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Abstract

An important component underlying the disparity in HIV risk between race/ethnic groups is the preferential
transmission between individuals in the same group. We sought to quantify transmission between different
race/ethnicity groups and measure racial assortativity in HIV transmission networks in major metropolitan areas
in the United States. We reconstructed HIV molecular transmission networks from viral sequences collected as
part of HIV surveillance in New York City, Los Angeles County, and Cook County, Illinois. We calculated
assortativity (the tendency for individuals to link to others with similar characteristics) across the network for
three candidate characteristics: transmission risk, age at diagnosis, and race/ethnicity. We then compared
assortativity between race/ethnicity groups. Finally, for each race/ethnicity pair, we performed network per-
mutations to test whether the number of links observed differed from that expected if individuals were sorting at
random. Transmission networks in all three jurisdictions were more assortative by race/ethnicity than by
transmission risk or age at diagnosis. Despite the different race/ethnicity proportions in each metropolitan area
and lower proportions of clustering among African Americans than other race/ethnicities, African Americans
were the group most likely to have transmission partners of the same race/ethnicity. This high level of
assortativity should be considered in the design of HIV intervention and prevention strategies.
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Background

The lifetime risk of contracting HIV-1 for African
American men is 1 in 20, seven-times higher than the

lifetime risk for white men in the United States.1 African
Americans represent only 12% of the U.S. population, but
43% of people living with HIV.2

The drivers of this disparity are numerous and a detailed
assessment was presented by Adimora et al.3 An important
component of this disparity is that differences in HIV risk can
be sustained and amplified when transmission preferentially
occurs among individuals with similar characteristics to
themselves: a phenomenon described as ‘‘preferential as-
sortativity.’’4 Structural determinants such as residential

segregation5 and the ratio of men to women in local popu-
lations6 are further amplified and compounded within the
African American community as a whole. Therefore, sexual
network structure can exacerbate HIV risk among African
American populations.3,7

Interviews and surveys have been used to ascertain levels
of interracial and intraracial sexual sorting in HIV-infected
and at-risk populations,8–12 but these studies are resource-
intensive and possible only for small numbers of participants.
The data collected from these studies are egocentric, and thus
subject to recall bias and possible incorrect identification of
partners’ race/ethnicity. With some exceptions, these studies
have focused on self-identified men who have sex with men
(MSM).8–12 Importantly, sexual partnering is not necessarily
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indicative of risk for transmission, as individuals may adapt
their risk behavior based on perception of their partner’s risk.
For example, a longitudinal study of young MSM found that
young nonblack MSM were more likely to use a condom with
young black MSM.9

Molecular epidemiology offers an alternative route to
understanding transmission patterns within large popula-
tions. Individuals whose HIV sequences are closely related
can be considered potential transmission partners and the
relationships between groups can be ascertained at the pop-
ulation level.13–17 In New York City (NYC) and other loca-
tions around the United States, genetic linkage has proven a
more reliable indicator of potential transmission partners
than partner naming alone.17–19

African Americans may be more likely to have partners of
the same/race ethnicity as themselves than other race/ethnic
groups. Studies of sexual networks among MSM in the
United States and in the United Kingdom have found three
times more homophilic links among black MSM than ex-
pected by chance.12,20 A nationwide analysis of the molecular
transmission network by race/ethnicity among United States
MSM found that 78% of the potential transmission partners
of African Americans were also African American, com-
pared with 64% of white MSM and 49% of Latinos having
potential transmission partners of the same race/ethnicity.21

This single molecular analysis on assortativity by race/
ethnicity focused solely on MSM, excluding a sizable frac-
tion of MSM whose transmission risk may not be accurately
recorded in surveillance databases,22,23 as well as other risk
groups. Here, we extend this analysis to all risk groups and
focus on three distinct, large metropolitan areas to investigate
the impact of race/ethnicity composition on sorting patterns
in molecular transmission networks.

We reconstructed HIV molecular transmission networks for
the three most populous American metropolitan areas: NYC
(population 8.5 million), Los Angeles County (LAC; popula-
tion 10.2 million), and Cook County, which includes Chicago
(population 5.2 million). Our aim was to measure transmission
between different race/ethnicity groups and describe
race/ethnicity specific assortativity within each jurisdiction.

Methods

Surveillance data

The University of California San Diego (UC San Diego)
Institutional Review Board (IRB) certified the study as not
qualifying as human subjects’ research according to the Code
of Federal Regulations Title 45 part 46 and UC San Diego
Standard Operating Policies and Procedures. The study
therefore did not require IRB review.

HIV-1 protease and reverse transcriptase ( pol) genetic
sequences generated for antiretroviral resistance testing have
been routinely reported to surveillance since 2005 in NYC
and LAC and since 2012 in Illinois. At the time of analysis,
sequences for study were available through March 2018 for
NYC, December 2016 for LAC, and June 2018 for Illinois.
We restricted our analysis of Illinois data to diagnosed in-
dividuals residing in Cook County, as this county represents
the urban center most comparable to NYC and LAC.

For each case reported to the local HIV surveillance sys-
tem, additional clinical and demographic data are collected in
the enhanced HIV/AIDS Reporting System (eHARS).24 Data

available in eHARS include race/ethnicity, transmission risk
(MSM, people who inject drugs [PWID], MSM/PWID, het-
erosexual, perinatal, other, unknown), age at diagnosis, and
date of diagnosis.

The HIV case report form collects data for ethnicity
(Hispanic/Latino, or not) and race (American Indian/Alaska
Native, Asian, black/African American, Native Hawai-
ian/Pacific Islander, white or unknown), separately. These
data are consolidated into a single race/ethnicity description
for reporting by public health agencies, with those identifying
as Hispanic/Latino classified as such, and those not identi-
fying as Hispanic/Latino classified based on their race. More
than one race can be selected, and those who do are classified
as mixed race. In our analysis, Asians, African Americans,
whites, and Latinos were analyzed as separate groups; other
groups, including those of mixed race, were combined into
‘‘other and unknown.’’

We grouped age at diagnosis into decades (13–18, 19–24, 25–
29, 30–39, 40–49, 50–59, 60+) for analysis. We did not restrict
our analysis based on previous antiretroviral drug exposure or
remove drug-resistance associated codons, as our network re-
construction algorithm is robust to their inclusion.17,25

As of 2016, 87,700 persons were estimated to be living
with HIV in NYC, 60,000 in LAC, and 29,032 in Cook
County. Sequences were available for 69,317 in NYC, with
sequence completeness (the proportion of newly diagnosed
people with a genotype) of 72.3% in the 5 years prior. LAC
HIV surveillance had received HIV-1 genetic sequences from
22,860 individuals, with completeness of 59.6% in the 5
years prior. In Cook County, 7,158 sequences were available
and completeness was 42.9% in the 5 years prior. For each
eligible person, we included the first reported HIV protease/
reverse transcriptase genotype sequence. In all three metro-
politan areas, some sequences may originate from people
who have since died and are not counted among the number
of people living with HIV.

The data analyzed here were collected as part of routine
HIV surveillance activities and are protected by local statute.
The data cannot be submitted to public databases. These data
were shared with investigators under data use agreements
with UC San Diego.

Transmission network reconstruction

We reconstructed the genetic network for each jurisdiction
using HIV-TRACE.26 The earliest reported pol sequence
from each individual was aligned to HXB2 (positions 2253–
3749) and TN93 pairwise distances were calculated.27 In-
dividuals are linked to each other in the network if their
pairwise genetic distance falls below a preselected threshold.
We consider potential transmission partners to be those who
link to each other in the network. However, we note that
genetic networks comprise far more links than the true
transmission network, and so most links in the network do not
represent true transmission events. For the primary analyses
presented here, we used a genetic distance threshold of
£0.015 substitutions/site (1.5%), because this distance is
within the range observed between viruses within a single
individual25 and between named sexual partners considered
to be transmission partners.17

For sensitivity analyses, we applied genetic distance
thresholds of £0.01 (1.0%) and £0.005 (0.5%)
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substitutions/site, because a conservative threshold of £0.005
substitutions/site has been demonstrated to be more consis-
tent with transmission events in simulations.28

Statistical analysis

In this analysis, we focused on individuals in the four most
numerous race/ethnicity categories: African American/black,
Asian, Hispanic/Latino, and white. Other race/ethnicity
groups (e.g., Native American, Pacific Islanders, multiracial,
and so on) were too small to permit robust analysis and were
grouped into a single ‘‘other’’ category. The race/ethnicity
compositions of each metropolitan area were compared using
a w2 test. The correlation between race/ethnicity and having at
least one transmission partner in the genetic network (i.e.,
clustering) was assessed using univariate logistic regression
in each metropolitan area.

Assortativity is a network metric, which describes, for a given
characteristic, (e.g., transmission risk factor) the tendency for
individuals in the network (represented by nodes) to link to
others with the same trait (e.g., do PWIDs tend to cluster with
other PWIDs?).29 Assortativity varies between -1 (completely
disassortative) and +1 (completely assortative), and in our
analysis, it was calculated using the function available in the
R igraph package.30 Assortativity can be measured for the trait
as whole (e.g., do individuals in the same age category link
to each other?) or broken down for each category of that trait
(e.g., which age category is most homophilic?).

First, we calculated assortativity for age at diagnosis,
transmission risk, and race/ethnicity for each metropolitan
area. For each jurisdiction, we generated a null expectation
for assortativity by permuting trait labels across the static
network 1,000 times and recalculating assortativity. For
race/ethnicity analyses, we calculated assortativity for
each of the four predominant race/ethnicity groups: African
American, Asian, Latino and white. Again, we generated null
distributions within each jurisdiction for calculating statistical
significance.

Next, we analyzed transmission between race/ethnicity
groups by calculating the proportion of genetic links to other

race/ethnic groups in each transmission network. To avoid
bias based on degree centrality, as some individuals have far
more links than others, each potential transmission partner
for a given person was assigned a weight based on k (the
number of potential transmission partners associated with the
person). We counted links for each individual in the network,
assigning a weight 1/k to each of their potential transmission
partners, as done previously.21 We then permuted labels
1,000 times to generate null distributions and assess statisti-
cal significance of observed patterns.

Finally, for the LAC network, we repeated our assortativity
and mixing analyses on networks stratified by risk group
(MSM, heterosexual, PWID, MSM/PWID), year of diagnosis
(2012–2016), and age category (18–24, 25–29, 30–39, 40–
49, 50+).

Undersampling bias

Sampling bias can bias assortativity measurements in
networks,31 and the lower clustering frequency among Afri-
can Americans may reflect a pattern of underdiagnosis or
lower rates of genotyping in this group.2,32–34 To investigate
the effect of potential undersampling of African Americans,
we carried out a sensitivity analysis in our midsize network,
LAC, by repeatedly (1,000 times) downsampling a propor-
tion (25%, 50% and 75%) of African Americans and re-
calculating assortativity each time.

Results

The race/ethnicity compositions of NYC, LAC,
and Cook County differ

The race/ethnic distribution of the HIV-infected popula-
tion with reported HIV sequences varied across the three
metropolitan areas (Fig. 1; w2; p < .001). The majority of
people living with HIV in LAC with a reported genotype
were Latino, whereas in NYC and Cook County the majority
of people were African American. The proportion of Asians
with a genotype in each jurisdiction was low, ranging be-
tween 1.3% and 3.4%. The breakdown of each population by

FIG. 1. Race/ethnicity composi-
tion of people living with HIV with
a reported HIV genotype in NYC
(2005–2018), LAC (2005–2016),
and Cook County (2012–2018).
The column heights indicate pro-
portional representation and the
number of individuals of each
race/ethnicity is displayed above
each column. LAC, Los Angeles
County; NYC, New York City.
Color images are available online.
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sex, risk group, and age category is shown in Supplementary
Table S1; MSM was the predominant reported transmission
risk in all three populations.

African Americans are less likely to cluster

The proportion of individuals clustering at the 0.015 sub-
stitutions/site distance threshold in LAC and Cook County
was 35.6% and 33.2%, respectively, substantially higher than
the 22.2% clustering proportion in NYC (Table 1). In NYC,
Asians, Latinos, and whites all clustered at higher frequencies
than African Americans ( p < .001; Table 1; Supplementary
Tables S2 and S3). In LAC, Asians and Latinos clustered
more frequently than African Americans ( p < .001), but there
was no difference between African Americans and whites. In
Cook County, African Americans clustered less frequently
than Latinos ( p < .001), but there was no difference with
other race/ethnicities.

Race/ethnicity is the most assortative factor
in the transmission network

In all three metropolitan areas and at all distance thresh-
olds, potential transmission partners were significantly as-
sortative by age group at diagnosis, transmission risk, and
race/ethnicity ( p < .001; Fig. 2A–C; Supplementary Fig. S1);
observed values exceeded the null expectation for assorta-
tivity values. Of all the attributes analyzed, assortativity by
race/ethnicity was consistently the strongest, followed by
transmission risk and finally by age at diagnosis. These
findings indicate that genetic transmission partners were
more likely to be of the same race/ethnicity than they were to
be of the same age or transmission risk group. This pattern
was robust across metropolitan areas and genetic distance
thresholds.

African Americans are the most assortative
race/ethnic group

We next compared assortativity among the predominant
race/ethnic groups. In all three metropolitan areas at various
genetic distance thresholds, Latinos, African Americans,
and whites were each assortative by race/ethnicity
( p < .001; Fig. 2D–F; Supplementary Fig. S2). Asians were
assortative in NYC and LAC at all distance thresholds
evaluated, but they were only significantly assortative in
Cook County at the most conservative distance threshold,
0.005 substitutions/site. African Americans were consis-
tently the most assortative group in the transmission net-
work, even in LAC where they were not the predominant
race/ethnicity.

African Americans link less than expected
to all other groups

We then calculated the proportion of linked partners of
each pair of race/ethnicities (Fig. 3) and evaluated how ob-
served sorting among race/ethnicity groups differed from our
expectation if potential transmission partners were mixed at
random in the network (Fig. 4; Supplementary Figs. S3–S5;
Supplementary Tables S4–S7). In agreement with the as-
sortativity findings, African Americans were the group who
most consistently had potential transmission partners of the
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same race/ethnicity. In Cook County, 83% of their links were
to other African Americans; in NYC and LAC, the propor-
tions were 67% and 57%, respectively (Fig. 3). In all juris-
dictions, African Americans were less frequently linked to
other race/ethnicity groups than expected (Fig. 4). Asians
were the only group to link as expected or more than expected
to other groups. In NYC, Asians mixed more than expected
with whites, and in Cook County they mixed more than ex-
pected with all groups, consistent with the observation that
they were not assortative in Cook County.

Latinos also linked more to other Latinos than to other
race/ethnicities: 56%, 66%, and 50% in NYC, LAC, and
Cook County, respectively (Fig. 3). Latinos and whites were
linked to each other less than expected in NYC and LAC but
more than expected in Cook County (Fig. 4). Both Latinos
and African Americans formed homophilic links twice as
often as expected by chance, consistent across metropolitan
areas and genetic distance thresholds (Supplementary
Tables S4–S6). When we focused our analysis solely on the
network among MSM (in the Los Angeles network only), we

found that African Americans formed homophilic links 3.6
times more than expected (Supplementary Table S7). As-
sortativity and mixing patterns were consistent when we
stratified the network by year of diagnosis.

Differences in assortativity are robust
to undersampling of African Americans

In our sensitivity analysis in LAC, assortativity by
race/ethnicity dropped as an increasing proportion of African
Americans were removed from the network (Supplementary
Fig. S6), suggesting that if African Americans are indeed
undersampled, observed assortativity by race is likely to be
underestimated in our analyses. Similarly, the assortativity of
African Americans decreased as a higher proportion of Af-
rican Americans were dropped from the network (Supple-
mentary Fig. S7). Again, this result would indicate that
assortativity of African Americans is likely underestimated
and our estimates would increase if sampling of African
Americans were higher.

FIG. 2. Assortativity by
diagnosis age, transmission
risk, and race/ethnicity in
(A) NYC, (B) LAC, and
(C) Cook County; and as-
sortativity for each of the
predominant race/ethnicities:
African American, Asian,
Latino, and white in (D)
NYC, (E) LAC, and (F)
Cook County. Individuals
were linked to each other in
the network if they were
£0.015 substitutions/site di-
vergent. The null expectation
for assortativity values based
on 1,000 permutations is
shown in gray. Color images
are available online.
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Discussion

We examined assortativity patterns in HIV-1 molecular
transmission networks in three large metropolitan areas in
the United States (NYC, LAC, and Cook County) and found
that race/ethnicity was more assortative than either reported
transmission risk or age at diagnosis. Despite distinct racial/
ethnic compositions in each of these metropolitan areas,
African Americans were the group most likely to have po-
tential transmission partners of the same race/ethnicity: their
networks were most assortative and they were the least likely
to have viruses genetically linked to individuals of any other
race/ethnicity.

The insularity of African Americans in the genetic
transmission network was seen in LAC, where African
Americans were the minority of HIV cases, and in Cook
County, where African Americans account for the majority
of HIV cases. The number of homophilic links for African
Americans was twice as high as expected by chance, and
among African American MSM in the LAC network, it was
3.6 times higher than expected, in alignment with surveys of
black MSM sexual networks in the United Kingdom and the
United States.12,20

This racial assortativity in the HIV genetic transmission
network could be explained by a number of factors. African
Americans may be more likely to select other African
Americans as their sexual partners, because of sexual pref-
erence, geographical proximity, culture, or life circum-
stances,35 or they may be less likely to be selected by other
groups for these same reasons. Alternatively, as we are re-
constructing the transmission network and not the contact
network, linkage may be indicative of risk behavior; specif-
ically, other groups may reduce risk taking behavior with
African American partners due to perceived increased risk.

The finding that African Americans were the race/ethnicity
most likely to have genetic partners from the same race/
ethnicity was consistent with previous analysis21 and with
contact networks obtained through interviews.35

In NYC and Cook County, Latinos were less assortative
than whites, as seen in both those analyses, but Latinos in
LAC (where they are more numerous) were more assortative
than whites. In all three metropolitan areas African Ameri-
cans nonetheless were linked with Latinos at high rates.
Therefore, we tested the significance of these observed pat-
terns compared to what we would expect if individuals were
sorting at random and found that in fact African Americans,

FIG. 3. Estimated proportion of potential partners from each race/ethnic group in NYC, LAC, and Cook County. Note that
the number of individuals in each group varies widely and thus the statistical significance of differences cannot be assessed
from these distributions. Color images are available online.

FIG. 4. Expected/observed num-
ber of links between race/ethni-
cities (African American, Asian,
Latino, and white) in each of the
three metropolitan areas. Lines be-
tween race/ethnic groups indicate
whether the numbers observed are
lower than expected, as expected,
or higher than expected ( p < .01).
Detailed distributions are available
in Supplementary Figures S3–S5.
Color images are available online.
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Latinos, and whites all mixed assortatively. In contrast to the
previous analysis, which aggregated data from across the
United States,21 we analyzed well-delineated metropolitan
areas, providing regional nuance to sorting patterns. None-
theless, patterns pertaining to African Americans were con-
sistent across all three jurisdictions.

To better understand transmission patterns within and
across race/ethnicities, we opted to analyze all transmission
risk groups, not only MSM, because eliminating a portion of
sequences will fragment the network. In addition, some MSM
do not disclose their risk behavior,23 and their exclusion from
the network could bias assortativity inference. Further, many
people who reported injection drug use as their primary risk
factor acquire HIV sexually, as has been seen in NYC.17,36,37

Nevertheless, over 70% of the persons in our analysis were
MSM, and MSM are more likely to cluster than other trans-
mission risk groups.17,37 Therefore, we acknowledge that the
patterns observed here are dominated by the transmission
dynamics of MSM and their networks.

HIV transmission network reconstruction from genetic
data has been criticized for suggesting misleading associa-
tions between clustering and transmission covariates (e.g.,
age28 and recency of infection38), and for its sensitivity to
missing data39 and to clustering method.40 Measures of
assortativity are also affected by missing data.31 Because
other clustering methods rely on the construction of phy-
logenies, they are hard to apply to datasets as large as
these41,42; reassuringly, for small genetic distances (<0.015
substitutions/site), linkages are highly conserved across
clustering methods.42,43 The lower proportion of clustering
in NYC has been previously noted and is likely due to the
age of the epidemic and the inclusion of older, unlinked
infections within that dataset.44 Nonetheless, our findings
were robust to different genetic distance thresholds and to
downsampling of our data. In fact, when we lowered our linkage
threshold to 0.5%, which increased our probability of capturing
true transmission links, assortativity by race/ethnicity increased.

Because age classification is a dynamic, continuous la-
bel, it is sensitive to time and to missing data.45 In contrast,
estimates of mixing between race/ethnic groups will not be
significantly affected by missing data, because an un-
sampled intermediary will not modify the network count of
assortative and disassortative links.45 Nonetheless, as many
of our findings pertained to the lower connectivity of Af-
rican Americans in the network, we considered that our
results could be the result of lower rates of diagnosis and
engagement in care among this group.32–34 In NYC and
LAC, African Americans diagnosed with HIV were less
likely to be genotyped, but this was not the case in Cook
County. However, when we downsampled African Amer-
icans, assortativity by race/ethnicity and the assortativity of
African Americans decreased, indicating that if under-
diagnosis and underreporting of HIV in African Americans
is present in these jurisdictions, the degree to which African
Americans are assortative in the transmission networks
would have been underestimated in our analyses.

Although the disparity in lifetime risk of acquiring HIV
between African American and white MSM cannot be ex-
plained by assortativity alone,3,46,47 our findings highlight
the need for prevention and intervention activities that
specifically serve African Americans, for example, im-
proving access to antiretroviral therapy and increasing

awareness of preexposure prophylaxis (PrEP). Uptake of
PrEP has been lower among African Americans than other
race/ethnic groups.48,49

We found that transmission networks were more assortative
by race/ethnicity than by any other factor we explored, and that
African Americans were most likely to be the genetic potential
transmission partners of African Americans. Sexual contact
networks are likely to display this same pattern. Interventions
specifically focused on highly assortative communities, such as
African Americans, have the potential to reverberate through
the sexual network to magnify the effect of that intervention
and have a greater impact on decreasing HIV transmission.
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