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Abstract

Objective: To identify correlates of incident HIV infection in rapidly growing HIV molecular 

clusters.

Design: Phylogenetic analysis of HIV public health surveillance data.

Methods: High-priority HIV genetic transmission clusters with evidence of rapid growth in 

2012 (i.e., clusters with a pairwise genetic distance ≤0.005 substitutions/site and at least 3 

cases diagnosed in 2012) were identified using HIV-TRACE. Then, we investigated cluster 

growth, defined as HIV cases diagnosed in the following 5 years that were genetically linked 

to these clusters. For clusters that grew during the follow-up period, Bayesian molecular clock 

phylogenetic inference was performed to identify clusters with evidence of incident HIV infection 

(as opposed to diagnosis of previously infected cases) during this follow-up period.

Results: Of the 116 rapidly growing clusters identified, 73 (63%) had phylogenetic evidence 

for an incident HIV case during the 5-year follow-up period. Correlates of an incident HIV case 

arising in clusters included a greater number of diagnosed but virally unsuppressed cases in 2012, 

a greater number of inferred undiagnosed cases in the cluster in 2012, and a younger time of most 

recent common ancestor for the cluster.

Conclusions: These findings suggest that incident infections in rapidly growing clusters 

originate equally from diagnosed but unsuppressed cases and undiagnosed infections. These 

results highlight the importance of promoting retention in care and viral suppression as well 

as partner notification and other case-finding activities when investigating and intervening on 

high-priority molecular transmission clusters.
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INTRODUCTION

Reducing the incidence of HIV is an important goal of HIV public health surveillance and 

prevention activities [1]. Ensuring that all people with HIV infection receive a diagnosis 

and that they all achieve sustained viral suppression is critical to realizing this reduction 

in incidence. Individuals who sustain suppression of viral replication through antiretroviral 

therapy do not transmit HIV through sexual activity [2–4].

Molecular transmission network analysis of HIV genetic sequence data can identify clusters 

of HIV cases with direct and indirect epidemiological connections [5–9]. Those clusters that 

have experienced the most recent growth (i.e., addition of cases with genetically highly 

similar viruses) are the most likely to give rise to newly diagnosed, genetically linked 

HIV cases in the near future [10, 11]. Further, these rapidly growing clusters have been 

documented to have a mean transmission rate 8-times the national average in the United 

States [12]. These clusters represent attractive targets for public health intervention, because 

they comprise individuals more likely to be associated with future HIV cases.

Growth in molecular transmission clusters can be due to both the diagnosis of previously 

undiagnosed infections (i.e., HIV transmitted prior to cluster identification, but diagnosed 

afterwards) and incident infection (i.e., HIV transmitted after cluster identification) [11, 13]. 

These incident infections can arise from transmission from (i) diagnosed, but virally 

unsuppressed cases in the transmission cluster and (ii) cases that would have been linked to 

the cluster but were undiagnosed at the time of cluster identification.

We conducted a retrospective analysis of rapidly growing HIV transmission clusters using 

data from United States National HIV Surveillance System (NHSS). We identified clusters 

that experienced rapid growth in 2012 and determined the correlates of subsequent incident 

infection in the following 5 years [12, 14].

METHODS

Data source.

We analyzed data reported to NHSS for HIV-1 cases with an associated HIV partial 

polymerase (pol) sequence for diagnoses occurring in 2010 through 2017 using data 

reported to CDC through December 31st, 2017. Our analysis was restricted to the six 

states with genotype reporting completeness above 50% across these years: Connecticut, 

Michigan, New York, South Carolina, Texas, and Washington. Perinatal cases and people 

under the age of 13 with an HIV diagnosis were not included.

Baseline network analysis.

We analyzed the first reported pol genotype (protease and reverse transcriptase, sites 2253–

3749 in the HXB2 reference sequence) at least 500 nucleotides in length for each case. A 

genetic transmission network was constructed using HIV-TRACE [15] from 19,511 cases 

diagnosed between 2010 through 2012. To identify rapidly growing clusters, we applied a 

conservative genetic distance threshold of 0.005 substitutions/site, which is more likely to 

be associated with recent transmission partners [8, 16]. We identified molecular transmission 
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clusters that would have been considered priority for public health action as of December 

31st, 2012. High-priority clusters were defined according to criteria for recent and rapid 

growth outlined in Oster et al. [12]: genetic partners linked using a 0.005 substitutions/site 

threshold and at least 3 cases diagnosed in the most recent year (i.e., 2012). Genetic distance 

was calculated using an ambiguity fraction threshold of 0.015 in HIV-TRACE. For each 

individual in these priority clusters, we analyzed reported viral load data to determine 

whether they were virally unsuppressed at the end of 2012 (i.e., viral load ≥200 copies/ml or 

no reported viral load result in the previous 12 months).

Follow-up molecular transmission network analysis.

We then characterized the growth of these priority clusters over a 5-year period between 

January 1st, 2013 through December 31st, 2017. We used HIV-TRACE to identify cases 

newly diagnosed during this follow-up period that were genetically linked to the original 

priority clusters at 0.005 substitutions/site.

Phylogenetic analysis.

To distinguish cluster growth due to incident HIV infection from delayed diagnosis of 

prevalent HIV cases, we inferred tip-dated phylogenies for each priority cluster using 

BEAST v1.8.4 [17]. A TN93 substitution model [18] was applied and a Bayesian Skyline 

Plot was used as a coalescent prior [19]. As in previous investigations of clusters identified 

in NHSS [12, 20], we applied a strict molecular clock with a normal prior on the substitution 

rate with mean of 1.2201 × 10−3 substitutions/site/year and a narrow standard deviation of 1 

× 10−6.

Markov chain Monte Carlo (MCMC) runs were performed in duplicate and had a length 

of 10 million generations, sampling every 1000 generations; the first 10% of generations 

were removed as burn-in. Convergence and mixing were assessed in Tracer [21] such that all 

relevant parameters had an estimated sample size >200. Maximum clade credibility (MCC) 

trees were constructed in TreeAnnotator.

For each cluster, we performed two rounds of MCMC analyses. The first MCMC round 

was run for the clusters at the end of 2012 to determine their time to most recent common 

ancestor (TMRCA) at the time of prioritization. We included cases diagnosed between 2010 

through 2012, even when the date of genotype sampling for this case post-dated 2012, due to 

delayed genotyping.

The second round of MCMC analyses was performed on these same clusters at the end of 

2017, to identify instances of incident cluster growth, and included subsequently diagnosed 

linked cases. The number of subsequent incident cases were inferred from the median 

number of post-2012 internal nodes in posterior distribution of phylogenies (Figure 1). 

Each post-2012 internal node is evidence of a viral lineage diversification after initial 

prioritization, which implies a transmission event. When counting the number of post-2012 

internal nodes, we ignored internal nodes arising from the delayed genotyping of a cluster 

member who was diagnosed between 2010 through 2012 (see Figure S1 for an example).
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We then estimated the number of undiagnosed previously infected cases in these clusters 

as the total number of post-2012 cases less the number of inferred incident cases. We 

acknowledge that this number is likely overestimated using our approach, because at least 

two closely related cases diagnosed post-2012 are required to identify a transmission event 

using this phylogenetic approach. To partially control for this bias in the regression models 

(described below), we subtracted the number of post-2012 clades (i.e., dark green circles in 

Figure 1) from the estimated of number of newly diagnosed, previously infected cases in 

each cluster (i.e., light green circles in Figure 1).

Logistic regression analysis.

We performed univariate and multivariate logistic regression analyses to identify correlates 

of a priori interest between incident cluster growth and the characteristics of the cluster 

as it was observed at the end of 2012. The binary outcome for each cluster was whether 

or not the MCMC analysis inferred a post-2012 internal node. The cluster-level covariates 

as of the end of 2012 were the number of diagnosed but virally unsuppressed cases (VL 

≥200 copies/ml), the number of inferred undiagnosed cases, the number of total cases in 

the cluster, the TMRCA, the median log10 viral load, whether the majority of the cluster 

was Black/African American, and whether the majority of the cluster was men who have 

sex with men (MSM). We selected majority Black/African American and majority MSM 

because these groups were the most common in the priority clusters.

We also identified correlates of growth due to the diagnosis of previously infected case in 

a priority cluster. We performed univariate and multivariate logistic regression analyses in 

which evidence for at least one inferred undiagnosed case was the binary outcome.

Data availability statement.

The data analyzed in this article were collected and analyzed as part of CDC routine 

surveillance activities. CDC is not permitted to share or distribute any surveillance data 

due to an assurance of confidentiality authorized under Section 308(d) of the Public Health 

Service Act (USA). Each of the six states has primary authority for determining whether 

their laws and regulations permit the submission to GenBank or other open databases. 

Therefore, these data cannot be made publicly available by the authors.

RESULTS

Characterizing priority molecular transmission clusters.

From the 19,511 HIV cases included, we inferred 116 priority clusters in 2012 comprising 

759 cases. The median size for these priority clusters was 5 cases, ranging between 3 

and 33 cases (Figure 2). Only 16% of these clusters comprised 10 or more cases in 

2012. Regarding race/ethnicity composition, 36 clusters (31%) were majority Black/African 

American, 29 (25%) were majority Hispanic/Latino, and 31 (27%) were majority White. 

Regarding transmission risk, 100 priority clusters (86%) were majority MSM, two were 

majority heterosexual (2%), and three were majority people who infected drugs (PWID) 

(3%). Clusters had a mean TMRCA of 2.9 years (95% range between 0.4 and 7.1 years).
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Growth of priority clusters.

Eighty two (71%) high-priority clusters experienced growth during 2013–2017 (Figure 2). 

There were 641 cases diagnosed post-2012 that were genetically linked to these priority 

clusters. Nine clusters added more than 20 cases in the follow-up period, with one cluster 

growing from 3 cases in 2012 to 31 cases in 2017. We inferred evidence for growth due 

to incident cases in 73 (63%) clusters and growth due to undiagnosed cases in 68 (59%) 

clusters.

Predictors of cluster growth due to incident HIV.

The number of virally unsuppressed cases and the inferred number of undiagnosed cases in 

priority clusters at the end of 2012 were significantly associated with future incident growth 

in these clusters (p < 0.05; logistic regression; Table 1). These associations were similar in 

magnitude and robust to the inclusion of cluster size, cluster TMRCA, median log10 viral 

load, and cluster composition by race/ethnicity and transmission risk in the multivariate 

logistic regression model.

The size of the priority cluster in 2012 was associated with incident growth in the univariate 

model (Table 1); however, this association is not significant in the multivariate model. 

On its own, the cluster TMRCA, representing the upper bound on the timing of the 

first transmission event within the cluster, is not associated with future incident growth 

(p=0.930). However, upon adjusting for cluster size, clusters with older TMRCAs were 

associated with significantly fewer future incident cases (p=0.041). The only other cluster 

attribute included in our model significantly associated with incident growth in priority 

clusters was transmission risk, whereby clusters comprised of majority MSM were less 

likely to have incident growth.

Predictors of cluster growth due to subsequent diagnosis of previously infected case.

When we examined correlates of subsequent diagnosis of a genetically linked, previously 

infected HIV case, the number of unsuppressed cases in priority clusters at the end of 2012 

was significantly associated in the univariate regression model (p=0.004) but not in the 

multivariate model (p=0.064) (Table 2). The same pattern was seen to a greater extent with 

the 2012 cluster size in the univariate and multivariate models.

DISCUSSION

We performed a retrospective study to characterize the correlates of incident HIV infection 

in HIV molecular transmission clusters that had recently exhibited rapid cluster growth. 

We characterized these high-priority clusters at the end of 2012 and used a phylodynamic 

approach to characterize incident HIV infection. We report that the number of previously 

diagnosed, virally unsuppressed cases in these clusters at the end of 2012 were predictive 

of subsequent incident infection. The inferred number of previously infected HIV cases 

undiagnosed as of 2012 in these clusters was equally associated with subsequent incident 

HIV infection in these clusters. Further, recently established clusters, with younger 

TMRCAs, were more likely to give rise to incident HIV infection. These findings highlight 

the importance of promoting both retention in care and viral suppression among people 
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with diagnosed HIV infection as well as partner notification and other case-finding activities 

when investigating and intervening on high-priority molecular transmission clusters [22].

Translating the identification of high-priority clusters into a reduction in HIV incidence 

is a major public health goal. Standard public health intervention can be marshalled in 

real-time in response to clusters identified through molecular surveillance [6]. Individuals 

in these clusters who have unsuppressed viral load or are out-of-care can be prioritized 

for adherence support, relinkage to care, or other appropriate public health services. In 

addition, identifying HIV-infected people who are unaware of their HIV status or HIV­

uninfected people at risk of HIV acquisition can be facilitated by case-finding activities. 

Case-finding via eliciting named sexual and injection drug-using partners tends to have 

high yields in outbreak settings [23, 24]. Therefore, prioritizing partner elicitation services 

for people in rapidly growing clusters may be an effective use of public health resources. 

Further, exploration of the social contact networks connected to these clusters represents 

an attractive method of identifying people living with HIV without a diagnosis, people 

with an HIV diagnosis who are out-of-care, or HIV-uninfected people at higher risk of 

HIV acquisition[25]. In addition, clusters with shared venues or geography could identify 

priorities for increased HIV testing. Although it is still untested which of these approaches 

will yield the greatest decrease in future HIV incidence, the results presented here suggest 

that rapidly growing clusters can help identify individuals to whom these services can be 

prioritized.

Individual-level HIV incidence testing data is not available in NHSS; therefore, we used 

a phylodynamic approach to identify clusters with incident infections. However, our 

phylodynamic approach precludes us from identifying any single individual in these high­

priority clusters as an incident or prevalent HIV case. Rather, we identified clusters with 

phylogenetic evidence of incident infection based on the presence of internal node ages 

representing an HIV transmission event. For an internal node with two descendants (dark 

green circle in Figure 1), we cannot distinguish the source partner from the recipient partner 

with incident HIV. Further, both descendants could be incident cases, with an original cluster 

member or person whose infection has remained undiagnosed or does not have a sequence 

available serving as the source partner. In addition, our approach does not consider cluster 

members with older diagnosis (i.e., before 2010), who could be contributing to ongoing 

transmission. Also, there are likely incident cases remaining undiagnosed. Therefore, our 

approach necessarily undercounts the number of incident cases in these clusters. It is for this 

reason that we used a bivariate outcome, rather than a continuous outcome, in our regression 

analyses.

The findings reported here are limited to high-priority clusters identified in high­

completeness jurisdictions in the United States. Further, growth in these clusters could only 

be determined for incident and prevalent cases with a reported viral genotype. Notably, 

traditional correlates of cluster growth such as race/ethnicity and transmission risk (i.e., 

MSM) [10, 11] were no longer associated with incident infection in our analysis. This 

counter-intuitive finding likely stems from the observation that of the 17 non-majority 

MSM priority clusters, all but the two of these clusters experienced incident growth. This 

apparent discrepancy between previous studies of HIV transmission clusters and the results 
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reported here are likely due to our focus on high-priority clusters. By focusing our analysis 

on individuals in clusters recently experiencing rapid growth, we restrict our findings to 

individuals within each of these race/ethnicity and transmission risk sub-populations who 

were already associated with rapid cluster growth.

The stated goal of the planned Ending the HIV Epidemic initiative is to reduce the 

incidence of HIV in the United States by 90% by 2030 [1]. This initiative anticipates 

using HIV molecular epidemiology to detect HIV clusters, allowing public health response 

to deliver prevention and care services, including testing, HIV care, and pre-exposure 

prophylaxis (PrEP), to reach people that need them. Our results support this framework. 

This combination of approaches may help us achieve the Ending the HIV Epidemic goals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Example inference of incident infection of growing clusters characterized by internal 
node post-dating the identification of the high-priority cluster.
Tip labels represent date of diagnosis. Tip dates colored in blue were identified as cases in 

the high-priority cluster as of identification in 2012. In this example tree, we can infer an 

incident infection post-2012 (dark green circle); however, we cannot determine which, if 

either descendant is the source or recipient partner with incident HIV. Further, we can infer 

an undiagnosed infection as of 2012 (light green circle).
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Figure 2. Priority clusters and growth due to incident and previously undiagnosed cases, sorted 
by cluster size.
Each column represents a single high-priority cluster (in 2012 in blue) and its subsequent 

growth (in light and dark green).
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Table 1.

Predictors of incident cluster growth in priority clusters using univariate and multivariate logistic regression 

models.

Cluster attribute
a OR 95% CI p-value AOR 95% CI p-value

# diagnosed, unsuppressed cases 1.78 1.34–2.51 <0.001 1.65 1.17–2.47 0.028

# undiagnosed cases 1.71 1.29–2.48 0.001 1.62 0.90–1.51 0.011

Cluster size 1.24 1.09–1.46 0.005 1.14 0.55–0.96 0.304

TMRCA 0.99 0.84–1.17 0.930 0.75 0.84–1.42 0.041

Median log10 viral load 1.23 0.97–1.57 0.093 1.09 0.37–3.15 0.535

Majority Black/African American 1.27 0.56–2.96 0.577 1.07 0.04–0.91 0.897

Majority MSM 0.35 0.08–1.16 0.115 0.23 1.17–2.47 0.049

a
Attributes of the cluster comprising cases diagnosed between 2010 through 2012

OR, odds ratio; AOR, adjusted odds ratio; CI, confidence interval; TMRCA
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Table 2.

Predictors of cluster growth due to the subsequent diagnosis of a previously infected case in priority clusters 

using univariate and multivariate logistic regression models.

Cluster attribute
a OR 95% CI p-value AOR 95% CI p-value

# diagnosed, unsuppressed cases 1.36 1.12–1.71 0.004 1.35 1.00–1.89 0.064

Cluster size 1.13 1.03–1.27 0.026 1.02 0.86–1.22 0.839

TMRCA 1.11 0.94–1.33 0.214 0.99 0.80–1.22 0.919

Median log10 viral load 1.02 0.80–1.31 0.864 0.93 0.71–1.22 0.591

Majority Black/African American 1.19 0.51–2.79 0.683 1.00 0.39–2.53 0.996

Majority MSM 1.09 0.36–2.36 0.875 0.96 0.29–3.26 0.949

a
Attributes of the cluster comprising cases diagnosed between 2010 through 2012

OR, odds ratio; AOR, adjusted odds ratio; CI, confidence interval; TMRCA, time of most recent common ancestor; MSM, men who have sex with 
men
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