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Abstract

Background—The integration of traditional contact tracing with HIV sequence analyses offers 

opportunities to mitigate some of barriers to effective network construction. We utilized combined 

analyses during an outbreak investigation of spatiotemporally clustered acute HIV infections to 

evaluate if the observed clustering was the product of a single outbreak.

Methods—We investigated acute and recent HIV index cases reported in North Carolina from 

2013–2014 and their reported contacts. Contact tracing networks were constructed with 

surveillance data and compared with phylogenetic transmission clusters involving an index case 

using available HIV-1 pol sequences including 1672 references. Clusters were defined as clades ≥2 

sequences with <1.5% genetic distance and bootstrap ≥98% on maximum-likelihood phylogenies.

Results—In total, 68 index cases and 210 contacts (71 HIV-infected) were reported. The contact 

tracing network involved 58 components with low overall density (1.2% statewide); 33% of first-

degree contacts could not be located. Among 38/68 (56%) index cases and 34/71 (48%) contacts 

with sequences, 13 phylogenetic clusters were identified (size 2–4 members). Four clusters 

connected network components that were not linked in contact tracing. The largest component 

(n=28 cases) included two distinct phylogenetic clusters and spanned two regions.

Conclusions—We identified the concurrent expansion of multiple small transmission clusters 

rather than a single outbreak among the largely disconnected contact tracing network. Integration 

of phylogenetic analyses provided timely information on transmission networks during the 
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investigation. Our findings highlight the potential of combined methods to better identify high risk 

networks for intervention.
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INTRODUCTION

Identifying and responding to newly acquired HIV infections remains a critical component 

of HIV control in North Carolina (NC), where over 1,300 new HIV diagnoses are reported 

annually.1 Although only a fraction of these new diagnoses are detected during acute HIV 

infection (AHI) or recent HIV infection (RHI),1 incident infections represent the leading 

edge of the HIV epidemic. Due in part to elevated viremia during acute infection, an 

estimated 30–50% of transmissions occur in the six months following HIV acquisition.2,3 

Thus, detection of AHI and RHI present an important opportunity for secondary prevention 

via rapid initiation of antiretroviral therapy (ART) and provision of transmission prevention 

counseling. In pursuit of this goal, NC has actively screened routine HIV tests at public 

testing sites for AHI since 2002 through the NC Screening and Tracing for Active HIV-1 

Transmission (NC-STAT) program.4 Individuals identified with AHI and RHI are prioritized 

for expedited counseling, contact tracing, and referral services. From 2003–2012, 3.4% of 

all HIV diagnoses in NC were detected as AHI by NC-STAT and 96.6% of these cases 

successfully reached for interview.4

Although contact tracing remains central to HIV outbreak control, detecting HIV 

transmission sources and networks is often limited; contact tracing is resource-intensive and 

subject to participant willingness and recall bias.5 Additionally, networks involving 

anonymous or unreachable partners may go unrecognized despite contact tracing efforts. 

The integration of traditional contact tracing with HIV sequence analyses may offer 

opportunities to mitigate some of these barriers. HIV pol sequences, derived from routinely 

collected drug resistance genotypes, are increasingly used to reconstruct putative HIV 

transmission clusters through phylogenetic inference in the population of interest.6 The 

combination of these phylogenetic analyses with epidemiologic data provides a unique view 

of population-level transmission patterns,7 and can be used to evaluate potential and 

identified HIV outbreaks.8–10

We investigated contact tracing and HIV phylogenetic networks that involved AHI cases 

after spatiotemporal clustering of AHI cases was detected in NC in early 2014. Between 

December 2013 and February 2014, more than three times as many AHI among men who 

have sex with men (MSM) were reported in two regions in western NC (Regions 1 and 2; 

Figure 1) compared to the same time frame during the previous year. HIV transmission in 

NC is predominately sexual, with most new cases reported among MSM (61%), and is 

concentrated in urban and suburban areas.1 Metropolitan Region 2 (Charlotte) has the 

highest HIV cases rate, although Region 1 is among the lowest in the state.1 The apparent 

spatiotemporal clustering in these regions triggered an investigation by the NC Department 

of Health and Human Services (NC-DHHS) in February 2014 out of concern for a 
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potentially undetected outbreak. As an exploratory component of the multidisciplinary 

investigation, we characterized the contact tracing networks involving index cases diagnosed 

during AHI and RHI in Regions 1 and 2, as well as throughout the state, to determine 

whether the new infections were phylogenetically linked.

MATERIALS AND METHODS

Study Population

Following an increase in AHI cases reported in Regions 1 and 2 in early 2014, we 

investigated all index cases diagnosed with AHI or RHI in NC from December 2013 – 

December 2014 and their reported contacts (Figure 1). Additionally, index cases reported in 

Region 1 and 2 from December 2012 - November 2013 were included to assess potential 

genetic relatedness to these earlier cases in the putative outbreak foci. All index cases were 

reported to NC-DHHS through the NC-STAT program11 or by acute care settings (i.e. 

emergency departments, urgent or primary care clinics). AHI is defined as either: 1) positive 

antibody test with seronegative documentation within the previous 30 days, or 2) reactive 

fourth generation antigen/antibody combination test with a negative/ indeterminate multispot 

assay and a detectable HIV RNA (since November 2013) or 3) negative/indeterminate 

antibody test and detectable HIV RNA (NC-STAT through RNA pooling of negative tests11 

2002–2013). Cases with RHI are similarly investigated by NC-DHHS and defined as a 

positive antibody test with seronegative documentation and/or symptoms compatible with 

AHI within three months of diagnosis. Medical and surveillance records are extensively 

reviewed by STAT program medical staff for suspected RHI cases without confirmed 

seronegative testing to determine if STAT investigation warranted. As this study was initially 

conducted in partnership with a NC-DHHS public health outbreak investigation, no 

additional informed consent was needed. The Institutional Review Board at the University of 

North Carolina approved the study.

Contact Tracing Networks

In NC, disease intervention specialists (DIS) perform routine contact tracing for all HIV-

infected cases and their named contacts. DIS expedite routine follow-up for AHI and RHI 

cases through NC-STAT, contacting individuals within 72 hours of HIV-positive testing 

results. Named sexual and injection drug use (IDU) contacts within the 8 (AHI) or 12 weeks 

(RHI) prior to diagnosis are notified of HIV exposure, counseled, and tested for HIV 

infection within 72 hours of the case interview when possible. High-risk social contacts 

reported by the index case are also investigated. For cases with newly diagnosed chronic 

HIV infection, all named contacts reported within 12 months prior to diagnosis are 

investigated.

Relevant contact tracing, demographic, and clinical data for index and contact cases were 

abstracted from the NC Electronic Disease Surveillance system. We classified first-degree 

contacts of index cases as HIV-infected (previous or new chronic diagnosis), HIV-

uninfected, or HIV-status unknown. We defined a new, chronic HIV diagnosis as a case 

diagnosed ≤30 days prior to or any time after the date of the index’s HIV diagnosis. 

Contacts that were also diagnosed during AHI or RHI were classified as index cases. Further 

Dennis et al. Page 3

Sex Transm Dis. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



contact tracing data (second-degree contacts to the index) were included for first-degree 

contacts who had either a: 1) new HIV diagnosis, or 2) HIV diagnosis anytime in 2013 or 

2014. Demographic data included age at the time of the investigation, race/ethnicity, sex, 

and county of residence. Clinical data included HIV testing and diagnosis dates, testing 

locations, initial HIV RNA levels for index cases, and the HIV RNA level reported to NC-

DHHS for HIV-infected contacts most proximal to the time of DIS investigation.

We constructed networks using contact tracing data for index cases, their reported contacts, 

and applicable second-degree contacts to the index cases. While DIS perform name-based 

contact tracing, all analyses were conducted on de-identified datasets. Data were 

symmetrized and an undirected network was constructed using UCINET 6.486 and NetDraw 

2.134 (Analytic Technologies, Lexington, KY). Mean index node degrees and overall graph 

density were calculated for the statewide network and the subset network including contacts 

epidemiologically linked to index cases from Regions 1 and 2. Isolated nodes were removed 

prior to density calculations. We evaluated the demographic and clinical features of 

independent network components, defined as all index cases and contacts linked by any 

epidemiological relationship.

HIV Sequences and Phylogenetic Inference

During the investigation, NC-DHHS requested available HIV-1 pol sequences for all index 

cases and HIV-infected contacts from laboratories serving clinical providers in NC. These 

sequences were generated by genotype assays for drug resistance including HIV GenoSure 

MG® and GenoSure PRIme® (Laboratory Corporation of America Holdings, Research 

Triangle Park, NC and Monogram Biosciences, South San Francisco, CA), or TRUGENE® 

HIV-1 assay (Siemens Healthcare Diagnostics, Tarrytown, NY). All spanned full-length 

protease and partial reverse transcriptase; a minority included integrase. Additional partial 

pol sequences (n=1672) from participants in the UNC Center for AIDS Research HIV 

Clinical Cohort were included as background references. These sequences were sampled 

from 1997–2011 and were the largest sequence dataset available in NC during the 

investigation (GenBank JX160108-JX161480). Sequences were aligned using MUSCLE12 

and edited manually, stripping gapped positions; final sequence length was 1497 

nucleotides. Drug resistance mutations (DRM) and subtype assignments were identified 

using The Stanford HIV Web Service (Sierra v.1.1) to query the Stanford HIVdb Program.13 

Major DRMs were selected using the 2009 World Health Organization standardized 

surveillance list.14

We constructed maximum-likelihood phylogenies in RAxML v.7.0.415 with the general time 

reversible model of nucleotide substitution and assessed statistical support of clades with 

1000 bootstrap replicates. We defined transmission clusters as clades with bootstrap support 

≥98% that included at least one index case sequence with 0.015 substitutions/site pairwise 

genetic distance from another sequence from another index or any contact case. 

Additionally, we identified transmission clusters that were part of larger, genetically 

divergent clades, and those that involved index cases in clades with a reference sequence. All 

analyses and results were shared with NC-DHHS on a regular basis during the 
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approximately 12-month investigation period to inform the ongoing outbreak investigation 

in a timely manner.

RESULTS

Study Population

In total, 68 index cases were identified (Table 1); 65 were index cases reported statewide 

from December 2013 – December 2014 (55 AHI and 13 RHI) and three were AHI cases 

reported in Region 2 in from 2012–2013. Nearly half of the index cases (n=32/68) were 

diagnosed in Regions 1 or 2. In comparison, from 2003–2012, an average of 23 AHI cases 

were diagnosed annually statewide (range 15–32).4 Almost all index cases (n=66/68) were 

reached by DIS. Index cases were predominately male (n=58/68, 85%) and median age was 

25 (IQR 22–35) years (Table 1). Most index cases were black (n=45/68, 66%), although 

racial composition varied by region; 86% (6/7) of index cases in Region 1 were white, 

compared to only 24% (6/25) in Region 2. Among the RHI cases, most (10/13; 77%) were 

categorized based on documented negative HIV-testing within three months of diagnosis.

From the 66 index cases interviewed, 210 unique contacts were reported (Table 1). Of these, 

189 were first-degree contacts (yielding 197 partnerships: three contacts were named more 

than once and four contacts were index cases) and 21 were second-degree contacts. All 

partnerships were sexual (93%) or social (7%), and none were identified as IDU. Index cases 

reported a mean of 3.0 first-degree contacts (SD 2.0). Of the 189 first-degree contacts, 51 

(27%) were HIV-infected, 66 (35%) were HIV-uninfected, and 72 (38%) had unknown HIV 

status. Nearly one-third of the 189 first-degree contacts (33%, n=62/189) could not be 

located for DIS interviews; 38/189 (61%) were anonymous partnerships and 24/189 (39%) 

had incomplete information or could not be found. Fifteen contacts resided outside of NC.

Most HIV-infected first-degree contacts (71%; 36/51) were previously diagnosed with a 

median of 4.2 (IQR 1.4–6.8) years elapsed between contact and case diagnoses. Two 

contacts were named by more than one index case and were assessed at the time of the first 

index case’s diagnosis. Most previously diagnosed contacts (75%) had HIV viremia 

(RNA>1000 copies/mL) at their most recent care visit or had no HIV RNA reported, 

suggesting a lack of care engagement. The 15 first-degree contacts with new HIV diagnoses 

were diagnosed an average of 10 days after the corresponding index case (range 25 days 

prior to 39 days after index case). Of the 21 second-degree contacts, 20 (95%) were HIV-

infected and one (5%) had an unknown HIV status.

Contact Tracing Networks

In the statewide network, we identified 58 independent components (median 4 [range 1–28] 

individuals per component) [Figure, Supplemental Digital Content 1]. The mean degree in 

the statewide network was 1.7 (SD = 1.5) and the overall network density was low at 1.2% 

of actual contact ties among all possible connections in the network. Within the investigation 

focal area (Regions 1 and 2), the overall density was slightly higher at 2.5%. Statewide, 52% 

components (30/58) included at least one individual from these regions.
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The 32 index cases reported in Regions 1 and 2 were distributed in 26 components, 

including two index cases unreachable by DIS (Figure 2). The network included 118 discrete 

contacts (100 first-degree and 18 second-degree) with median component size of three 

(range 2–28). Most components (85%: 22/26) contained index cases exclusively from 

Region 2. However, one (component #6) contained index cases from both Regions 1 and 2, 

and three components (components #1, 2, and 3) contained index cases exclusively from 

Region 1. The mean index node degrees by contacts’ HIV statuses were 0.8 (SD=0.9) for 

HIV-infected contacts, 1.0 (SD=1.2) for HIV-negative contacts, and 1.3 (SD=1.5) for 

contacts with unknown HIV status.

HIV-1 Sequence Analyses and Comparison to Contact Network

HIV-1 pol sequences were available for 56% (38/68) of the index cases and 48% (34/71) 

HIV-infected contacts (Table 1). Sequence availability did vary by region with a higher 

proportion in Region 1 (71%) and Region 2 (68%). Time from diagnosis to drug resistance 

sequencing was shorter for index cases compared to contacts (median 19 [IQR 12–34] 

versus 43 [IQR 17–529] days for contacts). All sequences from index cases were sampled 

prior to ART; antiretroviral exposure data were not available for contacts. All sequences 

were subtype B.

We identified 13 transmission clusters involving >one index or an index and any contact 

(Table 2; Figure, Supplemental Digital Content 2). These clusters included 30 individuals 

(range 2–4 members), involving 42% (16/38) of the index cases and 41% (14/34) of the 

contacts with sequences. Six clusters (46%) involved an index from Region 1 or 2; only 

three clusters spanned more than one region. While most clusters contained only MSM 

(n=11) there two clusters involved women (Clusters L and M). Additionally, nearly one-third 

of clusters (31%; 4/13) included a previously diagnosed contact. Many clusters were sub-

clusters on highly supported clades (with larger genetic distance spans) with reference 

sequences (Figure, Supplemental Digital Content 2). Additionally, two index cases that did 

not cluster with a case or contact sequence clustered closely (<1.5% pairwise genetic 

distance difference) with a reference sequence.

Major DRMs to non-nucleoside reverse transcriptase inhibitors (NNRTIs) were common. 

Six (16%) index cases had transmitted drug resistance (TDR); five of these were in four 

clusters where all members shared the same mutations, including all with K103N (Table 2). 

Among contacts, 38% (13/34) had a major DRM (nearly all to NNRTIs). No major DRMs in 

protease or integrase (among 20 integrase sequences) were identified among index or 

contact cases.

While a single clustered outbreak was not identified, there are notable findings in comparing 

the contact and phylogenetic networks. Four clusters connected more than one network 

component revealing links not apparent from contact tracing (including MSM Clusters B, F, 

and G in in Regions 1 and 2). Additionally, components #40 and #39 in Region 6, involving 

two women and one man, were phylogenetically linked (Cluster M). The largest component 

(#8, n=28 cases) included members identified in distinct phylogenetic clusters (Clusters C 

and D; Figure 2). This component included 18 HIV-infected contacts and four index cases 

from Regions 2 and 4, demonstrating geographic bridging of clusters and components.
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DISCUSSION

We conducted an integrated phylogenetic and contact tracing investigation to assess for a 

connected HIV outbreak after the spatiotemporal clustering of AHI was reported in NC. The 

analyses demonstrate that the observed spatiotemporal clustering was not a product of the 

expansion of a single linked cluster, but rather of the concurrent expansion of several smaller 

clusters. These ongoing HIV transmission chains were embedded in sexual network 

components that appeared largely disconnected both within and between regions across the 

state. The rise in AHI observed may be a random data artifact or the result of improved 

screening or reporting of AHI. Nonetheless, our study demonstrates the feasibility and 

applicability of incorporating HIV sequence analyses into an AHI outbreak investigation.

This investigation represents a novel integration of routinely generated contact tracing and 

sequence data to assess a potential HIV outbreak. Genetic networks have been widely used 

retrospectively to characterize local,16 national,17 and international HIV clusters18 and 

contact tracing has long served as a backbone of infection control. However, only a few 

studies integrated both methods during an HIV investigation8,19 or retrospectively to confirm 

outbreaks attributed to IDU.9 Among a cluster of HIV cases among rural MSM, 

phylogenetics showed HIV transmission arose from separate sources.8 In another study of 

MSM, sexual network components that were not connected through contact tracing were 

genetically linked.19 These findings are congruent with our results showing multiple 

transmission chains and links between network components. Additionally, our analyses 

show significant clustering of TDR, which highlights an additional advantage of tracking 

sequence data. Clustering analyses may inform public health efforts in the event of a future 

TDR outbreak. All TDR in our study included K103N, a mutation that is increasingly linked 

to ART-naïve transmission sources.20,21

Our primary objective was to test for a genetically clustered outbreak, rather than identify 

likely transmitters to AHI index cases. However, social and genetic networks combined can 

inform the use of genetic linkage to identify potential transmission partners.22 Recently 

proposed methods to integrate both networks are all reliant on relative completeness of both 

networks and minimal time delays between infection, diagnosis, contact tracing, and 

sequencing.23–26 Our study is limited in that not all diagnosed cases had a sequence 

available for analysis, thus providing a restricted view of the transmission network. Further, 

nearly one-third of contacts were not located and may be important connections in the 

transmission network. These analyses also cannot confirm direction of transmission, and 

unsampled third parties, including undiagnosed persons, may be involved in the transmission 

chain. Thus, observed phylogenetic linkages may be indirect in reality. Despite these 

limitations, over half of the index cases in the investigation foci had sequences, and 

phylogenetic analyses showed multiple clusters rather than one cluster; adding more 

sequences may increase the size and number of these clusters. With availability of more 

complete data, future investigation into source attribution can further inform local HIV 

transmission dynamics and outbreak investigations. Future analyses would also benefit from 

the inclusion of sequencing data from neighboring states, particularly given high number of 

out of state partners reported in contact tracing.

Dennis et al. Page 7

Sex Transm Dis. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The network analyses revealed a low yield from HIV case finding, whether previously or 

newly diagnosed. Both network densities statewide and in the investigation foci were low, 

indicating that cases (diagnosed or undiagnosed) in the community are not being identified 

and that chronically-infected individuals may be important contributors to ongoing 

transmission.27 Prior studies have shown variable success of HIV case finding from contact 

tracing.28,29 Contact tracing of AHI may theoretically yield higher case finding compared to 

chronic cases because DIS expedites the investigation and direct attention to higher risk 

networks. Additionally, AHI cases may have less recall bias due to the condensed infectious 

period for potential contacts. However, the index node degree was low at 0.8 for HIV-

infected contacts and higher at 1.3 for HIV-unknown status contacts. The mean index node 

degree for HIV-infected contacts indicates the mean number of contacts named by index 

cases who were diagnosed with HIV, excluding any potential HIV-infected contacts who 

could not be reached by DIS and any anonymous contacts. These findings largely stem from 

the substantial proportion of cases that could not be located and altogether indicate the need 

for improved case detection.

Our exploratory investigation revealed multiple HIV transmissions clusters, involving both 

new and previously diagnosed cases, which reinforces the need for a comprehensive HIV 

prevention strategy. Enhanced prevention measures towards transmission clusters and highly 

connected contact networks could be considered, including intensified, expedited partner 

and linkage to care services for HIV-infected cases and pre-exposure prophylaxis for HIV-

negative cases. Additionally, innovative methods are needed to better identify high-risk 

networks and to improve case finding. In this study, no cases reported IDU contacts which is 

consistent with our earlier phylogenetic studies in NC showing predominately sexual 

transmission.16 However, continued surveillance is important given increased rates of opioid 

drug and the recent HIV outbreak associated with IDU in Indiana.9 In support of these 

efforts, NC-DHHS is currently establishing a formal system for routine analysis of HIV 

sequences as is done through sequences reported through the National HIV Surveillance 

System.30 Such an expanded surveillance system will allow for more timely and complete 

identification of HIV transmission clusters, a limitation of this study. Combined with 

ongoing analysis of surveillance data, such a system could allow for improved epidemic 

monitoring including for TDR, outbreak detection, and DIS response.

Conclusions

The observed spatiotemporal clustering in this putative outbreak was a product of the 

concurrent expansion of several smaller clusters, rather than a single outbreak cluster. 

Integration of contact tracing and phylogenetic networks may provide insights into HIV 

transmission dynamics and may be conducted in near real-time to support outbreak 

investigations. Further development of methods to enhance the detection of and response to 

HIV transmission and contact networks is needed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A. Trends in acute HIV diagnoses in North Carolina reported in Regions 1 (Black Mountain) 

and 2 (Charlotte) from 2012–2014. An outbreak investigation was triggered after the 

observed spatiotemporal spike in acute HIV diagnoses from December 2013 – February 

2014. B. Map of North Carolina regions for HIV field services. Locations of acute HIV 

infections by county are indicated by red circles. As reference, the estimated 2012 newly 

diagnosed HIV infection rates per 100,000 population for North Carolina Regional 

Networks of Care and Prevention1 are provided in parentheses after each HIV Field Service 

Region. Regions with multiple values include several Regional Care Networks
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Figure 2. 
Contact tracing network components stemming from index cases diagnosed during acute 

HIV infection (n=32) and their reported partners (n=118 non-index cases) investigated in 

two regions in North Carolina, 2012–2014. Components are labeled with black numbers and 

index cases nodes are large while contacts nodes are small. HIV-infected cases and contacts 

have red labels and those with available sequences are indicated with red outlines. Dashed 

lines depict cases linked in phylogenetic clusters and are labeled with cluster names (A–G). 

Panel A. Region 1 (Black Mountain) involves 4 components, including components 3 and 2 

which are linked by phylogenetic cluster (B) but not by contact tracing. Panel B. Region 2 

(Charlotte), where most index cases were found in small components not linked in clusters. 

One large component (8) involves two distinct phylogenetic clusters (C & D) and multiple 

index cases not in clusters. Clusters F and G phylogenetically link cases that are not 

connected in contact trancing components.
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