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Abstract

BACKGROUND—Successful partner notification can improve community-level outcomes by 

increasing the proportion of persons living with HIV who are linked to HIV care and virally 

suppressed, but it is resource intensive. Understanding where HIV transmission pathways may be 

undetected by routine partner notification may help improve case finding strategies.

METHODS—We combined partner notification interview and HIV sequence data for persons 

diagnosed with HIV in Wake County, NC in 2012-2013 to evaluate partner contact networks 

among persons with HIV pol gene sequences ≤ 2% pairwise genetic distance. We applied a set of 

multivariable generalized estimating equations to identify correlates of disparate membership in 

genetic vs. partner contact networks.
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RESULTS—In the multivariable model, being in a male-male pair (adjusted odds ratio 

(AOR)=16.7, p=0.01), chronic HIV infection status (AOR=4.5, p<0.01), and increasing percent 

genetic distance between each dyad member’s HIV pol gene sequence (AOR=8.3 per each 1% 

increase, p<0.01) were all associated with persons with HIV clustering but not being identified in 

the partner notification network component. Having anonymous partners or other factors typically 

associated with risk behavior were not associated.

CONCLUSIONS—Based on genetic networks, partnerships which may be stigmatized, may have 

occurred farther back in time, or may have an intervening partner were more likely to be 

unobserved in the partner contact network. HIV genetic cluster information contributes to public 

health understanding of HIV transmission networks in these settings where partner identifying 

information is not available.

Short summary:

Comparing partnerships disclosed during public health HIV investigations to HIV genetic clusters 

around Raleigh, North Carolina, identified factors associated with failing to observe partnerships 

during contact tracing.
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INTRODUCTION

The Seek, Test, Treat, and Retain strategy aims to identify persons living with HIV infection 

who do not know their status and remove barriers to retaining them in clinical care and on 

therapy.1,2 “Seeking” and “testing” rely on several public health actions, including partner 

notification. Soon after an HIV-infected person is newly diagnosed, partner notification often 

leads to identifying additional undiagnosed HIV-infected persons.3,4 But, partner notification 

is limited by interview refusal and inability to locate some partners;3 both result in fewer 

cases found. As diagnosis represents the HIV care continuum entry point, missed diagnosis 

opportunities during partner notification lead to suboptimal continuum outcomes and 

perpetuates potential onward transmission.2,5

Partner notification is name-based, allowing partnerships elicited during interviews to be 

combined into a contact network of index cases and their located partners. Analysis of 

networks constructed from partner notification data in North Carolina (NC) from multiple 

syphilis outbreaks revealed high rates of anonymous, transactional sex among heterosexuals6 

and a substantial proportion of partners who could not be located.7,8 Consequently, the 

observable sociosexual network based on disclosed and located partners had many “missing” 

partnerships. Identifying where and why partnerships are unobserved can provide clues for 

finding persons who are active in the network but not identified during the index case’s 

partner notification interview. To identify gaps in sexual networks where active transmission 

occurs, HIV gene sequencing offers a complementary methodology which is increasingly 

available with technological advances in pathogen genetic testing.9
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For newly diagnosed HIV cases in NC, we compared the partner notification network to 

phylogenetic clusters inferred from HIV pol sequences. We observed that many persons with 

newly diagnosed HIV had no located partners in the partner notification network; but, more 

than half of these singletons in the partner notification network were identified in a genetic 

cluster if they had a HIV sequence available.10 In recently diagnosed persons, having an 

HIV sequence similar enough to cluster with a sequence from at least one other person, yet 

having no locatable partners indicates gaps where notification of recent partners could be 

improved. This study presents a comparison of partner notification network and genetic 

clusters to identify where the partner notification network did not approximate the clusters, 

with the goal of refining direct efforts for improved partner notification case finding.

MATERIALS AND METHODS

Parent Study Design and Population

We sought to evaluate whether HIV-infected persons identified in the same genetic cluster 

(“cluster”) were directly or indirectly connected within the same sociosexual network 

component, as observed through partner notification data (“network”). We identified 116 

genetic clusters (defined as ≤3.5% genetic distance between all sequences) using standard 

techniques of molecular phylogeny11 to analyze a dataset of 15,246 pol gene sequences 

collected during routine clinical care among HIV patients across the state of NC, as 

described previously.12 We then matched the clusters to a sociosexual network derived from 

disclosed partnerships elicited during routine partner notification investigation of cases with 

newly diagnosed HIV in Wake County from 2012-2013. The partner notification method 

most closely resembles exponential discriminative snowball sampling,13 as the number of 

partners named is not limited (unlike respondent driven sampling); the element of 

discrimination is introduced as only partners who are newly diagnosed with HIV are then 

asked to disclose their partners. Among all 116 clusters previously identified, 34 (29%) 

included 2 or more partner notification network members.12 These 34 clusters included 287 

total persons; 87 were in the partner notification network and 200 stemmed from the 

reference sequences collected across NC. We further restricted analysis pairs to those within 

2% pairwise genetic distance to capture those partners who were recent enough to have been 

identified during partner notification, while also allowing clusters to encompass two people 

who may have intervening partners who were unidentified or unsampled for sequencing. 

Among the 87 cluster members who were also part of the partner notification network, 84 

(97%) were ≤ 2% pairwise genetic distance between another partner notification network 

member in their cluster. These 84 persons formed the basis for the pairs analyzed here 

(Figure 1).

Measures

Genetic Dyads for Observation—We evaluated pairwise genetic distance between all 

84 partner notification members. Each pair examined with genetic distance difference ≤ 2% 

was considered a “genetic dyad” which could represent linked transmission, either directly 

or indirectly, including through an unsampled partner. These dyads were the unit of 

observation for this analysis.
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Comparison of Genetic Dyads to Partner Notification Components—We 

compared partner notification network component membership for each member of the 

genetic dyad. Among persons in the same genetic dyad, membership in different network 

components suggests that partnerships or other infected persons were not observed, thereby 

disaggregating the true network into multiple components, as depicted in Figure 2a.

We used the partner notification network component as the comparator, rather than known 

first-degree partners, because the component serves somewhat analogously for a genetic 

cluster: the cluster represents people who are estimated to be close together in the 

transmission chain, though not necessarily first-degree partners (which cannot be inferred 

from a genetic cluster). Similarly, a network component is a group of kth-degree partners 

who are directly or indirectly linked. We considered the genetic dyads as a proxy for 

transmission linkages because we would expect more partnership links in the partner 

notification network than what is represented in the genetic cluster because not every sexual 

contact results in transmission. Therefore, partner notification network components may 

contain HIV-positive persons from several genetic clusters.

Individual and Partnership Characteristics—We used person-level traits collected in 

the parent study12 for this analysis, including race, age, gender, Wake County residence, 

total number of sex partners disclosed, anonymous partners, and HIV stage at diagnosis 

(acute, recent, or chronic infection). Individual characteristics of each dyad member were 

compared and then ascribed to the dyad as independent variables. Dyad-level traits for each 

pair in the cluster included age difference, race/ethnicity difference, gender and sexual 

preference, days between HIV diagnoses, and similarity among sexual risk behaviors. Risk 

factor assortativity, the tendency of partners to group by risk behaviors such as engaging in 

anonymous sex or having a high number of recent sexual partners, occurs in sexual 

networks14 and HIV genetic clusters.15

Statistical Analyses

The unit of analysis was the dyads within the same genetic cluster. They did not have to be 

named as each other’s sex partner; because they shared similar genetic sequences, they were 

inferred to be either directly or indirectly connected in the transmission network. Our 

outcome was a dichotomous variable indicating whether the persons in each genetic dyad 

were also in the same or different partner notification network component. We used χ2 tests 

for categorical comparisons.

Generalized Estimating Equations to Compare Linkages—We examined genetic 

dyad characteristics that were associated with the outcome of being in different network 

components using a set of generalized estimating equations (GEE) with a binomial 

distribution, logit link function, and robust variance. Huber-White robust standard errors 

accounted for potential autocorrelation among network members. We selected an 

exchangeable correlation matrix because it permitted us to treat each pair of persons (dyad) 

in the cluster equally since we could not infer first-degree partnerships. Model predictors 

selected a priori included whether genetic dyad members shared the same race and whether 

they were within 5 years of age, as these factors influence partner selection and network 
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formation,16,17 and whether either person was diagnosed during acute HIV infection (AHI). 

In NC, persons diagnosed with AHI receive priority for interviews because they are highly 

infectious and the transmitting relationship is in the very recent past, so their links to the 

transmitting cluster may be more complete. Other predictors tested (Table 2) were selected 

based on the bivariate relationship between the covariate and the outcome using the odds 

ratio (OR) and confidence interval, at an alpha level of 0.20. The multivariable GEE was 

then refined with backward selection of predictors using the quasilikelihood independence 

model criterion (QIC);18,19 the final model was the one with the lowest QIC. Predictors were 

considered significant in the final multivariable model if the adjusted OR (AOR) p-value was 

≤0.05. Stata 1220 was used for all modeling.

RESULTS

Study Population

From the complete sociosexual network derived from partner notification of the entire 

county (N=663 index cases and HIV-infected partners), we identified 84 unique persons who 

could be classified into genetic clusters that included at least one other network member, 

including 54 index cases and 30 HIV-infected partners (Table 1). Most were male (n=73; 

87%) and Black race (n=63; 75%). When compared to HIV-positive persons in the parent 

study partner notification network who were excluded from this analysis, due to not sharing 

a genetic cluster with another network member, dyad members were more likely to be Black 

(75% v. 66%, p=0.11) and younger (mean 32 v. 36 years, p=0.01), but less likely to have 

zero connections in the partner notification network (“network singleton”: 8% v 30%, 

p<0.01); 7% refused partner notification interview in this set compared to 20% in the parent 

dataset. In total, we identified 76 genetic dyads among these 84 persons; 43% (36/84) were 

included in >1 dyad since their HIV sequence was ≤ 2% pairwise distance from multiple 

partner notification members.

Person-Level Genetic Cluster and Partner Notification Network Overlap

Just under half of persons (39/84, 46%) were in a different partner notification network 

component than all other network members from their cluster; the other 54% (n=45) were 

identified in the same partner notification component as at least one other network member 

in their genetic cluster (Figure 2b). Persons who were not in the same component as any 

other cluster members were significantly more likely to be a singleton in the partner 

notification network (18% v. 0%, p<0.01). Cluster members disconnected in different 

components were less likely to be Black (69% Black) and/or women (8% women) compared 

to cluster members who shared components with another cluster member (80% Black; 18% 

women) but these differences were not statistically significant.

Dyad-Level Network Overlap

As shown in Figure 2b, 36% of dyads (27/76) were in the same network component (solid 

lines) and 64% (49/76) spanned two components (dotted lines). The mean genetic distance 

for genetic dyads was 0.8% (95%CI: 0.6-0.9%). Among genetic dyads in different network 

components, genetic distance was significantly greater overall compared to those in the same 
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component (0.9% v. 0.5%, p<0.01), where genetic distance was smaller and positively 

skewed (Figure 3).

Correlates of Membership in the Same Dyad but Different Components

We examined factors associated with membership in different partner notification 

components compared to persons in the same component among genetic dyads (Table 2). In 

bivariable analyses, factors associated with membership in different components included 

being in a male-male dyad (OR=5.4, 95%CI=1.3-22.9) and linear percent genetic distance 

(OR=4.9 for each 1% increase, 95%CI=1.6-14.8). All male-female dyads were in the same 

component. Being in a dyad with a person with a subsequent HIV diagnosis who refused 

partner notification interview (OR=3.2, 95%CI=0.8-12.4) and diagnosis during AHI 

(OR=2.6, 95%CI=0.6-10.5) were less strongly associated. Neither age, nor race, nor 

reporting anonymous partners was associated with being in different partner notification 

components.

The final multivariable GEE included AHI status at diagnosis, pair gender, genetic distance, 

and whether the person diagnosed later was interviewed (Table 2). Both partners being male 

(AOR=16.7, 95%CI=1.8-159.2), genetic distance (AOR=8.3 per 1% distance increase, 

95%CI=2.4-28.5), and neither person being acutely infected at diagnosis (AOR=4.5, 

95%CI=1.8-11.0) were all highly significant in the multivariable GEE as correlates of 

membership in the same genetic dyad but different components. The person diagnosed later 

not being interviewed was also retained (AOR=4.9, 95%CI=0.5-44.6) based on the QIC.

DISCUSSION

In this study, we examined persons with new HIV diagnoses and their HIV-infected partners 

to compare HIV genetic linkages to connections disclosed during partner notification. 

Nearly half of persons who were members of the same genetic cluster were not connected to 

anyone else in their cluster by partner notification contact tracing, an indication that 

potential transmission pathways, including some which may be ongoing, were not identified 

during partner notification. Strategically, public health resources will ideally be focused on 

support of people linked to ongoing transmission and not virally suppressed. In this way, 

HIV gene sequence analysis can supplement partner notification. In support of this mission, 

we characterized traits which were more common among persons with genetically similar 

HIV infections who were not recognized as partners or having partners in common during 

elicitation interviews.

Correlates of being disconnected in contact tracing among pairs of persons with close 

genetic linkages included pairs where both people were male, neither person was diagnosed 

with acute HIV infection, and greater genetic distance between each dyad member’s pol 
sequence. Partner elicitation appeared to be less successful among men; men with male 

partners were more likely to be in partner notification network components that were more 

disjointed than the phylogenetic analysis suggested. Conversely, while most clusters were 

composed of MSM, we identified multiple male-female genetic clusters–all of these clusters 

were part of the same partner notification component, indicating partner notification success 

in identifying possible heterosexual transmission sources. This observation has potential 
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public health implications: men with male partners are not captured as well during partner 

elicitation, as has been shown previously in NC and beyond.21 We previously reported that 

male gender was associated with disagreement between the partner notification network and 

genetic clusters in this cohort.12 This multivariable analysis supports those findings, as male-

male dyads strongly predicted disagreement between network types. But it also shows that 

even when holding dyad gender constant, HIV stage at diagnosis and increasing genetic 

distance provide opportunities to change work flow to better observe the network, 

potentially through finding new ways to incentivize partner disclosure (if intervening 

contacts are missing) or by including contacts from more than one year ago (if genetic 

distance represents time).

Diagnosis with chronic HIV, rather than with AHI, for both dyad members was predictive of 

being in different components. Chronic HIV indicates a longer time elapsed from infection 

until diagnosis which affects both partner notification interview completeness and the 

genetic distance divergence. Persons with AHI at diagnosis are emphasized in partner 

tracing, which can lead to more partners elicited and notified than testing of chronically-

infected22 due to less recall bias and more resources directed toward interview completion. 

Any persons newly identified as being HIV-positive during partner notification are in turn 

interviewed to elicit partnerships, which can increase the size, density, and completeness of 

the partner notification network component. This increased activity leads to more 

opportunities for the transmitting partner of the acutely infected person to be included in the 

network and have an available sequence for the phylogeny. Persons with AHI are also more 

likely to cluster in the phylogeny23 due to less genetic divergence.

As genetic distance increased between dyad members, so did the likelihood of failing to 

approximate the partner notification components. Overall, genetic distance was larger 

among persons in different network components. First-degree transmissions cannot be 

implied in the phylogeny due to potential unsampled persons involved in the transmission 

chain, nor can we derive transmission direction. Among dyads in different components, 

smaller genetic distance may represent fairly recent and/or first-degree partnerships that 

occurred between the first dyad member’s diagnosis and the later dyad member’s diagnosis 

and then were not captured if the later person to be diagnosed refused the opportunity for 

disclosure. This hypothesis cannot be verified without partner notification data from the later 

person; but, an indicator of not having an interview for the person with the later diagnosis 

improved the fit of our multivariable model.

The greater genetic distances observed among dyads in different components represent a few 

possibilities. First, higher genetic distance may indicate higher likelihood of intervening 

partners, and each intervening relationship adds another opportunity for partnerships to be 

unobserved. Greater distance could indicate unsampled, unobserved intervening persons in 

the genetic cluster due to the high number of untraced partners and we are seeing second-

degree partners clustered together instead of first-degree partners. If that is true then having 

unreported and/or anonymous partnerships would be substantively significant even if not 

informative to the model. Second, elicited partnerships are restricted to a time period based 

upon stage at diagnosis (2 months, 6 months, and 12 months prior to diagnosis for persons 

diagnosed with AHI, recent infection, and established infection, respectively). Larger 
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distances could represent partnerships which occurred longer ago and were not captured due 

to recall bias or having occurred prior to the partner notification period of interest.

In support of our findings, many MSM with AHI in NC had no locatable HIV-positive 

partners24 and disjoint partner notification components were frequently connected by 

genetically similar viruses.25 These observations could be due to unwillingness or inability 

of cases to disclose partners to the disease intervention specialists (DIS) performing the 

interviews or to inability of the DIS to locate partners. Public health efforts directed at 

cultural competency and support for stigmatized persons may elicit more partners for 

testing, thereby filling in some of the partner notification network gaps and keeping NC on 

track to reduce the burden of HIV. Efforts to identify persons who are missed during partner 

notification can maintain or improve the proportion of people living with HIV infection who 

are diagnosed, especially persons of color26 and MSM. This analysis quantifies the effect of 

missing interviews on the observed sociosexual network of people who are diagnosed HIV 

who have accessed at least one HIV care visit.

This analysis provides a methodological approach to fill partner notification gaps. Using 

GEE, we identified factors associated with partner notification network gaps, as measured 

by having genetic clusters which spanned several partner notification-based sociosexual 

network components. These factors may be amenable to intervention and are worth 

exploring despite imprecision due to the small sample size. In future studies, the proportion 

of cases with available sequences should be increased; also, the number of missing 

interviews and untraced partners could be decreased. With a more complete sample, we 

might have been able to refine the dyads to more representative pairs rather than assessing 

all possible pairs within the same genetic cluster. Instead, we used GEE to account for 

clustering in the data, but the nature of the clustering could not be specified.

Genetic cluster analysis is a promising area to guide HIV reduction interventions.27,28 The 

quantitative comparison of the partner notification network and genetic clusters in this 

analysis provide one such possibility. In ongoing work, NC has intensified partner 

notification towards members of genetic clusters that are growing over time, a possible 

indication of ongoing HIV transmission. Clusters that demonstrate ongoing growth and span 

larger genetic distances, yet have no apparent ties linking cluster members in the partner 

notification network might indicate where partner notification efforts can be intensified. This 

analysis provides information to fill partner notification gaps by prioritizing efforts toward 

people with these traits (two men in the same cluster, neither diagnosed during AHI, with 

increasing genetic distance difference, but where there was interview refusal). Given that 

increasing genetic distance was predictive in the multivariable GEE, dyad members would 

be less likely to be recent, first-degree partners. Therefore, re-interviewing both dyad 

members would be recommended to identify partners of partners (second-degree or higher 

partners) who are involved in the same putative transmission cluster and who “link” the 

identified dyad members together. During these interviews, persons who are infected and 

either not diagnosed or not virally suppressed may be discovered. Our work provides a novel 

way to identify characteristics associated with potentially unobserved network partnerships, 

and thereby HIV-positive persons whose partners would benefit from testing but who are not 

being located during routine partner notification services.
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Figure 1. 
Flow chart of inclusion into the analysis dataset (N=84 people in 76 genetic dyads), starting 

from the parent study Wake County sociosexual network (N=663, 62% HIV-positive 

(n=411)). We further analyzed genetic clusters which included at least 2 persons from the 

partner notification network.
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Figure 2. 
A, Illustration of minimum possible missing relationships (dotted lines) if the HIV genetic 

cluster includes persons who are not linked in the partner notification network. The person, 

Z, who is disconnected in the partner notification-based sociosexual network could have (1) 

been a partner to X, (2) been a partner to Y, or (3) been connected to an unsampled person 

who is in turn connected to X or Y. B, Partner notification network showing the observed 

differences between the genetic clusters and sociosexual network based upon partner 

elicitation interviews. Node color depicts HIV and genetic cluster status: red nodes were in 
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one of the local genetic clusters, defined as ≤ 3.5% genetic distance among all cluster 

members. Line type depicts relationship and analysis status: thicker lines represent genetic 

dyads analyzed as they are in the same genetic cluster and ≤ 2% genetic distance, where 

thick solid lines also represent a first-degree partnership elicited during partner elicitation 

interview and thick dotted lines connect pair members who met the genetic dyad definition 

but were not observed to be in the same partner notification network component, and thinner 

solid lines were partnerships elicited during interview but among people who did not meet 

the cluster analysis criteria. Clusters grouped in orange only include genetic dyads where all 

dyad members were in the same cluster and network component. Clusters grouped in blue 

indicate dyads which span multiple network components.

Pasquale et al. Page 13

Sex Transm Dis. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
HIV genetic distance by outcome (pairwise network component location) among pairs of 

members of the same genetic cluster. Clusters were defined as ≤ 3.5% pairwise genetic 

distance across all possible pairs of cluster members (N=83 pairs), but this analysis was 

restricted to the analysis set of pairs ≤ 2.0% pairwise genetic distance (N=76 pairs). All 83 

possible pairs among cluster members (≤ 3.5%) are included in this graph so that the full 

distribution of genetic distance can be seen.
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Table 1.

Characteristics of index cases and HIV-infected partners in the complete sexual network (N=663) and the 

subset of persons with genetic clusters within ≤ 2% pairwise genetic distance of another network member 

(N=84), 2012–2013 in Wake County, NC.

Parent Study Sexual Network (N=663) Persons in Genetic Dyads (N=84)

Index (n=280) Partner (n=383) Index (n=54) Partner (n=30)

n (%) n (%) n (%) n (%)

Gender

Male 232 (83) 327 (85) 47 (87) 26 (87)

Female 44 (16) 53 (14) 6 (11) 4 (13)

Transgender (M to F) 4 (1) 3 (1) 1 (2) 0

Race/ethnicity

non-Hispanic White 69 (25) 120 (31) 13 (24) 7 (23)

non-Hispanic Black 183 (65) 238 (62) 40 (75) 23 (77)

Hispanic 23 (8) 12 (3) 1 (1) 0

Other 5 (2) 8 (2) 0 0

unknown 0 5 (1) 0 0

Age

mean (SD) 36 (12) 31 (11) 32 (12) 31 (12)

HIV status

Positive, with HIV sequence 148 (53) 82 (21)

Positive, no HIV sequence 132 (47) 49 (13)

Negative 0 148 (39)

unknown 0 104 (27)
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