropriately circumspect.
The methods described here have been applied to a longitu-

dinal sexual-behaviour survey. However, all of the methods
described, with the exception of our approach to distinguishing
completed from ongoing partnerships (which depends on the
availability of follow-up data), are equally relevant and appli-
cable in cross-sectional surveys.
We have not discussed in detail more common sampling

issues, but these are important as well. For instance, the data
analysed here are collected from participants coming to STI
clinics and an adolescent health clinic. The duration distribution
estimated from these data may be representative of similar clinic
populations but is unlikely to be representative of the broader
population outside such clinics17 For instance, the quantiles of
the duration distribution summarised in table 3 from this clinic
population are uniformly shorter than those seen in Foxman et
al’s telephone survey of the Seattle general population.9

In summary, estimates of partnership duration based on
surveys of sexual behaviour are subject to multiple sources of
bias and variability. However, through careful design and
analysis, the biases can be substantially reduced and the vari-
ability appropriately quantified.
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Figure 3 Partner sampling schemes. All panels include only partici-
pants described at entry, when partner sampling is most pronounced. (A)
Duration estimates using only the 1 and 2 most-recent partnerships
compared with the duration based on all partnerships. (B) Duration
estimates when at most 1 and 2 partnerships are randomly sampled for
each participant. (C) Effect of weighting by number of reported partners
on the duration estimates based on one partnership selected at random or
the most recent partnership.

Key messages

< Estimates of partnership duration depend on a careful definition
of the end of a partnership to distinguish completed from
ongoing (right-censored) partnerships.

< Typical sexual behaviour surveys produce biased estimates of
duration; such biases can be reduced through a combination of
design and analysis.

< CIs must adjust for correlated data when information on
multiple partnerships is gathered from each participant.
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APPENDIX
The usual product limit estimator of the survival curve of the duration distribution may
be written as

SðxÞ ¼
Y
yi#x

�
1� d

�
yi
�

R
�
yi
�
�

where the product is over all unique event times (durations, yi) less than or equal
to x, d(yi) is the number of uncensored events (durations) exactly equal to yi and

RðyiÞ¼N�+
j
Iðyj < yiÞ where N is the sample size and I(.) is the indicator

function (ie, I(z)¼1 if z is true and 0 otherwise). For truncated data, we use the same

estimator but define R(yi) as RðyiÞ¼+
j
Iðtj < yiÞ�+

j
Iðyj < yiÞ where tj is the

truncation time for the jth observation. In the present context, the truncation time is
the time between the start of the partnership and the start of the sampling window
(tj¼0 for partnerships that began after the start of the sampling window).

Statistical programs that allow for a ‘counting process’16 style of input for survival
data (eg, SAS, Stata, R) can also be used to estimate the duration distribution for left-
truncated data by entering the truncation time (tj in the above) as ‘time 1’ and the
partnership duration (yj in the above) as ‘time 2.’ Each of these packages supports this
data format for both product limit estimates and Cox proportional hazards modelling.
In addition, robust variances for the relative hazards in a proportional hazards model are
supported.
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