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Background.
infection.

Methods. Between 1996 and 2018, 1119 newly and previously diagnosed, therapy-naive persons with HIV (PWH) from San Diego
were followed. A genetic distance-based network was inferred using pol sequences, and genetic clusters grew over time through linkage

Ending the human immunodeficiency virus (HIV) epidemic requires knowledge of key drivers of spread of HIV

of sequences from newly observed infections. Cox proportional hazards models were used to identify factors associated with the rate of
growth. These results were used to predict the impact of a hypothetical intervention targeting PWH with incident infection. Comparison
was made to the Centers for Disease Control and Prevention (CDC) Ending the HIV Epidemic (EHE) molecular surveillance strategy,
which prioritizes clusters recently linked to all new HIV diagnoses and does not incorporate data on incident infections.

Results.  Overall, 219 genetic linkages to incident infections were identified over a median follow-up of 8.8 years. Incident cluster
growth was strongly associated with proportion of PWH in the cluster who themselves had incident infection (hazard ratio, 44.09
[95% confidence interval, 17.09-113.78]). The CDC EHE molecular surveillance strategy identified 11 linkages to incident infections
a genetic distance threshold of 0.5%, and 24 linkages at 1.5%.

Conclusions.  Over the past 2 decades, incident infections drove incident HIV cluster growth in San Diego. The current CDC EHE
molecular detection and response strategy would not have identified most transmission events arising from those with incident infection

in San Diego. Molecular surveillance that includes detection of incident cases will provide a more effective strategy for EHE.
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The ambitious goal of the Ending the HIV Epidemic (EHE)
initiative [1] includes reducing new infections by 75% within
5 years. Human immunodeficiency virus (HIV) molecular
cluster detection and response is a core pillar of this plan, de-
spite paucity of evidence to support its effectiveness in reducing
HIV incidence. This strategy is intended to identify outbreaks
that could be stopped by interventions, such as rapid antire-
troviral therapy (ART) for newly diagnosed persons with HIV
(PWH) and preexposure prophylaxis (PrEP) for persons at
risk for HIV. Such efforts require analysis of HIV nucleotide
sequences collected during routine drug resistance testing to
define clusters to which interventions are directed by regional
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health departments. Successful interventions based on molec-
ular surveillance require knowledge of which clusters are ac-
tively growing or are most likely to grow. One way to find out is
to identify PWH with incident (newly acquired) infection who
link to clusters; such events are denoted as “incident cluster
growth.” In fact, the risk of transmission for persons with acute
infection has been reported to be twice as high as for those with
prevalent infection [2]. As an alternative to direct measures
of incidence, the Centers for Disease Control and Prevention
(CDC) strategy uses short genetic distance (0.5% genetic dis-
tance) and temporal information (cases diagnosed in the last
12 or 36 months) as a proxy for recent and rapid transmission
[3-5].

We hypothesized that prioritizing PWH and incident vs
prevalent HIV infection status would improve the performance
of molecular detection and response. To test this hypothesis, we
modeled the growth of clusters by addition of incidence cases
and predicted the effect of theoretical prevention interventions
that prioritized specific populations (ie, persons with incident
infection) using fitted models. We analyzed data collected from
persons newly diagnosed with incident and prevalent HIV
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infection in San Diego, California (1996-2018). We used statis-
tical modeling to demonstrate that success of molecular cluster
detection and response efforts depended on prioritization of
persons with incident HIV infection.

METHODS

Study Population

Between 1 July 1996 and 31 March 2018, ART-naive adult and
adolescent (>16 years of age) persons with HIV were pro-
spectively recruited to observational research studies at the
University of California, San Diego (UCSD). Participants of
the Primary Infection Resource Consortium (PIRC) were
identified by a screening algorithm to detect incident HIV in-
fection (<1 year) and prevalent infection (>1 year) [6, 7], and
an estimated date of infection (EDI) was calculated [8] (see
Supplementary Materials). Participants of the Center for AIDS
Research Network of Integrated Clinical Systems network
were >18-year-old PWH newly entering care at UCSD and were
assigned to “prevalent” infection status when no prospectively
determined EDIs were available. All studies were approved by
the UCSD Institutional Review Board, and all participants pro-
vided voluntary, written informed consent.

Baseline variables included HIV genotype, testing for bac-
terial sexually transmitted infections (STIs) (gonorrhea [GC],
chlamydia [CT], and syphilis), and routine laboratory tests
needed for clinical care. Positive STT screen was defined as a
positive GC/CT nucleic acid test (pharyngeal, rectal, or urine)
or evidence of active syphilis by a rapid plasma reagin titer >1:8
[9]. PIRC participants completed study visits at baseline (day 0);
weeks 2, 4, 8, 12, 24, 36, and 48; and every 24 weeks thereafter.
Some study variables were incompletely measured (see Table 1
footnotes).

HIV Network Inference

HIV pol nucleotide sequences were derived for all partici-
pants (GenoSure MG, LabCorp Specialty Testing Group,
South San Francisco, California; or Viroseq version 2.0, Celera
Diagnostics, Alameda, California). If >1 HIV sequence was
available for a participant, only the earliest was included in this
analysis. We inferred the HIV network by computing all pair-
wise genetic distances between pol sequences from each par-
ticipant (ie, network node) and connected nodes for which the
corresponding genetic distance was <1.5% using HIV-TRACE
[10] (hereafter, the UCSD method). For comparison, we re-
constructed the network using the CDC criteria, which pri-
oritizes only clusters that have at least 5 newly diagnosed cases
identified within the previous year linked using a genetic dis-
tance threshold of 0.5% to cases diagnosed within the previous
3 years [5]. We then determined how many new incident cases
linked to the clusters identified by the CDC vs UCSD methods
during follow-up. We repeated the CDC method analysis using

a genetic-distance threshold of 1.5% (vs 0.5%) to compare to
outcomes derived using the UCSD method (with the identical
temporal information used by the CDC method). There are 2
key differences in the way these methods prioritize clusters: The
CDC method uses temporal thresholding (minimum number
of nodes diagnosed within a specific timeframe), whereas the
UCSD method uses incidence information (number of nodes
in the cluster that are incident).

Incident Cluster Growth Analysis

We compared the number of linked incident cases (ie, incident
cluster growth) and investigated the factors associated with in-
cident cluster growth in the network using the UCSD method.
To do so, we identified PWH (ie, nodes) that did not link to
any earlier nodes in the network, which began in 1996. These
were defined as “seeds” and followed over time. For each seed,
or cluster that arose from a seed, we counted the number of
incident nodes that subsequently linked to that seed or cluster
(Supplementary Table 1A). The primary outcome for all cluster
growth analyses was “incident cluster growth,” defined as
linkage of an incident node to a node already in the network
(Figure 1). While not counted as incident cluster growth events,
newly linked nodes with prevalent infection (>1 year since in-
fection, n = 148) did contribute to cluster size, which was ana-
lyzed as a covariate.

We used the Andersen-Gill extension to the Cox propor-
tional hazards model [11] (“coxph” function in R with robust
variance estimates) to analyze the time to recurrent, incident
cluster growth arising from seeds (see Supplementary Materials
for details). This model permitted estimation of mean number
oflinks (averaged across clusters). To adjust for the time-varying
rate of sampling, all analyses were weighted by the inverse of
a smoothed density estimate of the number of sequences col-
lected over time (see Supplementary Materials for details). This
estimate was approximately proportional to the sampling rate,
assuming that HIV prevalence stayed roughly constant over
time (see Supplementary Materials). To model cluster growth,
we identified predictors associated with incident events in sep-
arate univariable models and included them in a multivariable
model if either they were significant at the o = .05 level or were
considered factors that might potentially confound the rela-
tionship of other predictors to the outcome of cluster growth
(cluster-level covariates 2 and 7 below).

Cluster-level covariates used to predict rate of incident cluster
growth included (1) proportion of cluster members who had
acquired HIV in the past year; (2) proportion of cluster mem-
bers with Hispanic ethnicity; (3) proportion with unsuppressed
viral load (>50 copies/mL); (4) median number of sex partners
reported by cluster members in the 3 months preceding study
enrollment; (5) cluster size; (6) median age of cluster members;
and (7) indicator of a cluster start date (ie, enrollment of the first
person in the cluster) before 2005. The year 2005 was chosen
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Table 1. Baseline Participant Characteristics

PIRC Newly Diag- PIRC Previously CNICS Previously Total
Characteristic nosed (n = 741) Diagnosed (n = 194) Diagnosed (n = 184) (N =1119)
Participant demographics
Gender®
Male 719 (97.0) 163 (92.1) 168 (91.3) 1050 (95.3)
Female 19 (2.6) 13 (7.3) 16 (8.7) 48 (4.4)
Transgender 3(0.4) 1(0.6) 4(0.4)
Race/ethnicity
White non-Hispanic 394 (53.2) 80 (41.2) 86 (46.7) 560 (50.0)
Black non-Hispanic 44 (5.9) 25 (12.9) 20 (10.9) 89 (8.0)
Hispanic 224 (30.2) 54 (27.8) 63 (34.2) 341 (30.5)
Other/unknown 79 (10.7) 35 (18.0) 15 (8.2) 129 (11.5)
Transmission risk
MSM 666 (89.9) 135 (69.6) 123 (66.8) 924 (82.6)
MSM + PWID 28 (3.8) 1 (6.7) 14 (7.6) 53 (4.7)
PWID 1(0.1) 3(1.5) 9(4.9) 13(1.2)
Heterosexual 22 (3.0) 6(3.1) 18 (9.8) 46 (4.1)
Other/unknown 24 (3.2) 39 (20.1) 20 (10.9) 83 (7.4)
Age, y, median (IQR) 32 (26-40) 36 (29-42) 38 (30-46) 34 (27-42)
Months on study, median (IQR) 18 (4-38) 0 (0-1) 37 (23-58) 17 (3-39)
Risk characteristics reported for prior month of study entry
Illicit drug use®* 125 (34.5) 17 (30.9) 142 (34.1)
Condomless anal sex® 529 (76.9) 43 (50.0) 572 (73.9)
No. of sexual partners®, median (IQR) 2 (1-3) 1(1-2) 2 (1-3)
HIV infection timeline at study entry
Acute' 172 (23.2) 172 (15.4)
Recent 483 (65.2) 483 (43.2)
Prevalent 86 (11.6) 174 (89.7) 260 (23.2)
Presumed to be prevalent 20 (10.3) 184 (100.0) 204 (18.2)
STl diagnosis at study entry?
Gonorrhea" 45 (8.4) 3(3.6) 1(0.8) 49 (6.6)
Chlamydia” 57 (10.7) 3(3.6) 2 (1.6) 62 (8.4)
Syphilis” 25 (4.5) 3(3.9) 28 (3.8)
HIV laboratory results' at time of HIV sequencing
Viral load, log,, copies/mL, median (IQR)' 4.9 (4.1-5.6) 4.3 (3.4-5.1) 4.4 (3.9-4.9) 4.7 (3.9-5.4)
CD4 count at study entry, cells/uL, me- 494 (360 642) 410 (284 587) 411 (238 617) 477 (327 636)
dian (IQR)'
Phylogenetic clustering, determined by HIV pol sequence
Clustered 377 (50.9) 87 (44.8) 68 (37.0) 532 (47.5)

Data are presented as No. (%) unless otherwise indicated.

Abbreviations: CDC, Centers for Disease Control and Prevention; CNICS, Center for AIDS Research Network of Integrated Clinical Systems; HIV, human immunodeficiency virus; IQR, inter
quartile range; MSM, men who have sex with men; PIRC, Primary Infection Resource Consortium; PWID, person who injects drugs; ST, sexually transmitted infection.

“Gender was not assessed for 17 participants in the previously diagnosed PIRC cohort.

®lllicit drug use excluding cannabis.

“Illicit drug use was not assessed for the CNICS cohort and a subset of PIRC participants (379 newly diagnosed and 139 previously diagnosed participants).

9Recent condomless anal sex was not assessed for the CNICS cohort and a subset of PIRC participants (53 newly diagnosed and 108 previously diagnosed participants).

°Number of recent sexual partners was not assessed for the CNICS cohort and a subset of PIRC participants (36 newly diagnosed and 66 previously diagnosed participants).

fAcute: HIV antibody negative, <10 days from estimated date of infection (EDI); recent: <1 year from EDI; prevalent: >1 year from EDI.

9Any STl classified as any positive gonorrhea; chlamydia confirmed by 3-site testing of urine, throat, and rectum; or presumed active syphilis (enzyme immunoassay + rapid plasma re-
agin titer >1:8).

"Gonorrhea and chlamydia were not assessed for 61 CNICS participants (62 for chlamydia) and a subset of PIRC participants (206 newly diagnosed and 110 previously diagnosed partici-
pants). Syphilis was not assessed or incompletely assessed for 57 CNICS participants and a subset of PIRC participants (200 newly diagnosed and 117 previously diagnosed participants).
Viral RNA was unavailable for 25 previously diagnosed PIRC participants. CD4 count at sequence date was unavailable for a subset of PIRC participants (3 newly diagnosed and 45 previ-
ously diagnosed participants).

because the rate of identifying PWH was increasing before people included in samples that is not captured by the inverse
that date and remained nearly constant thereafter. Inclusion of ~ weighting by the observed density [7].
item 7 in all models was intended to adjust for any potential All cluster-level covariates were time-varying, except the pre-

residual confounding related to variation in characteristics of 2005 cluster start indicator. Since covariates were constructed
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Figure 1.  Schematic of possible cluster outcomes. Prevalent (blue) and incident (red) infections are defined as nodes with estimated date of infection (EDI) >1 and <1 year,

respectively. To investigate the factors associated with the linkage of a new linked incident node event (red node marked by “E”), we reconstructed the history of the net-
work to identify the earliest node in each cluster “lineage,” including those nodes that never became part of a cluster during follow-up. We defined these nodes as seeds,
indicated by the stripped pattern (n = 752). During the course of follow-up, 587 among the 752 seeds started as singletons and never acquired another node (268 prevalent
seeds [illustrated in striped blue, row 1], 319 incident seeds [illustrated in striped red, row 2] that become prevalent during follow-up [illustrated in solid blue]). Eighteen
seeds started as dyads and remained so (row 3). Fifty-four seeds acquired only prevalent nodes (row 5), whereas 2 seeds in a dyad (row 4) and 91 seeds (row 6) acquired at

least 1 incident node during follow-up.

based on features of cluster members, we used multiple impu-
tation to address the issue of mismeasurement in time (ie, viral
load could not be known for cluster members at the exact time of
a new linkage) and missing covariate information. To investigate
sensitivity of results to definition of incidence, we repeated all
analyses using the threshold of 133 days since HIV infection, [8]
which was chosen for easier identification of people with recent
(ie, incident) infection using a limiting-antigen avidity assay [12]
(see Supplementary Materials). Using the parameter estimates,
we also predicted effects of hypothetical interventions targeting
the proportions of PWH who were incident, unsuppressed, or
both. We did so by multiplying the observed proportions of in-
cident or suppressed cases within each cluster by 0.5 and 0.25 at
each time point to emulate a hypothetical 50% and 75% reduc-
tion in this proportion (Supplementary Materials).

RESULTS

Study Population
We analyzed 1119 prospectively enrolled ART-naive PWH (741
were newly diagnosed and 378 were previously diagnosed and

newly entering care). Of these, 655 (58.5%) had incident infec-
tion (acute [seronegative], n =172 [15.4%]; or early, n = 483
[43.2%]) and 464 (41.5%) had prevalent infection at time of di-
agnosis. As with the overall HIV epidemic in San Diego [13],
most participants were male (95.3%); 87.3% of male participants
were men who had sex with men (MSM). Half of all partici-
pants were non-Hispanic white and 30.5% were Hispanic (Table
1). In the month before enrollment, 142 of 417 (34.1%) par-
ticipants described using illicit substances, 572 of 774 (73.9%)
reported engaging in condomless anal sex, and 833 reported a
median of 2 sex partners (interquartile range [IQR], 1-3) (Table
1, see footnotes for incomplete entry variables). Screening for at
least 1 bacterial STT was performed in 819 (73.2%) participants
within 30 days of study entry; gonorrhea was documented in
6.6%, chlamydia in 8.4%, and syphilis in 3.8%. There was no
difference in the rate of STIs between participants with inci-
dent and prevalent infection (P =.3). Participants with newly
diagnosed HIV infection (88.4% had incident infection) had
a higher (P <.01) median viral load (4.9 [IQR, 4.1-5.6] log,
copies/mL) than did those with previously diagnosed infection
(4.3 [IQR, 3.8-5.0] log,, copies/mL).
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Abbreviations: Cl, confidence interval; Coef, coefficient; HR, hazard ratio; SE, standard error.

“All predictors use clusters as the reference for evaluation.

6.55, with the other predictors held constant.

“Proportion as decimal, not percentage. For example, an increase in the proportion of incident infections from 0 to 50% would correspond to HR of exp(0.5 x 3.76)

“Median number of sex partners in the past month at time of enrollment for each linked case.

9Time invariant.

°Median age of cluster, which includes median ages of all individuals in cluster, up to but not including the individual linked at latest event time.

Incident Cluster Growth Analysis by UCSD Criteria

A genetic network was inferred from all participant sequences
with a range of follow-up from 0 days to 21.8 years (median,
8.8 years). The network comprised 752 nodes identified as seeds:
587 seeds never became part of a cluster (ie, remained as a sin-
gleton); the remaining 165 eventually linked to 1 or more nodes
forming 155 clusters (20 nodes started as dyad-seeds). Among
the 752 seeds, 147 (19.5%) linked to 1 or more nodes sequenced
at a later date (ie, formed a cluster), and 93 seeds (12.4%) linked
to at least 1 incident node, resulting in incident cluster growth.
A total of 219 incident nodes linked to seeds or clusters. Since
2 incident nodes entered the network as a dyad, there were 218
linkage events observed during study. There were 117 incident-
to-incident linkage events (54% of all linkage events) within 56
clusters; the median time between the EDI of putative transmis-
sion pairs was 2.6 (IQR, 1.4-4.9) months, demonstrating the
short window of time available to intervene on incident cases.

Incident Cluster Growth Analysis by CDC Criteria

The CDC method prioritizes clusters that have a minimum
of 3 or 5 (depending on jurisdiction) newly diagnosed cases
identified within the previous year linked using a genetic dis-
tance threshold of 0.5% to cases diagnosed within the previous
12 months [5]. Applying these criteria to our data identified
a total of 116 clusters (Supplementary Table 1B), including 3
priority clusters that would have triggered an investigation
by CDC recommendations. During follow-up of these 3 clus-
ters, 11 linked incident events would have been identified—
all arising from 1 seed over a 1.2-year period (Supplementary
Figure 1). Changing the genetic distance threshold to 1.5% re-
sulted in identification of 4 clusters linked to 5 or more new
cases within the previous year. During follow-up of these 4
clusters, 24 linked incident events would have been identi-
fied during a median follow-up of 4.4 (IQR, 1.2-8.2) years
(Supplementary Figure 2). The CDC criteria uses close genetic
distance (0.5%) and temporal information as a proxy for recent
and rapid transmission; use of this distance threshold and tem-
poral criteria when applied to our population identified only 11
of 218 (5.0%) linked incident events, which increased to 24 of
218 (11%) events when the genetic threshold was increased to
1.5% (Supplementary Table 1B and 1C).

Drivers of Incident Cluster Growth

In multivariable models, factors that increased incident cluster
growth included proportion of persons with incident infection
(duration of infection of <1 year) (hazard ratio [HR], 43.09 [95%
confidence interval {CI}, 16.90-109.86]) (Table 2); cluster size
(HR, 1.33 [95% CI, 1.29-1.37]); and cluster start date prior to
2005 (HR, 1.42 [95% CI, 1.02-1.97]). A weak association of pro-
portion of cluster members with unsuppressed viral load with
cluster growth was observed in the multivariate model (HR, 1.35
[95% CI, .98-1.86]), though the association was stronger in the
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Table 3. Model Fit for the Proportional Rates Recurrent Event Model (Incident Infection Defined as Estimated Date of Infection <133 Days of Sequencing Date)

Multivariable Model

Univariable Model

(95% CI) PValue

Coef Coef SE HR

(95% ClI) PValue

Coef SE HR

Coef

Predictor®

.002
<.001

(1.80-15.23)
(1.31-1.39)
(.48-1.04)

5.24

0.54
0.01
0.20

1.66
0.30
-0.35

.001
<.001

(2.02-19.40)
(1.33-1.41)

6.27
1.37
0.79
0.99
2.08
0.95
1.81

0.58
0.01
0.15
0.01
0.17
0.01
0.13

1.84

0.31
-0.24
-0.01

Proportion of incident®

1.35
0.71

Cluster size

.078

113
.306
<.001
<.001
<.001

(.68-1.06)
(.97-1.01)

Proportion of Hispanic ethnicity®

(.89-1.82)
(.94-.97)

183
<.001

1.27
0.96

1.

0.18
0.01
0.18

0.24
-0.05

Median No. of sex partners®
Cluster start pre-2005¢
Median age of cluster®

(1.50-2.88)
(.93-.97)

0.73
-0.05

.011

(1.11-2.21)

56

0.45

(1.40-2.35)

0.59

Proportion of unsuppressed®

Abbreviations: Cl, confidence interval; Coef, coefficient; HR, hazard ratio; SE, standard error.

Al predictors use clusters as the reference for evaluation.

“Proportion as decimal, not percentage. For example, a 50% increase corresponds to exp(0.5 f) times the hazard in the weighted model.

°Median number of sex partners in past 3 months at time of enrollment for each linked case.

9Time invariant.

*Median age of cluster, which includes median ages of all individuals in cluster, up to but not including the individual linked at latest event time.

univariate model (HR, 1.69 [95% CI, 1.33-2.14]). Both the pro-
portion of Hispanic persons and median age in the cluster were
negatively associated with cluster growth (HR, 0.63 [95% CI, .43
.92] and 0.96 [95% CI, .94-.97], respectively). Median number of
sex partners reported during the month prior to study entry (HR,
0.99 [95% CI, .98-1.01], univariable model) was not associated
with incident cluster growth. Results were qualitatively similar in
multivariable analyses when duration of incident infection was
defined to be within 133 days of infection (Table 3).

Prevention Efforts

As incident infection was the characteristic most strongly as-
sociated with incident cluster growth (Table 2), we used model
parameter estimates to evaluate how such growth would aid in
prioritizing prevention efforts. The predicted mean number of
newly linked incident cases per cluster was 0.17 at 3 years (Figure
2A) and 0.33 at 15 years (data not shown), implying that cluster
growth slowed over time. If incident cases could be identified,
and onward transmission from such cases reduced by a factor
of 50% or 75% (eg, from rapid ART [or PrEP] prioritized to the
index cases and their newly diagnosed infected contacts [PrEP to
uninfected contacts]), we would predict a reduction in the mean
number of newly linked cases of 56% and 63%, respectively, at
3 years (Figure 2B). By contrast, an intervention that reduced on-
ward transmission from virologically unsuppressed persons by
50% or 75% would predict reductions by only 11% and 7% at year
3 (Figure 2C). Joint implementation of both interventions is pre-
dicted to be only slightly superior (67%) to a strategy that focused
only on incident infections (Figure 2D).

DISCUSSION

From data collected over 22 years, we found that people with
incident HIV infection were the major driver of incident cluster
growth in San Diego. As expected [14], we also found that larger
cluster size was associated with incident cluster growth, albeit
marginally given that the median cluster size was only 2 at the
end of study follow-up. Interestingly, the proportion of cluster
members with unsuppressed viral load showed only a weak as-
sociation with incident cluster growth, and although the pres-
ence of bacterial STIs [15, 16], number of sex partners [16, 17],
and use of illicit drugs [18] have all been shown to increase the
risk of acquiring HIV infection, none of these factors were asso-
ciated with new incident events.

The “Respond Pillar” of the EHE initiative seeks to rapidly
detect and respond to growing HIV clusters to prevent new HIV
infections [19]. Using the proposed CDC methods that priori-
tize clusters with a minimum of 3 or 5 cases diagnosed in the pre-
vious year connected through cases diagnosed in the previous
3 years [5] may fail to identify most new linked incident events
in epidemics similar to that in San Diego (Supplementary Table
1B). When the CDC criteria were applied to our population,
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only 11 of 218 (5.0%) linked incident events were identified,
which increased to 24 of 218 (11%) events even when the ge-
netic threshold was relaxed to 1.5% (Supplementary Table 1C).
The CDC strategy may well be effective for identifying larger
unexpected outbreaks [20], identifying key populations for
prevention resources [21] and monitoring the effect of preven-
tion interventions [22], than for prospectively identifying and
interrupting incident transmission events in epidemics similar
to that in the San Diego region (ie, concentrated, established
and not rapidly growing, predominantly MSM, relatively ho-
mogeneous); this strategy requires further evaluation.

This study also suggests that the strategy of using of cluster
detection and response to reduce incidence may be suboptimal.
Even if the “trigger” for prioritizing a cluster for evaluation
and/or intervention were a single incident transmission event,
its impact would likely be small, because the majority (58.9%

[54/92]) of clusters with incident transmissions never grew to
a size larger than 2 in our study population. Additionally, the
window of opportunity to prevent an incident transmission
from someone newly diagnosed with incident infection is lim-
ited (approximately 2.6 months). It seems unlikely that detect
and respond methods could act rapidly enough to interrupt in-
cident transmission events, even if sequence data were gener-
ated and analyzed within 3 weeks of diagnosis of PWH.

This is the first study to directly measure the number of linked
incident events that arise within an HIV network and model
the impact of potential prevention and treatment interventions.
Consistent with the high degree of infectivity of persons with
early HIV infection [23], intervention efforts to efficiently iden-
tify and rapidly treat persons with incident infection (Figure 2B)
should provide an effective strategy to limit new transmissions.
Implementation of the hypothetical intervention for persons
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Figure 2. Predicted growth curves for the expected effect on cluster size with and without intervention. A, Without any intervention, the estimated mean number of newly
linked incident cases per cluster would be 0.17 at 3 years after sequencing the original seed node, with 95% confidence intervals shown in the shaded red bands. B, Considers
theoretical prevention and treatment interventions when toward persons with incident infection (estimated date of infection <1 year). An intervention that could reduce the
number of transmissions that arise from incident infections by 50% (in green) or 75% (in blue) would decrease the cluster growth curve by 56% (estimated mean number
of newly linked incident cases/cluster of 0.07) and 63% (estimated mean number of newly linked incident cases/cluster of 0.06), respectively, at 3 years. C, By comparison,
interventions prioritized to reduce the transmission from virologically unsuppressed persons in a cluster (eg, through antiretroviral therapy) by 50% (in green) or 75% (in blue)
would decrease the cluster growth curve by 7% (estimated mean number of newly linked cases/cluster of 0.16) and 11% (estimated number of linked cases/cluster of 0.15),
respectively, at 3 years. D, No intervention (in red) compared to both interventions described in Band Cabove (to reduce onward transmissions by 75%; in blue) would be ex-
pected to reduce the human immunodeficiency virus growth rate by 67%, resulting in an estimated mean number of linked cases/cluster of 0.06 at the end of 3 years, mostly

driven by changes in the number of incident infections in the population.
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with incident infection evaluated is feasible with current HIV
screening technologies [24] and scale-up of rapid ART [25].
Our analyses found that total cluster growth was not a reliable
proxy for incident cluster growth. However, identifying PWH
with incident infection in conjunction with active molecular
surveillance would allow direct measurement of the impact of
an intervention designed to reduce HIV incidence. With ade-
quate sampling depth (such as in our network [7]), random-
ized studies of prevention interventions that use incident cluster
growth as outcomes would likely require fewer resources than
do studies that measure incidence directly [26].

There are several limitations to this study. First, our sample
was recruited from San Diego County, includes mostly MSM,
and was enriched for persons with incident infection (58.5%
of the sample); hence, results may not generalize to more di-
verse populations. Nonetheless, we believe that our concerns re-
garding CDC molecular surveillance analysis apply broadly, as
the high proportion of incident infections does not drive these
results but provides power to obtain them. Second, data on
viral load and other covariates of interest were incomplete—a
problem addressed through a multiple imputation procedure.
Third, the lack of longitudinal assessment of sexual risk beha-
vior limited investigation of its impact. Finally, sampling and
data collection were not uniform across the 22 years of this ob-
servational study, hence our need to adjust for these factors.

Our findings raise several important issues. Current CDC
molecular surveillance and response efforts will not likely
identify the majority of incident transmission events within a
concentrated epidemic, such as in San Diego. Efforts to limit in-
cident cluster growth must include strategies to rapidly identify
and treat persons with incident infection, which may provide
a highly effective strategy to control HIV epidemic spread by
limiting HIV transmission from people during the early stages
of their infection.
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