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The HIV epidemic in San Mateo County is sustained by multiple overlapping risk
groups and is an important hub for HIV transmission in northern California. Limited
access to care has led historically to delayed clinical presentation, higher rates of
opportunistic infections, and an increased prevalence of antiretroviral drug resistance.
The virologic and clinical consequences of treatment within these multiple ethnic and
behavioral groups are poorly understood, highlighting the need for efficient surveillance
strategies that are able to elucidate transmission networks and drug resistance patterns.
We obtained sequence data from a group of 316 HIV-positive individuals in the San
Mateo AIDS Program over a 14-year period and integrated epidemiologic, phylogenetic,
and network approaches to characterize transmission clusters, risk factors and drug
resistance. Drug resistance mutations were identified using the Stanford HIV Drug
Resistance Database. A maximum likelihood tree was inferred in RAxML and subjected
to clustering analysis in Cluster Picker. Network analysis using pairwise genetic
distances was performed in HIV-TRACE. Participants were primarily male (60%), white
Hispanics and non-Hispanics (32%) and African American (20.6%). The most frequent
behavior risk factor was male-male sex (33.5%), followed by heterosexual (23.4%)
and injection drug use (9.5%). Nearly all sequences were subtype B (96%) with
subtypes A, C, and CRF01_AE also observed. Sequences from 65% of participants
had at least one drug resistance mutation. Clustered transmissions included a higher
number of women when compared to non-clustered individuals and were more likely to
include heterosexual or people who inject drugs (PWID). Detailed analysis of the largest
network (N = 47) suggested that PWID played a central role in overall transmission
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of HIV-1 as well as bridging men who have sex with men (MSM) transmission with
heterosexual/PWID among primarily African American men. Combined phylogenetic and
network analysis of HIV sequence data identified several overlapping risk factors in the
epidemic, including MSM, heterosexual and PWID transmission with a disproportionate
impact on African Americans and a high prevalence of drug resistance.
Keywords: HIV, transmission links, California, phylogenetics, network

INTRODUCTION

delayed treatment, and expanded risk behavior for community
transmission networks remain largely uncharacterized.
In California, a high prevalence of drug resistance among
untreated, newly diagnosed patients has highlighted widespread
community-level transmission and cross-border introduction
of multi-drug resistant HIV associated with an expansion in
migratory and risk behaviors (Panichsillapakit et al., 2016). In
recent years a focus on addressing health disparities in California
has increased access to treatment and care for historically
marginalized populations. However, data are limited regarding
the virologic and clinical outcomes of treatment in these
communities. These observations underscore the need for broad
and systematic surveillance of HIV transmission networks and
drug resistance in the context of comprehensive health service
delivery systems, particularly among populations who present
late and where ART treatment access is constrained.
Defining the patterns of HIV transmission and resistance
within communities is important for regional prevention and
treatment programs to develop effective, integrated testing and
treatment strategies to reduce transmission and to identify
and appropriately treat newly-infected individuals. This
study combines phylogenetic inference, network analysis and
molecular virology/epidemiology to characterize HIV viral
transmission and ARV drug resistance in a northern California
community epidemic over a 14-year period.

Molecular epidemiologic analyses of the HIV-1 epidemics in
Africa (Dalai et al., 2009; Gray et al., 2009; Mir et al., 2016),
Asia (Neogi et al., 2012; Pang et al., 2012), and North America
(Smith et al., 2010; Mehta et al., 2015) have provided evidence for
distinct epidemic dynamics and patterns of transmission within
defined communities. While the southern African and Asian
epidemics are thought to be sustained by sexual-social factors,
high-risk people who inject drugs (PWID), and commercial sex
work (CSW) (Thorne et al., 2010; Baral et al., 2012; de Oliveira
et al., 2017), male-male sex has remained the primary mode of
transmission in the United States, accounting for approximately
70% of new infections (Centers for Disease Control and
Prevention, 2015). In the past 10 years, the HIV epidemic in
California has shifted from a primarily white MSM (men who
have sex with men) population to include a diverse range of
overlapping risk groups, where heterosexual women comprise the
fastest growing demographic for new infections and an increasing
fraction of new diagnoses occur among diverse racial and ethnic
groups (California Department of Public Health, 2015). Hispanic
monolingual men and women now predominate among new
HIV-1 cases in several California counties followed by African
Americans and Asian/Pacific Islanders (Magis-Rodríguez et al.,
2009).
The HIV epidemic in San Mateo County (California)
encompasses approximately 1,613 diagnosed cases with 0.2%
adult prevalence1 . The epidemic is sustained by multiple ethnic,
migratory, and behavioral networks, including MSM, migrant
populations from Asia and Latin America, and PWID, each
having distinct patterns of HIV acquisition and transmission (San
Mateo County Department of Public Health, 2017). Within these
communities, access to care, including antiretroviral treatment
(ART) has historically been constrained by financial, cultural, and
linguistic barriers. HIV-positive immigrants (78.7% Hispanic)
attending the publicly-funded San Mateo County AIDS Program
have substantially delayed clinical presentation, marked by lower
baseline CD4+ cell counts, greater prevalence of opportunistic
infections, and higher hospitalization rates as compared with
United States-born individuals (Levy et al., 2006). Moreover,
population-based surveys in San Mateo have recently identified
multiple risk behaviors associated with immigrant status,
including unprotected sex, unstable and overlapping sexual
partnerships, CSW contacts, and PWID (Levy et al., 2005). The
implications of prolonged, undiagnosed HIV infection, viremia,
1

MATERIALS AND METHODS
Study Population
The study population included 316 HIV-positive adults receiving
care as part of the publicly funded San Mateo County
AIDS Program who underwent clinically indicated genotypic
antiretroviral resistance testing (GART) from 1996 to 2010. The
population included both acutely- and chronically-infected, as
well as treatment naïve and multi-drug experienced individuals.
Demographic (age, gender, race/ethnicity), epidemiologic (date
of diagnosis, mode of transmission, social/risk behavior, partner
information, location data), and clinical information (history
of ART usage, HIV clinical stage, HIV viral load, CD4+ cell
count, co-infections) were de-identified and extracted from
electronic and written medical records at San Mateo Medical
Center. Mode of HIV transmission was extracted from medical
records as determined by the physician at the time of patient
intake. Transmission categories included (1) MSM; (2) PWID;
(3) MSM + PWID; and (4) heterosexual/other (including
participants reporting infection through contaminated blood
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samples from San Mateo. All IAS codons associated with
major antiretroviral drug resistance (Wensing et al., 2017) were
excluded from one of these alignments. Reliability of the obtained
topologies was estimated with 1000 bootstrap replicates. Notably,
inclusion or removal of DRMs did not appreciably alter tree
structure.
Transmission clusters were identified with the program
Cluster Picker (Ragonnet-Cronin et al., 2013) using a minimum
branch support of 90 (bootstrap or BTE) and an intra-cluster
genetic distance threshold of 4 percent or 8 percent. Clusters
including more than 5 individuals were separately evaluated in
TempEst to investigate their temporal signal. When a molecular
clock assumption was validated, these clusters were submitted
for Bayesian phylogenetic reconstruction using BEAST v1.8.4
(Rambaut et al., 2016; Suchard et al., 2018). In addition to a
phylogenetic approach, HIV-TRACE was used to reconstruct a
putative genetic transmission network with a pairwise genetic
distance of 2%, which is in the 1 – 2% range derived
from several comparative studies of epidemiologically-linked
partners and studies of within-host evolutionary rates (Wertheim
et al., 2014). HIV-TRACE performs agglomerative hierarchical
clustering connecting sequences only if their pairwise distance
does not exceed the assigned threshold. As an analog to
phylogenetic bootstrap, i.e., to assess network sensitivity to
sampling error, we repeated network inference on 100 bootstrap
replicates created from the original alignment with goalign2 .
Medical records were independently reviewed to identify
epidemiologic linkages among study participants irrespective of
the phylogenetic/network linkages. Univariate and multivariate
statistical analyses of risk factors associated with clustering were
performed in the statistical package R (R Core Team, 2013).

products). Missing values were treated as a separate category for
all demographic variables analyzed in this study.
The use of anonymized, de-identified clinical/demographic
and sequence data was reviewed and approved under an
exempt protocol by the Institutional Review Boards of Stanford
University, the University of California, Berkeley, and MillsPeninsula Health Services on behalf of San Mateo Medical
Center. All subjects gave written informed consent in accordance
with the Declaration of Helsinki.

Sequence Data and Alignment
Genotypic resistance assays were performed as part of standard
clinical care by the Stanford Hospital Clinical Virology
Laboratory. A total of 637 HIV-1 pol gene sequences were
obtained from 316 patients tested over the study period.
Sequences were generated by dideoxynucleotide sequencing of
population (consensus) amplicons from HIV-1 pol. Sequences
were aligned and manually edited using the ClustalW algorithm
as implemented in BioEdit (Hall, 1999). For individuals who had
multiple sequences, the earliest available sequence was retained
for transmission/clustering analyses as well as for the screening
of drug resistance mutations.
Additionally, a reference sequence dataset was compiled using
BLAST+ (Camacho et al., 2009). For each study sequence, the
50 most similar reference sequences from BLAST were selected,
resulting in a reference alignment of 1,405 sequences after
removal of duplicates.

Subtype Classification and Drug
Resistance Analysis
HIV-1 subtype and evidence for inter-subtype recombination
were assessed using the REGA Subtyping Tool v3.0 (de Oliveira
et al., 2005; Alcantara et al., 2009). The HIVseq algorithm was
used to interpret genotypic resistance and to identify known ART
drug resistance mutations (DRMs) according to the most recent
International AIDS Society (IAS) mutation list (Wensing et al.,
2017). Both methods were implemented in the Stanford HIV
Drug Resistance Database (Gifford et al., 2009).

RESULTS
Patient Demographics
Between 1996 and 2010, 637 HIV sequences were obtained from
316 people living with HIV/AIDS (PLWHA) receiving ART in the
San Mateo County AIDS Program. Table 1 summarizes baseline
demographic characteristics of the participants. The study
population was comprised primarily of white Hispanics and nonHispanics (32.0%) and African Americans (20.6%). Around 60%
of participants were male, with ages ranging from 19 to 67 years
old. The most frequent recorded mode of HIV transmission was
MSM (33.5%), followed by heterosexual (23.4%), PWID (9.5%),
and combined MSM/PWID (8.5%). Three participants reported
infection through contaminated blood products.

Phylogenetic and Clustering Analysis
A maximum likelihood (ML) phylogenetic tree was constructed
in RAxML (Stamatakis, 2014) using the general time reversible
model of nucleotide substitution (Tavaré, 1986), an estimated
proportion of invariant sites and a gamma correction for amongsite rate variation. Statistical support for internal nodes was
obtained via bootstrapping with 1000 replicates. Alternatively,
branch supports were also calculated via transfer bootstrap
expectation (TBE) in BOOSTER (Lemoine et al., 2018) using all
1000 replicates generated in RAxML. TBE provides optimized
support for deep branches in large phylogenetic trees when
compared to the classical bootstrap criterion, allowing for the
identification of large putative clusters. Trees were visualized
using FigTree v1.4.3 (Rambaut, 2009).
In order to assess potential bias from DRMs, comparative
phylogenetic trees were constructed in PhyML (Guindon
et al., 2005) from a separate sequence dataset including only
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Transmission Clustering
Of the 316 genotypes, nearly all sequences were subtype B (95.9%,
Figure 1). Six sequences (1.9%) were subtype C, four individuals
(1.3%) were infected with the circulating recombinant form
CRF01_AE, and three sequences (0.9%) were subtype A.
Sequences from San Mateo were combined with 1,405
reference sequences identified as the most similar sequences from
2

3
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seven transmission pairs were also identified in the Cluster Picker
analysis (Supplementary Table S1).
Cluster Picker and HIV-TRACE identified clusters having
a similar demographic composition (Table 1). In a univariate
analyses, clustered individuals included a higher proportion of
women when compared to non-clustered patients (p < 0.001).
In addition, clusters were more likely to include heterosexual
or PWID (p < 0.001) mode of transmission and African
Americans (p < 0.01). Notably, individuals reporting MSM mode
of transmission were less likely to be in clusters (p < 0.001). No
association was seen between clustering and age or presence of
DRMs (PI, NRTI or NNRTI).
Further analysis of the large network identified by HIVTRACE suggested that PWID and MSM played a central role in
the transmission of HIV-1 in this putative transmission network.
Based on bootstrap support the network is divided into two
different sub-clusters (Figure 2): (i) the larger subgroup includes
27 PWID or heterosexual individuals that are linked with a high,
well-supported degree of connectedness (2.7 links per person
supported by a bootstrap > 70%) and has a overall genetic
diversity of 0.022 [bootstrap procedure standard error (SE):
0.002062], (ii) a second cluster bridging to the first by two weakly
supported links (63 and 65% bootstraps) is comprised mainly of
MSM individuals (n = 9) followed by heterosexual (n = 5) and
unknown risk group individuals (n = 6) and has an intra-genetic
diversity of 0.027 (SE: 0.002315). The genetic distance between
sub-groups was 0.033 (SE: 0.003280).

TABLE 1 | Demographic and epidemiological data for 316 HIV-positive adults
receiving antiretroviral treatment in San Mateo County, California.
Clustered Sequences
Cluster Picker

HIV-TRACE

(n=66)

(n=61)

Total (n=316)

Gender
Male

32 (48.48%)

31 (50.82%)

Female

25 (37.88%)∗

18 (29.51%)∗

49 (15.5%)

9 (13.64%)

12 (19.67%)

77 (24.37%)

45.2 (1.1)

43.8 (1.2)

41.7 (0.5)

English

47 (71.21%)

39 (63.93%)

185 (58.5%)

Spanish

5 (7.58%)

4 (6.56%)

26 (8.2%)

Bilingual

3 (4.55%)

2 (3.28%)

12 (3.8%)

11 (16.67%)

16 (26.23%)

93 (29.4%)

Black

39 (59.09%)∗

23 (37.7%)∗

65 (20.6%)

White

7 (10.61%)

14 (22.95%)

101 (32.0%)

Asian

1 (1.52%)

4 (6.56%)

13 (4.1%)

Latino

8 (12.12%)

6 (9.84%)

46 (14.6%)

Other/Unknown

11 (16.67%)

14 (22.95%)

91 (28.8%)

No

48 (72.73%)∗

40 (65.57%)

187 (59.2%)

Yes

9 (13.64%)

9 (14.75%)

53 (16.8%)

Unknown

9 (13.64%)

12 (19.67%)

76 (24.1%)

Transgender/Unknown
Age (years)

190 (60.13%)

Primary Language

Other/Unknown
Ethnicity

Hispanic ancestry

Mode of transmission
Heterosexual

29 (43.94%)∗

23 (37.7%)∗

74 (23.4%)

PWID

19 (28.79%)∗

12 (19.67%)∗

30 (9.5%)

MSM

4 (6.06%)

11 (18.03%)

106 (33.5%)

MSM/PWID

5 (7.58%)

2 (3.28%)

27 (8.5%)

Unknown

9 (13.64%)

13 (21.31%)

79 (25.0%)

Drug Resistance
Of 305 participants with available drug resistance data,
65% had at least one DRM. The most frequent nucleoside
reverse transcriptase inhibitor (NRTI) resistance mutations were
M184V (49.5%), T215Y (26.9%), and M41L (20.3%). The most
frequent non-nucleoside reverse transcriptase inhibitor (NNRTI)
mutations were K103N (15.4%), G190E (3%), and K101E (2.6%).
The most frequent protease inhibitor (PI) mutations were at
positions 46 (8.9%), 54 (7.2%) and 82 (26%). Factors associated
with drug resistance included: male gender; chronic HIV
infection; diagnosis with HIV and genotyping performed during
an earlier (as opposed to more recent) time period; lower viral
load (3.9 vs. 4.4 log10 copies/mL, p = 0.006); and NRTI or NNRTI
treatment. After multivariate adjustment, factors independently
associated with drug resistance of any class included being male,
genotyping during an earlier time period, lower viral load, and
exposure to NNRTIs.

Drug Resistance Mutation
PI

17 (25.76%)

8 (13.11%)

87 (27.5%)

NRTI

38 (57.58%)

22 (36.07%)

186 (58.9%)

NNRTI

11 (16.67%)

4 (6.56%)

74 (23.4%)

Data are n (%) or mean (SE). MSM, men who have sex with men; PWID, people who
inject drugs, injection drug users; PI, protease inhibitor; NRTI, nucleoside reverse
transcriptase inhibitors; NNRTI, non- nucleoside reverse transcriptase inhibitors.
∗ p < 0.05 (cluster vs. non-clustered comparisons for each method).

GenBank. Cluster Picker identified 8 and 9 phylogenetic clusters
(TBE bootstrap > 90%) at intra-cluster genetic thresholds of 4
and 8%, respectively. At the 4% intra cluster genetic distance
threshold, the phylogenetic tree included seven transmission
pairs and one putative cluster of three individuals. At an 8%
cut-off, eight transmission pairs and one large single cluster
(n = 50) were identified. No significant correlation between
sampling date and evolutionary rate was found for this large
cluster in TempEst (slope: −0.0013, R2: 0.093443), which implies
that phylodynamic characterization would not be indicated.
Nevertheless, sequences were submitted to a Bayesian analysis
and after 4 × 108 million steps, runs did not converge (ESS > 13)
and precluded further estimates. Network analysis with HIVTRACE detected seven transmission pairs and a single putative
transmission network of 47 individuals (Figure 2). Five of the
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DISCUSSION
Phylogenetic analyses have been widely used to define and
characterize transmission links among HIV-infected individuals
(Baral et al., 2012; Wertheim et al., 2014; Rambaut et al., 2016; de
Oliveira et al., 2017; Kostaki et al., 2018). San Mateo County has
a unique and heterogeneous population of individuals living with
HIV/AIDS with distinct ethnic, racial and language communities
overlapping the traditional behavioral risk-groups of MSM,
heterosexual and PWID. Relative to county demographics,

4
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FIGURE 1 | Maximum likelihood HIV-1 pol transmission clusters in San Mateo County, California. Colored semi-circles indicate HIV subtypes. Black branches
represent sequences obtained from 316 HIV-positive adults receiving antiretroviral treatment as part of the publicly funded San Mateo County AIDS Program. Gray
branches denote reference sequences. Clades highlighted in blue indicate transmission clusters identified in Cluster Picker (TBE ≥ 90 and genetic distance threshold
of 8%). Asterisks indicate transmission pairs mutually identified as transmission links in Cluster Picker and HIV-TRACE. The scale bar at the bottom represents the
number of substitutions per site along branches in the tree topology.

African American individuals are over-represented and Asian
Americans underrepresented among patients presenting for
evaluation and treatment in the San Mateo AIDS Program (San
Mateo County Sexually Transmitted Disease and HIV-AIDS
Surveillance Annual Report, 2015).
Combined phylogenetic and network analyses among HIVpositive adults from San Mateo County have identified a striking
role of intra-community transmission dynamics among African
Americans and highlight the importance of epidemiological
bridging between risk groups in the local epidemic. As expected,
we found some differences in the number and composition of
clusters detected using two different methods (Rose et al., 2017),
which may be attributed to different underlying methodologies.
HIV-TRACE uses pairwise genetic distances between isolates to

Frontiers in Microbiology | www.frontiersin.org

build putative transmission networks, while Cluster Picker relies
on the intra-cluster genetic distance within putative clusters in a
phylogenetic tree in conjunction with branch support. By using
a minimum branch support of 90% (TBE) and an intra-cluster
genetic distance threshold of 8%, we identified nine supported
clusters in Cluster Picker. In contrast, with a maximum pairwise
genetic distance of 2%, the transmission network approach in
HIV-TRACE detected eight clusters (Supplementary Table S1).
Transmission pairs had a concordance of 67% between the two
methods. Interestingly, both methods identified one large cluster
of linked individuals (Figures 1, 2). In addition, the clusters
commonly identified had similar demographic composition.
Network analysis of the large 47-person cluster using HIVTRACE suggests the existence of a highly-connected linked chain

5
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FIGURE 2 | Inferred genetic network structure of a major cluster (N = 47 individuals) in the San Mateo HIV-1 subtype B epidemic identified by HIV-TRACE using a
genetic distance threshold of 2%. Shape codes gender, colors denote the reported mode of transmission for each individual and line width represents the bootstrap
confidence for linkage. ∗ are indicating African-American individuals. MSM, men who have sex with men; PWID, people who inject drugs, injection drug users.

et al., 2006). A previous study of 96 large United States
metropolitan areas demonstrated higher AIDS incidence and
mortality among heterosexuals in areas with a higher population
prevalence of HIV-positive PWID as well as decreased presence
of needle-exchange or drug-use treatment programs (Friedman
et al., 2014). These findings corroborate our results and suggest
that the burden of HIV/AIDS among heterosexuals in more
recent years may have been shaped by bridging from HIVinfected PWID to heterosexuals and possibly, though to a lesser
degree, from HIV-positive MSM to heterosexuals. These results
highlight that efforts to mitigate transmission among PWID,
including HIV counseling and testing or drug use treatment, can
directly impact transmission to other key populations (World
Health Organization, 2012; Friedman et al., 2014). Despite the
predominance of Hispanic monolingual men and women among
new HIV-cases in California (Levy et al., 2005), no clusters in
this study had a significant representation of Spanish-speaking
individuals. However, a substantial number of individuals
included in clusters were diagnosed before 1999, suggesting that
our sampling and methods identified remote transmission links
that may not necessarily reflect current epidemic dynamics.
This study has some limitations and potential biases. The
demographic composition of patients in the San Mateo AIDS
Program differs substantially from the overall population in San
Mateo County; notably, Black or African Americans accounted
for 20.6% of the study population while comprising only 3%
of the county population annually, and Asians accounted for
only 4.1% of the study population while annually they comprise

of transmission comprising individuals of diverse demographic
backgrounds. This network included two sub-clusters with
different primary modes of HIV transmission (Figure 2).
Twenty-seven individuals were substantially interconnected in a
heterosexual and/or PWID transmission chain mainly involving
African American individuals. Connected to this cluster is a lessintricate network primarily composed of white MSM. The linkage
between the two sub-clusters included two males (PWID and
heterosexual) and an individual of unknown gender but highly
connected to MSM. In such a scenario, some individuals may
provide a bridge between the MSM and heterosexual epidemics
mostly likely through PWID. Alternatively, this may reflect the
well-documented epidemiological phenomena of bisexual black
males who do not identify as gay and do not disclose highrisk MSM behavior to their female partners, but subsequently
contribute disproportionately to heterosexual HIV transmission
(Millett et al., 2005; Bond et al., 2009). The fact that the intergenetic distance between sub-clusters is higher than that within
groups may explain the weak association (63 and 65% bootstraps)
between the two sub-clusters and may potentially reflect the result
of a remote transmission link.
Risk factors associated with transmission clustering include
heterosexual or PWID transmission modes, female gender and
African descent. MSM was not associated with clustering in
this sample. These results are consistent with epidemiologic
observations in San Mateo County in San Mateo County
where a diverse range of overlapping risk groups, particularly
heterosexual women, is identified among new infections (Levy
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HIV in the San Mateo AIDS Program (largely among immigrants
and transitory individuals), including subtypes A, C, and
recombinant CRF01_AE, provides evidence for the introduction
of HIV variants other than subtype B into the community.
Integration of phylogenetic and network methodologies to
identify putative transmission links detected a large cluster with
demographic and risk group composition reflecting the HIV
epidemic in San Mateo County. Female gender, African-descent
and heterosexual intercourse or PWID seem to be key features
of these transmission networks. Despite aggressive epidemiologic
surveillance, HIV awareness campaigns, and behavior change
programs, the rate of new HIV infections has increased or
remained constant in many United States communities. Highresolution molecular epidemiologic analyses are useful means of
identifying sources of viral diversity and excess transmission risk
and, when integrated with broad surveillance, can contribute to
strategies to reduce new HIV infections.

24–29% of the county demographic. Patients attending the San
Mateo AIDS Program also have lower average income than
the county median (Levy et al., 2006), highlighting the health
inequalities underlying transmission of HIV and other sexually
transmitted infections.
Finally, the sampling frame defined within San Mateo County
is restrictive. Several study subjects had previously moved
from neighboring areas to San Mateo to access treatment,
whereas others indicated they were infected or diagnosed in
other US states or outside the United States. In comparable
community-based studies comprised of predominantly MSM,
large transmission clusters have been identified (Smith et al.,
2010; Mehta et al., 2015). The lack of large clustering in the
present study despite nearly 33% MSM participants suggests the
existence of uncaptured, overlapping transmission networks in
other geographic locations. For example, the lack of clustering
among monolingual White Hispanics may reflect transitory
migration and infection with HIV strains that originated along
the Mexico-California border, or, alternatively, a bias toward
selecting older strains that were circulating earlier in the
epidemic, as immigrant status has been independently associated
with delayed presentation, diagnosis and care (Sanchez et al.,
2004; Levy et al., 2005, 2006; Dennis et al., 2015). Finally, there
was incomplete availability of epidemiological and clinical data
largely due to destruction or remote storage of archived medical
records, limiting the statistical power of clustering and drug
resistance analyses.
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