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Abstract

Background and objectives—Heterosexual HIV-1 serodiscordant couples are increasingly
recognized as an important source of new HIV-1 infections in sub-Saharan Africa. A simple risk
assessment tool could be useful for identifying couples at highest risk for HIV-1 transmission.

Methods—Using data from three prospective studies of HIV-1 serodiscordant couples from
seven African countries and standard methods for development of clinical prediction rules, we
derived and validated a risk scoring tool developed from multivariate modeling and composed of
key predictors for HIV-1 risk that could be measured in standard research and clinical settings.

Results—The final risk score included age of the HIV-1 uninfected partner, married and/or
cohabiting partnership, number of children, unprotected sex, uncircumcised male HIV-1
uninfected partner, and plasma HIV-1 RNA in the HIV-1 infected partner. The maximum risk
score was 12, scores =5 were associated with an annual HIV-1 incidence of >3%, and couples
with a score =6 accounted for only 28% of the population but 67% of HIV-1 transmissions. The
area under the curve for predictive ability of the score was 0.74 (95% CI 0.70-0.78). Internal and
external validation showed similar predictive ability of the risk score, even when plasma viral load
was excluded from the risk score.

Conclusions—A discrete combination of clinical and behavioral characteristics defines highest-
risk HIV-1 serodiscordant couples. Discriminating highest-risk couples for HIV-1 prevention
programs and clinical trials using a validated risk score could improve research efficiency and
maximize the impact of prevention strategies for reducing HIV-1 transmission.
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Introduction

Methods

Of the nearly 2 million new HIV-1 infections in sub-Saharan Africa each year, a substantial
proportion occur within stable, cohabiting heterosexual couples, making this population a
priority for HIV-1 prevention research and implementation of effective HIV-1 prevention
strategies [1-3]. As African countries are adopting couples HIV-1 counseling and testing as
an HIV-1 prevention strategy, more couples of previously unknown serostatus are becoming
aware of being HIV-1 serodiscordant [4, 5]. Couples aware of their serodiscordant status
continue to face HIV-1 risk [6-10], and there is an urgent need to design optimal strategies
for evaluation and delivery of HIV-1 prevention strategies for couples, particularly how to
target prevention strategies to realize maximum population HIV-1 prevention benefits.

Risk factors for HIV-1 transmission in serodiscordant partnerships include high HIV-1
plasma concentrations in the HIV-1 infected partner, unprotected sexual activity, multiple
partners and uncircumcised status for HIV-1 susceptible male partners [11-13]. A recent
study showed that a risk algorithm, assessing the contribution of multiple risk factors, could
be mathematically derived from the literature to identify partnerships at higher risk for
transmission [14], but simple risk algorithms, for use in real-world settings and based on
empiric data, have not been developed. While all serodiscordant couples are potentially at
risk for HIV-1 transmission, defining those couples at the highest risk might permit more
efficient recruitment of couples into clinical studies of novel prevention strategies and more
cost-efficient, targeted delivery of expensive HIV-1 prevention interventions, such as earlier
initiation of antiretroviral therapy (ART) for HIV-1 infected partners or antiretroviral pre-
exposure prophylaxis (PrEP) for HIV-1 prevention in uninfected partners [15-18].

Clinical prediction rules, also known as clinical decision rules, are evidence-based
assessment tools that use patient medical history, physical examination, and diagnostic test
results to assist in medical decision-making [19, 20]. Clinical prediction rules are typically
simple, efficient, and easy to implement and use in a clinical setting, but the methods for
developing them can also be applied to assessing risk for prevention intervention [21-23].
Standardized, rigorous processes have been described for developing clinical prediction
rules, including deriving and validating the prediction rule [23,24]. We used standard
methods for development of clinical prediction rules to create and validate a risk-scoring
tool to identify highest-risk HIVV-1 serodiscordant couples.

We used data from three prospective studies in Africa of stable heterosexual HIV-1
serodiscordant couples to assess the relationship between clinical and behavioral variables
and the risk of HIV-1 acquisition, focusing on variables that could be measured in a standard
clinical or research setting.

Study population

Partners in Prevention HSV/HIV Transmission Study (derivation cohort)—
Between November 2004 and April 2007, we enrolled 3408 heterosexual HIV
serodiscordant couples from 7 African countries (Botswana, Kenya, Rwanda, South Africa,
Tanzania, Uganda, and Zambia) into the Partners in Prevention HSV/HIV Transmission
Study, a randomized, double-blind, placebo-controlled clinical trial of herpes simplex virus
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type 2 (HSV-2) suppressive therapy to reduce HIV-1 transmission, as previously described
[25]. Eligible couples were at least 18 years of age, reported =3 vaginal sex acts in the three
months prior to enrollment, and intended to remain a couple. At enrollment, all HIV-1
infected partners were HSV-2 seropositive, had CD4 counts =250 cells/p.L (making them
ineligible for ART under national guidelines of the study countries at that time), and were
not currently taking ART. HSV-2 suppressive therapy failed to reduce HIV-1 transmission
within partnerships [26].

Couples Observational Study (validation cohort)—In a parallel study at two of the
Partners in Prevention HSV/HIV Transmission Study sites (Kampala, Uganda and Soweto,
South Africa), an additional 485 HIV-1 serodiscordant couples who were not participants in
the Partners in Prevention HSV/HIV Transmission Study were enrolled into an
observational study of immune correlates of HIV-1 protection [27]. Similar to the clinical
trial cohort, participants were =18 years of age and sexually active and HIV-1 seropositive
partners were not using ART.

Partners PrEP Study (validation cohort)—The Partners PrEP Study is a randomized,
placebo-controlled, three-arm clinical trial that assessed the safety and efficacy of oral PrEP
for the prevention of HIV-1 acquisition using the antiretroviral medication tenofovir (TDF),
either alone or in combination with emtricitabine (FTC/TDF). Between July 2008 and
November 2010, 4758 HIV-1 serodiscordant couples from nine sites in Kenya and Uganda
were enrolled. Eligible couples were at least 18 years of age and sexually active, with the
intention to remain a couple [28]. HIV-1 infected partners were not using ART, had CD4
counts =250 cells/mm3, and did not otherwise meet Kenyan or Ugandan guidelines for
initiation of ART. The trial’s placebo arm was discontinued in July 2011 due to significant
reduction in HIV-1 acquisition risk for both TDF and FTC/TDF [17]. For this analysis, we
included only couples in the placebo arm.

In the Partners in Prevention HSV/HIV Study and the Couples Observational Study cohorts,
HIV-1 uninfected partners were seen quarterly for HIV-1 serologic testing. In the Partners
PrEP Study, testing was monthly.

Protection of Human Subjects

All participants received HIV-1 and risk-reduction counseling (both individual and as a
couple), free condoms, and treatment for sexually transmitted infections (STIs), according to
World Health Organization (WHO) guidelines. Written, informed consent was obtained
from all participants. The study protocols were approved by the University of Washington
Human Subjects Review Committee and ethical review committees at each of the study
sites.

Laboratory methods

HIV-1 seroconversion of initially uninfected partners was determined by serologic testing
using dual rapid HIV-1 antibody test with confirmatory HIV-1 EIA, Western blot, and RNA
PCR. For HIV-1 infected partners, CD4 counts were quantified using standard flow
cytometry and plasma HIV-1 RNA levels were quantified by PCR performed at the
University of Washington using the COBAS Ampliprep/COBAS TagMan real-time HIV-1
RNA assay, version 1.0 (Roche Diagnostics, Indianapolis, IN), with a lower limit of
quantification of 240 copies/mL.

Risk score variables and data analysis

Our goal was to develop a risk score that could be calculated as a simple scorecard, aiming
for three to ten categorical predictors, validated on external data sources. We used methods
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described by McGinn, et al. for developing clinical prediction rules using similar derivation
and validation processes [23]. We derived the rule based on known and suspected predictors
that were clearly defined and present in a significant proportion of our cohort. We validated
the rule both internally and externally to determine the predictive ability of the rule.

The primary study outcome was HIV-1 seroconversion in previously HIV-1 seronegative
participants. We did not utilize HIV-1 transmission linkage data available from viral
sequencing [29] (i.e., to distinguish transmissions that occurred from the study HIV-1
infected partner versus an external partner), as we considered that any HIV-1 acquisition
event, regardless of source, would be important for HIVV-1 prevention programs.

From the Partners in Prevention HSV/HIV Transmission Study cohort, we identified
potential predictors of HIV-1 acquisition based on characteristics known to be associated
with HIV-1 risk that could also be feasibly collected from couples in general clinical and
research settings. The list of variables considered included demographic (age, gender of the
HIV-1 infected partner, number of children, marital status, cohabitation and duration of
partnership), behavioral (frequency of sex, unprotected sex reported in the prior 30 days),
clinical factors (male circumcision status for HI\VV-1 uninfected men, hormonal contraceptive
use), and laboratory measures of HIV-1 disease stage in HIV-1 infected partners (plasma
HIV-1 level and CD4 count) collected at study enrollment. We restricted our consideration
to enrollment variables in order to mimic the type of cross-sectional information that would
be available for performing a risk assessment in a standard clinical setting. We converted
continuous predictors to categorical variables using optimal cut-points identified through
signal detection ROC analysis, weighting false positives over false negatives [30]. We
determined signal detection to be the appropriate method for selecting cut-points for
categorizing, because it allows for higher-level interactions among all variables and uses
recursive partitioning identifying subgroups at highest risk, thus reducing potential
misclassification of more arbitrary categories.

We assessed the relationship between our defined predictor variables and HIV-1 infection
risk. We censored couples’ follow-up at 12 months, anticipating that prevention programs
would reevaluate couples’ risk at approximately annual intervals. Additionally, couples in
which the HIV-1 infected partner started ART were censored at initiation since clinical
studies and HIV-1 prevention programs would likely consider couples in which the infected
member initiated ART to be receiving a highly-effective prevention intervention [15].
Potential predictors that were significantly associated with HIV-1 transmission risk in
univariate comparisons or those predictors we selected a priori for evaluation (gender,
unprotected sex, circumcision status and plasma HIV-1 RNA) were evaluated in a
multivariate model. To determine the combination of variables that best predicted HIV-1
risk, potential predictors from the multivariate model were assessed in a fully stepwise
sequence Cox proportional hazards model, where all predictors were evaluated at each step
for inclusion or exclusion. We use the lowest Akaike Information Criterion (AIC) on all
possible models from the final stepwise model to determine the predictors for the risk score.
The score values for individual risk factors were obtained by dividing the coefficients from
the hazard model for each predictor from the final proportional hazards model by the lowest
coefficient among all predictors and rounding to the nearest integer. The sum of individual
parameter score values for each predictor determined the final risk score for each couple.
HIV-1 transmission incidence was calculated by risk score group. Due to the costs and
limited availability of viral load assays in some settings, we also calculated HIV-1 incidence
for risk score groups excluding viral load.

We used internal and external validation methods for assessing the robustness of our final
risk score model. For internal validation, we used a 10-fold cross-validation of the final risk
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score and compared the area under the ROC curve (AUC) of our final model with the
average AUC of the 10 different models for predictive ability and robustness. For external
validation, we applied the risk scores separately to the Couples Observational Study cohort
and the placebo arm of the Partners PrEP Study cohort.

All analyses were conducted using SAS (v.9.2, Cary, NC) and public domain ROC5
(Department of Veteran’s Affairs and the National Institute of Aging of the United States).

Of 3408 couples enrolled in the Partners in Prevention HSV/HIV Transmission Study, 61
were excluded because no follow-up visits were completed and 49 were excluded for
missing predictor data. Of the remaining 3297 couples, most were married and cohabitating
(Table 1). They reported a median of 4 (IQR 3-10) sex acts in the 30 days prior to
enrollment with 35% reporting at least one unprotected sex act. The median number of
children within the partnership was 1 (IQR 0-2), with 31% having no children together.
Among HIV-1 infected partners, the median CD4 count was 462 cells/mm3 (IQR 347-631)
and median plasma HIV-1 concentration was 11,746 copies/mL (IQR 2285-48,070) with
24% having a plasma HIV-1 concentration 250,000 copies/mL. Among HIV-1 uninfected
men, 63% were uncircumcised. Retention of initially HIV-1 uninfected partners at 12
months was 92%. During 3126 person-years of follow-up, a total of 107 HIV-1
seroconversions occurred (incidence 3.4 per 100 person-years).

model

Development of the final risk score model is detailed in Table 2. In the stepwise Cox
proportional hazards analysis, age of the HIV-1 uninfected partner, married and/or
cohabiting partners, number of children, unprotected sex, uncircumcised status of male
HIV-1 uninfected partners, and HIV-1 plasma viral load were retained in the final prediction
model. Notably, gender was not determined to be a key predictor of HIV-1 risk and was not
included in the final model, as gender effects on transmission risk were accounted for by
other predictors, such as viral load.

We calculated the total risk score for each couple by summing the individual parameter
scores determined in the final risk model and the HIV-1 incidence for each risk score was
generated (Figure 1A). Scores =5 were associated with an annual HIV-1 incidence of >3%.
For example, a score of =6 identified 67% of the observed HIV-1 seroconversion events
among only 28% of the total study population. In the risk score in which HIV-1 plasma viral
load was excluded, the overall incidences were lower but followed a similar pattern to the
full risk score (Figure 1B).

Compared to our risk score algorithm, we found that individual risk factors had more limited
discriminatory potential in predicting HIV-1 seroconversion. Figure 2 shows ROC curves
for the continuous predictors included in our model (plasma viral load, HIV-1 uninfected
partner and number of children) along with the ROC curve for the composite risk score. In
addition, Figure 2 depicts the ROC curve for the full multivariate model (from Table 2)
compared with the composite risk score model based on the stepwise selection; the two
curves essentially overlap, demonstrating that the more parsimonious risk score model
captures essentially all predictive ability of the more complex model. Among binomial risk
factors, unprotected sex alone predicted 55% of HIV-1 seroconversions, from 35% of the
cohort (incidence 5.4 per 100 person-years), and uncircumcised status of male uninfected
partners alone predicted 63% of male HIV-1 seroconversions, from 45% of the male cohort
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(incidence 4.3 per 100 person-years). Married and/or cohabiting partners made up 94% of
HIV-1 seroconversions, but almost all couples (92%) were married and/or cohabiting.

Model validation

The area under the curve (AUC) for the probability of the risk score to correctly predict
HIV-1 acquisition was 0.74 (95% CI 0.70-0.78). Internal cross-validation showed the
average AUC for 10 subsets analyzed was 0.73, similar to the AUC of the full dataset and
indicating robust generalizability of the risk algorithm within the dataset.

For external validation, we applied our risk score to the Couples Observational Study cohort
and the placebo arm of the Partner PrEP Study (characteristics defined in Table 1). The
observational cohort included 476 couples, of which 15 had an HIV-1 seroconversion event
(incidence 3.2 per 100 person-years). Using the cutoff risk score of =6, we predicted 80% of
seroconversions from 37% of the population (Figure 1C). No HIV-1 seroconversion events
occurred among couples having a risk score <2. The AUC for the risk score applied to the
Couples Observational Study cohort was 0.76 (95%CI 0.70-0.83) The Partners PrEP Study
cohort included 1499 couples in the placebo arm, among whom 45 seroconverted in the first
year of follow-up (incidence 2.6 per 100 person-years). A risk score cutoff of =6, which was
observed in 25% of the cohort, predicted 55% of HIV-1 seroconversions (Figure 1D), with
an AUC of 0.70 (95%Cl 0.64-0.76).

Discussion

The results of this analysis demonstrate that a discrete set of factors, considered in
combination and quantified to develop a risk score, can efficiently identify a subpopulation
of stable HIV-1 serodiscordant couples at higher risk for HIVV-1 transmission. The predictors
selected for our final risk score model are well-established risk factors for HIV-1 and
included factors measurable in clinical settings: plasma HIV-1 RNA concentrations,
unprotected sex, young age, marital status, no or few children in the partnership, and
uncircumcised status of HIV-1 uninfected men [11, 31-37]. Importantly, the combination of
risk factors in a single algorithm allowed for more precise predictive capability than
individual predictors. The score had good predictive ability in internal and external
validation, which lends strength to our findings. To our knowledge, the model defined here
is the first empirically-based risk assessment tool for identifying high-risk HIV-1
serodiscordant heterosexual couples, and it offers a simple, quantitative approach for
defining couples at higher HIV-1 risk. Our findings are relevant to both clinical research
studies (to improve efficiency of recruitment and predict anticipated HIV-1 incidence) and
programmatic roll-out of new HIV-1 prevention strategies (to maximize cost-effectiveness
by targeting those at greatest risk) [20-22].

New HIV-1 prevention strategies, such as early ART initiation and PrEP, offer the potential
to markedly decrease HIV-1 transmission. To have the greatest impact on preventing HIV-1
transmissions among HIV-1 serodiscordant couples, while containing costs, targeting
couples at highest risk may be important [38]. Recent WHO guidance on HIV-1 prevention
for HIV-1 serodiscordant couples recommended consideration of ART initiation for couples
regardless of CD4 count as well as consideration of PrEP [39]. While ART for HIV-1
infected partners with immediate clinical need is required, many countries have not yet
implemented earlier ART, or PrEP for couples, due to cost constraints. A risk score for
couples allows for rapid risk assessment making the identification of target populations
feasible in clinical settings. An example of the simplicity of the risk scoring tool is
demonstrated by an example risk scoring card in Figure 3. Scores =5 were associated with
an annual HIV-1 incidence of >3% in our cohorts (Figure 1), with higher incidences for
scores of 6, 7 or 8. For HIV-1 prevention and research programs, determining a score cut-
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off to discriminate higher-risk couples for prioritized prevention interventions will need to
take into account HIV-1 incidence, proportion of the population across different risk scores,
and available resources.

In addition to programmatic roll-out, our results have relevance for recruitment for clinical
research studies, such as large clinical trials of candidate prevention strategies for couples.
HIV-1 incidence is the main determinant of the size of HIV-1 prevention efficacy trials, and
novel methods for accurately estimating HIV-1 incidence for planning of trials are needed,
to reduce the number of participants and follow-up time required to identify effective
interventions [40]. Several HIV-1 prevention trials have ended with no discernible effect of
an intervention, in part due to low HIV-1 incidence [41-43], and thus effective interventions
may have been “missed” by trials that did not accurately anticipate HIV-1 incidence [43].

Although our risk score was derived from a study that was conducted in seven African
countries, a limitation of our analysis is the lack of broad validation to different populations
of couples; our research cohorts recruited couples in stable relationships with relatively low
overall HIV incidence (~2-3% per year). However, our populations reflect the motivated
subpopulation of HIV-1 serodiscordant couples who would present for research studies and
to clinics to access novel HIV-1 prevention interventions — precisely the group for whom
this scoring tool could be implemented. Our results do not derive from couples who are
unaware of their serodiscordancy, who may face very high HIV-1 incidence [44], but such
couples would also be unlikely to access prevention services — efforts to promote testing as a
couple thus remain critically important. All HIVV-1 infected partners in our derivation cohort
were co-infected with HSV-2; however, HSV-2 seroprevalence is >80% among HIV-1
infected persons in sub-Saharan Africa [45]. Although HSV-2 seropositivity is a risk factor
for HIV-1 acquisition [46], we did not include HSV-2 serostatus of HIV-1 uninfected
partners as a potential predictor in our models because HSV-2 serologic testing is not
broadly available in most clinical settings in Africa. We retained HIV-1 plasma viral load in
our final model, given the importance of this factor in predicting HIV-1 transmission;
however, we were able to identify a risk score that would sufficiently identify highest-risk
couples even without the inclusion of plasma viral load for setting where viral load assays
are not available. Notably, we previously reported that 30% of HIV-1 transmissions in our
derivation cohort occurred from outside the study partnership [29], emphasizing that
characteristics of the infected partner (like plasma HIV-1 levels) alone are likely not fully
sufficient to predict transmission risk. Importantly, our risk score related predictor variables
to all HIV-1 acquisitions, not just those determined to have occurred within the partnership,
as ultimately HIV-1 prevention programs would want to prevent all new infections.

Operations research is needed to determine the feasibility of implementing this risk score in
diverse research, clinical and HIV-1 testing settings and the impact on behaviors, costs, and
programmatic and study efficiency. Further validation of our risk score in additional cohorts
should be considered before widespread implementation. Importantly, this risk score was
developed to identify couples at highest risk of HIV-1 transmission, but it is not necessarily
a method for individual risk counseling. In our analyses, a low score did not indicate zero
HIV-1 risk, and all serodiscordant couples should be counseled about risk-reduction
strategies, including behavior change, condoms, and treatment of sexually transmitted
infections that might facilitate HIV-1 transmission. Additionally, ongoing assessment of risk
should be conducted among couples for changes in behavior and clinical progression that
could impact HIV-1 transmission risk. Nonetheless, novel prevention strategies, such as
PrEP, may have their greatest impact, as well as an appropriate balance of benefits versus
potential toxicity, if targeted to those at greatest risk. Clinical research protocols frequently
include behavioral risk characteristics in eligibility assessment, and evaluation of risk has
been recommended in initial guidance documents related to PrEP for HIV-1 prevention [47].
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To maximize use of resources, there is a crucial need to identify those subpopulations at
highest risk for targeted prevention. Implementation of new prevention strategies and
programmatic roll-out of interventions must consider efficient risk assessment that will
target high-risk populations to achieve the greatest impact on reducing new HIV-1
infections. A simple, quantitative risk score could offer a robust, usable method for
identifying HIV-1 serodiscordant couples at highest risk for HIV-1 acquisition.
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Figure 1.

Incidence of HIV-1 infection by risk score
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Figure2.

ROC curves comparing risk score to individual continuous predictors.
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Age of HIV-1 uninfected partner
20 years or less
21-30 years
More than 30 years
Number of children
0
1-2
3 or more
Male HIV-1 uninfected partner uncircumcised
Yes
No
Married and/or cohabiting
Yes
No
Unprotected sex within partnership, prior 30 days
Yes
No
HIV-1 plasma viral load, HIV-1 infected partner

50,000 copies or higher

10,000-49,999 copies

Less than 10,000 copies
Total score

Figure 3.
HIV-1 acquisition risk score worksheet.
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