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Abstract: Background: High-resolution and longitudinal HIV molecular surveillance can
inform the evolving hotspots to tailor regionally focused control strategies. Methods: HIV-1
pol sequences of three predominant genotypes (CRF01_AE, CRF07_BC, and CRF55_01B)
were collected for molecular network reconstruction from people living with HIV (PLWH)
in Guangzhou (2018–2020). They were categorized by geographical residences into central,
suburban, and outer suburban areas. Clustering rates, assortativity coefficients, and
intensity matrices were employed to assess transmission dynamics, geographic mixing
patterns, and intra- and inter-area transmission, respectively. Results: Of the 2469 PLWH,
55.5% resided in the central area. Clustering rates showed no significant differences
across areas (44.5%, 40.6% vs. 45.7%; p = 0.184). However, the transmission hotspots
for CRF01_AE and CRF55_01B shifted to the outer suburban area. PLWH tended
to form links within their local area (assortativity coefficient = 0.227, p < 0.001),
particularly for CRF01_AE (0.512, p < 0.001; intra-area intensity = 69.2%). The central area
exhibited the highest but decreasing intra-area transmission (74.5% to 30.2%), while
intra- and inter-area transmission involving the outer suburban area increased (23.1%
to 38.2%). Conclusions: Despite most PLWH residing in the central area, the outer
suburban area emerged as the hotspot, requiring interventions towards both intra- and
inter-area transmission.
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1. Introduction
The HIV/AIDS epidemic continues to pose a significant global public health challenge,

accounting for approximately 88.4 million infections and 42.3 million AIDS-related deaths
worldwide [1]. Geographically focused control strategies have emerged as a critical
approach to addressing the spatial variations in HIV demographics and prevalence [2–4],
with increasing evidence demonstrating them as more cost-effective than universal
approaches in reducing HIV transmission [5]. Therefore, continuous and deep sampling
coupled with high geo-resolution analysis is essential for designing precise regional HIV
interventions that adapt to the evolving hotspots of transmission.

Advances in sequencing and analytical methods have enabled the detection of
potential transmission among people living with HIV (PLWH) through HIV molecular
transmission networks [6]. In these networks, an inferred HIV transmission link is assigned
to any two PLWH whose viral sequences exhibit high similarity. Integrating molecular
network analysis into surveillance toolkits helps overcome challenges posed by geographic
differences [7], which are closely associated with HIV transmission [8]. Spatialized HIV
molecular transmission networks have been shown to unveil spatial heterogeneities in
HIV transmission, enhance understanding of the evolving dynamics of HIV, and provide
critical insights into geo-targeted control at a regional scale [3,9,10]. However, previous
regional HIV molecular networks have focused on cross-sectional rather than longitudinal
surveillance data, limiting their ability to capture dynamic shifts in geographically
dispersed transmission patterns over time.

Recently, the HIV molecular network has been spatialized to illuminate both intra-
and inter-regional transmission connections [3], representing a significant advancement
over traditional approaches that merely describe the geographical distribution of prevalent
genotypes [11–13]. In this study, we dynamically spatialized the HIV molecular network
in Guangzhou, a megacity in China with a population of 18.83 million from various
regions of the country. Over 80% of reported HIV infections in this city are associated
with three primary HIV-1 genotypes: CRF07_BC, CRF01_AE, and CRF55_01B [14]. The
geographical dissemination of these genotypes is presumably driven by economic vitality
and transportation accessibility. Thus, we categorized the residences of PLWH into distinct
sub-areas according to their geo-distance from the city center. This study revealed the
spatiotemporal dynamics of HIV transmission hotspots within these areas, aiming to
provide precise information that can guide the development of tailored prevention and
control strategies, optimize the allocation of health resources, and effectively contain the
HIV epidemic.

2. Material and Methods
2.1. Study Design

This study retrospectively enrolled treatment-naïve Chinese adults who were newly
diagnosed with HIV/AIDS in Guangzhou during 2018–2020. Following standardized
procedures outlined in our previous research [14], clinical specimens were collected, and
HIV-1 DNA sequencing and subtyping were performed, resulting in a dataset of 3176 cases
with their corresponding pol gene sequences (HXB2: 2253-3821nt). Subsequently, the
demographic, social, and clinical characteristics of these cases were extracted from the
China Information Management System for Comprehensive Prevention and Control of
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AIDS, including age at diagnosis, gender, marital status, education, residence, self-reported
HIV infection, total number of reported contacts through sexual behavior or sharing needles,
HIV status at first diagnosis, and status of follow-up.

Subsequent data curation involved applying dual exclusion criteria: (1) elimination
of non-target genotypes and (2) PLWH residing outside Guangzhou. This refined the
analytical cohort to 2469 cases and their pol gene sequences representing the three prevalent
genotypes (i.e., CRF01_AE, CRF07_BC, and CRF55_01B) in Guangzhou. According to the
residence of PLWH, these sequences were classified by their geographic origins into central
(Yuexiu, Liwan, Tianhe, Haizhu, and Baiyun south of the North Second Ring Expressway),
suburban (Baiyun north of the North Second Ring Expressway, Huangpu, Panyu), and
outer suburban (Nansha, Zengcheng, Huadu, Conghua) areas of Guangzhou (Figure 1).
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Figure 1. Characteristics of people living with HIV (PLWH) diagnosed with the three main genotypes
in Guangzhou, China (2018–2020). (A) Distribution of PLWH across three areas: central, suburban,
and outer suburban. (B) Demographic and social characteristics of PLWH in each area.

This study was approved by the Institution Review Board of the School of Public
Health, Sun Yat-sen University (No. 2023073). All data were anonymized prior to analysis.

2.2. Molecular Network Analysis

HIV-TRACE was used to construct molecular networks of CRF01_AE, CRF07_BC,
and CRF55_01B, and the Tamura-Nei 93 (TN93) nucleotide substitution model was
employed to calculate the pairwise genetic distance (GD). To investigate the optimal
threshold of GD for molecular network construction, we applied a sensitivity
analysis spanning a spectrum of GD thresholds, ranging from 0.001 substitutions/site
to 0.015 substitutions/site. The optimal GD threshold was identified as the minimum
threshold that detected the maximum total number of clusters (including pairs) in the
molecular networks [6]. PLWH were represented by nodes, and nodes were linked when
their pairwise GD was equal to or lower than the optimal threshold. The molecular network
was visualized using Cytoscape 3.10.2 [15]. Clustering rates were calculated for each HIV-1
genotype to reflect the transmission dynamics in each area of Guangzhou. The clustering
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rate was defined as the proportion of the PLWH clustered in the molecular network over
all PLWH in a given area during a given year. A higher clustering rate demonstrates more
genetic relatedness of local HIV-1 transmission.

HIV-1 molecular networks were further spatialized to identify the hotspots of
genotype-specific transmission to reflect HIV transmission geographically. The proportion
of intra-area transmission during each year was calculated by dividing the number of links
between PLWH in the area by the number of links with any PLWH in the area, while the
remaining proportion was referred to as the proportion of inter-area transmission [3]. Each
link was assigned to the latter year that the two linked PLWH were diagnosed. Additionally,
the transmission intensity was visualized and colored in the matrices. The color of the grid
cell at the intersection of two areas represented the number of links between the PLWH in
these two areas.

2.3. Geographic Assortativity

Assortativity in a network refers to the tendency of those with similar attributes
to preferentially connect [16]. To describe spatial mixing patterns in both the overall and
genotype-specific molecular networks, assortativity coefficients were further calculated.
The assortativity coefficient ranges from −1 to 1, where negative values represent
a preference for links between PLWH residing in two different areas, and positive values
represent a preference for connection between PLWH in the same area; zero value represents
random mixing with no tendency for assortativity. Significance for geographic assortativity
was determined using 10,000 random permutations of the molecular transmission network.

2.4. Statistical Analysis

The clustering rates between areas were compared using χ2 tests. Univariate and
multivariable logistic regression models were used to identify factors associated with
clustering, while the outcome was defined as either clustered in the network (1) or not
(0). For clustered PLWH, logistic regression models were further applied to determine
factors associated with inter-area transmission, with the outcome defined as either having
any links (1) or not (0). Demographic, social, and clinical characteristics were included as
predictor variables. p ≤ 0.05 was considered statistically significant. The analyses were
conducted in R v4.2.3.

3. Results
3.1. Characteristics of the Study Population

In total, 3176 pol gene sequences were collected from Chinese adults newly diagnosed
between 2018 and 2020 in Guangzhou, China. After removing sequences of other HIV-1
genotypes and PLWH living outside Guangzhou, a total of 2469 HIV-1 pol gene sequences
of HIV-1 CRF01_AE (903, 36.6%), CRF07_BC (1255, 50.8%), and CRF55_01B (311, 12.6%)
were collected from PLWH newly diagnosed in Guangzhou between 2018 and 2020. These
PLWH were primarily diagnosed at the age of 18–29 (42.4%), male (91.0%), single (61.4%),
and had a junior or senior high school education (53.2%). Most of the PLWH were infected
through men who have sex with men (MSM, 58.7%), reported 2–4 close contacts (38.4%),
were diagnosed at the HIV infection stage (64.1%), and were under treatment (86.6%).

The central area of Guangzhou was the residence for over half of these PLWH (1370,
55.5%), followed by the suburban (576, 23.3%) and outer suburban (523, 21.2%) areas
(Figure 1A). A significant difference was observed among PLWH residing in the central,
suburban, and outer suburban areas with regard to age at diagnosis (p < 0.001), gender
(p = 0.041), education (p < 0.001), marital status (p < 0.001) and infection route (p < 0.001)
(Figure 1B). Of note, most of the PLWH in the central area were young at diagnosis (48.2%),



Viruses 2025, 17, 384 5 of 11

male (92.3%), single (67.6%), infected through MSM (64.7%), and had high school or above
education (92.4%).

3.2. Spatiotemporal Patterns of Clustering Rates

Using the optimal GD threshold of 0.012 substitutions/site (Figure S1), we constructed
molecular networks comprising 1082 sequences distributed in 253 clusters (Figure 2).
The size of these clusters exhibited considerable heterogeneity; notably, the two largest
clusters included 297 sequences of the CRF07_BC strain and 71 sequences of the CRF55_01B
strain, while 163 clusters consisted of only two sequences each. The overall clustering
rates for the three HIV-1 genotypes were significantly different (p < 0.001), with rates
of 35.6% for CRF01_AE, 48.0% for CRF07_BC, and 50.8% for CRF55_01B. Logistic
regression analysis showed that PLWH were more likely to be clustered if they were
≥60, male, infected through MSM, diagnosed during 2018, and infected by CRF07_BC and
CRF55_01B (Table S1).
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Figure 2. Molecular networks of CRF01_AE, CRF07_BC, and CRF55_01B in Guangzhou, China.
Molecular networks were constructed using a pairwise genetic distance threshold of
0.012 substitutions per site. Rows represent the genotypes (CRF01_AE, CRF07_BC, and CRF55_01B)
and columns display data for each year (2018, 2019, and 2020). Colors represent different areas of
Guangzhou, while shapes indicate infection routes. HET, heterosexual transmission; IDU, injecting
drug users; MSM, men who have sex with men.
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Though most of the PLWH resided in urban areas annually, the clustering rates among
PLWH in the three areas were 44.5%, 40.6%, and 45.7%, respectively, with no statistically
significant differences (p = 0.186) (Figure 3; Table S2); similar results were observed for
each genotype (Figure S2). Notably, the spatiotemporal distribution of clustering rates
varied by genotype: in 2019, the hotspots for overall and CRF01_AE clustering rates shifted
from the urban area to the outer suburban area, and the CRF55_01B hotspot shifted from
the suburban area to the outer suburban area; the CRF07_BC hotspot shifted from the
outer suburban area to the central area in 2020. Specifically, in the CRF01_AE networks,
the highest clustering rate was observed in the central area in 2018 (43.1%, p < 0.001),
shifting to the outer suburban area in 2019 (42.3%, p = 0.162) and 2020 (40.6%, p = 0.343).
In contrast, the highest clustering rate of CRF07_BC was observed in the outer suburban
area in 2018 (57.7%, p < 0.001) and 2019 (57.5%, p = 0.007), moving to the central area in
2020 (50.9%, p = 0.772). Notably, the CRF55_01B hotspot shifted from the suburban area in
2018 (69.6%, p = 0.314) to the central area in 2019 (62.2%, p = 0.032), and then back to the
suburban area in 2020 (48.0%, p = 0.845).
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Figure 3. Spatiotemporal distribution of people living with HIV (A) and clustering rates (B) in
Guangzhou from 2018 to 2020. Maps of PLWH are colored by the proportions of PLWH in a given
year, while those of clustering rates are colored by absolute values. Higher values are represented by
red hues, whereas lower values are represented in green.

3.3. Intra-Area and Inter-Area Transmission Links

The assortativity coefficient of 0.227 (p < 0.001) revealed a significant tendency
for PLWH to form potential transmission links with others in the same area (Table 1).
Notably, significant positive assortativity coefficients were observed within the
network of each HIV-1 genotype, with CRF01_AE exhibiting the highest assortativity of
0.512 (p < 0.001) and CRF55_01B the lowest at 0.060 (p < 0.001). Particularly high
assortativity coefficients were found among PLWH residing in the outer
suburban (0.693, p < 0.001) and central (0.501, p < 0.001) areas in the CRF01_AE
molecular network, whereas the CRF55_01B network was less assortative (assortativity
coefficients < 0.1) than the other networks. Out of 1821 potential transmission links,
over half were detected between PLWH residing in the same areas (959/1821, 52.7%;
Table S3). Approximately 70% of CRF01_AE links (69.3%) were intra-area transmission,
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while this proportion was less than half of CRF07_BC (49.9%) or CRF55_01B links (44.5%).
The proportion of intra-area transmission in the CRF01_AE molecular network decreased
from 83.3% in 2018 to 63.2% in 2020, while the lowest proportion of intra-area transmission
was observed in the CRF55_01B molecular network in 2019 (46/121, 38.0%). The
central area exhibited the highest intra-area transmission intensity, with a decrease in the
proportion of these links over time (from 74.5% to 30.2%; Figure 4). In contrast, the outer
suburban area showed a growth in the proportion of intra- and inter-area transmission
(from 23.1% to 38.2%). PLWH in the suburban area had a relatively small number (71) of
intra-area transmission links across HIV-1 genotypes, whereas intra-area transmission of
CRF01_AE and CRF55_01B increased within the outer suburban area.
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Figure 4. Spatiotemporal distribution of HIV-1 transmission intensities across different areas of
Guangzhou from 2018 to 2020. Colors indicate the proportions of transmission intensity in a given
year, with red hues representing higher proportions and green hues representing lower proportions.
The color of each grid cell at the intersection of two areas indicates the number of links between the
people living with HIV in two areas.
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Table 1. Assortativity of the Guangzhou molecular networks of CRF01_AE, CRF07_BC, and
CRF55_01B by residence. Significance for geographic assortativity was determined using
10,000 random permutations of the molecular transmission network.

Area
Overall CRF01_AE CRF07_BC CRF55_01B

Assortativity p Assortativity p Assortativity p Assortativity p

Guangzhou 0.227 <0.001 0.512 <0.001 0.160 <0.001 0.060 <0.001
Central area 0.215 <0.001 0.501 <0.001 0.158 <0.001 0.067 0.038
Suburban area 0.120 <0.001 0.235 <0.001 0.086 0.002 0.092 0.017
Outer suburban area 0.344 <0.001 0.693 <0.001 0.253 <0.001 0.026 0.174

Furthermore, transmission matrices showed distinct spatial heterogeneity in HIV
transmission. Over time, HIV transmission intensity increased, with the central area
consistently showing the highest inter-area transmission intensity (713/862, 82.7%;
Figure 4). In 2018, inter-area transmissions were relatively low between the central and
outer suburban areas in 2018, while sharp increases were observed between the central
and the other areas in 2019, particularly for CRF07_BC and CRF55_01B (Table S3). During
2020, inter-area links between the central area and outer suburban area peaked across
HIV-1 genotypes, suggesting a potential shift of transmission hotspots from the urban core
to more peripheral areas. Notably, CRF01_AE transmission matrices showed a large rise
in inter-area links between the central and outer suburban areas, while CRF07_BC and
CRF55_01B maintained stronger connections between the central and suburban areas.

3.4. Factors Associated with Inter-Area Transmission

Univariate and multivariate logistic regression analyses were used to identify
factors associated with inter-area transmission among the clustered PLWH (Table S4). The
multivariate analysis showed that male PLWH were around 4-fold more likely to form
inter-area transmission links than female PLWH (OR: 3.681, 95% CI: 1.911–7.300). In
addition, PLWH residing in the suburban (OR: 2.446, 95% CI: 1.682–3.605) and outer
suburban (OR: 2.103, 95% CI: 1.443–3.097) areas tended to have inter-area transmission,
whereas PLWH infected by CRF07_BC (OR: 1.970, 95% CI: 1.445–2.692) and CRF55_01B
(OR: 3.529, 95% CI: 2.193–5.798) were more likely to be involved in inter-area transmission
than those infected by CRF01_AE.

4. Discussion
Using longitudinal surveillance data, we characterized the spatiotemporal dynamics

of HIV transmission across Guangzhou and identified the shifts in hotspots. While the
majority of PLWH newly diagnosed in Guangzhou between 2008 and 2020 resided in the
central area, the spatiotemporal distribution of genotype-specific transmissions indicated
a diminishing role of the central area as a hotspot and a growing importance of the outer
suburban area. Our findings indicate a tendency for PLWH to form transmission
links within their own areas, particularly within the CRF01_AE network. In contrast,
the CRF07_BC and CRF55_01B networks displayed lower assortativity coefficients and
extensive inter-area transmission links, underscoring the complexity of their spread.

The central areas with the highest number of PLWH may not align with priority
intervention areas in Guangzhou. In the urban setting, clustering in HIV molecular
networks is an essential measure to understand spatial transmission dynamics and guide
precision prevention strategies [17]. Though newly diagnosed PLWH in Guangzhou were
predominantly located in the central area, our analysis revealed shifting
genotype-specific hotspots. In 2018, the highest clustering rates for overall cases, CRF01_AE,
and CRF07_BC were observed in the central area. However, this trend declined over time,
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indicating that central urban residents were less likely to contribute to local transmission
chains, and a large proportion of non-clustered PLWH might be related to transmission
outside Guangzhou [18]. Transmission matrices showed similar patterns that the intra-area
transmission intensity within the central area initially dominated local HIV-1
transmission but then decreased in proportion. These findings emphasized the critical need
to target prevention efforts at regional hotspots rather than merely focusing on areas with
high prevalence.

Notably, hotspots for CRF01_AE and CRF07_BC shifted to the outer suburban
area after 2018, marking it as an emerging hotspot. After 2018, increasing intra-area
transmissions of CRF01_AE and CRF55_01B were also observed within the outer suburban
area. Compared with the clustered PLWH in the central area, those in the outer suburban
and suburban areas were more likely to form inter-area transmission in Guangzhou. These
shifts may be attributed to the expansion of the Guangzhou Metro into outer suburban
areas through new lines (Lines 4, 9, 13, 14, and 21) from late 2017 to 2020. These additions
enhanced connectivity between the central area and the outer suburban area, facilitating
cross-area movement. However, public transportation in the vast outer suburban area
remains less developed than in the central area, making it more vulnerable to localized
outbreaks if a virus is introduced. The outer suburban area, in particular, requires enhanced
surveillance and interventions to address its growing role in transmission.

Distinct transmission patterns among genotypes provided further insights into the
dynamic of HIV-1 spread. The CRF01_AE molecular network exhibited strong assortativity
by residence, especially in the central and outer suburban areas, which contrasted with
patterns observed in Los Angeles County, USA [17], and Cologne-Bonn, Germany [19].
These findings suggested geographically localized prevention strategies, such as
community-based health education programs. In contrast, CRF55_01B demonstrated the
lowest assortativity by residence but the strongest inter-area transmission intensity. Notably,
clustered PLWH infected by CRF55_01B were 2.5-fold more likely to form inter-area links
than CRF01_AE. This pattern might be influenced by factors such as the well-developed
public transportation network and the mobility of the young MSM population, who were
disproportionately affected by the CRF55_01B epidemic (accounted for 65.3% of CRF55_01B
population in our study) [20] and frequently seek sex partners via the Internet [21,22]. These
findings underscore the importance of cross-area collaboration involving contact tracing
among public health departments and targeted interventions leveraging digital platforms.

There were several limitations of our study. First, despite achieving a relatively high
level of sequence reporting completeness in HIV molecular surveillance in Guangzhou [14],
missing nodes and links in molecular networks may arise from undetected PLWH or
sequencing failure. Thus, it is recommended that molecular surveillance capabilities
be enhanced. Second, the high population mobility interferes with the detection of
transmission hotspots. For precise prevention and control based on the spread of hotspots,
near real-time monitoring may be more effective. Additionally, clustering rates and
transmission intensity matrices may vary with different GD thresholds; however, we
applied a single optimal threshold based on prior research on spatial patterns [3,10,23].
Finally, the molecular networks reconstructed from consensus sequences allow for the
identification of potential transmission links but do not indicate transmission direction.
Further analysis using deep-sequencing data could offer valuable insights into the
spatiotemporal transmission patterns, including transmission direction [24].

5. Conclusions
Although over half of the PLWH newly diagnosed in Guangzhou resided in the

central area, the outer suburban area emerged as the hotspot for local HIV-1 transmission
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in Guangzhou. Our findings underscore the urgent need for enhanced surveillance
within these hotspots and strengthened inter-area collaboration to effectively curb
local transmission.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/v17030384/s1, Figure S1: Number of clusters across
pairwise genetic distance (GD) thresholds ranged from 0.001 to 0.015 substitutions/site; Figure S2:
Spatiotemporal distribution of genotype-specific people living with HIV(PLWH) and clustering rates
in Guangzhou from 2018 to 2020; Table S1: Associations of each characteristic with being within HIV-1
molecular clusters using bivariate and multivariate logistic regressions; Table S2: Spatiotemporal
clustering rates across HIV-1 genotypes in Guangzhou, China; Table S3: Spatiotemporal patterns of
HIV-1 intra-area and inter-area transmission proportions across genotypes in Guangzhou, China;
Table S4: Associations of each characteristic with having inter-area transmission using bivariate and
multivariate logistic regressions.

Author Contributions: Conceptualization, Y.L. (Yu Liu), Z.H., H.Y., X.-l.C. and Y.H.; data curation,
S.L., H.W., Y.L. (Yefei Luo), Q.L. and Z.H.; formal analysis, H.Y., Y.L. (Yifan Lu), J.H., L.L. and
W.H.; investigation, S.L., H.W., Y.L. (Yefei Luo), Q.L. and Z.H.; methodology, Y.L. (Yu Liu) and H.Y.;
project administration, Y.L. (Yu Liu) and Z.H.; resources, S.L., H.W., Y.L. (Yefei Luo), Q.L. and Z.H.;
software, H.Y. and J.H.; supervision, Y.L. (Yu Liu) and Z.H.; validation, Y.L. (Yu Liu), Z.H. and X.-l.C.;
visualization, H.Y., J.H., W.H. and J.G.; writing—original draft preparation, H.Y., Y.L. (Yifan Lu), S.L.
and J.H.; writing—review and editing, Y.L. (Yu Liu), H.W., Y.L. (Yefei Luo), Q.L., L.L., J.G., L.M., Y.H.
and X.-l.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program
of China grant number 2023YFC3503002, Humanities and Social Sciences Cultivation Project of
Guangzhou University of Chinese Medicine grant number 2024ZXPY22, Guangdong Basic and
Applied Basic Research Foundation grant number 2021A1515011591, Guangdong Medical Science
and Technology Research Foundation grant number A2023393, and Guangzhou Medical Science and
Technology Grant, grant numbers 2023B03J1259, 2025A03J3540, and 2025A03J3698.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institution Review Board of the School of Public Health, Sun Yat-sen
University (No. 2023073, date: 13 June 2023).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data that support the findings of this study are available on request
from corresponding authors. The data are not publicly available due to privacy or ethical restrictions.

Conflicts of Interest: No conflicts of interest were declared by the authors.

References
1. UNAIDS. Global HIV & AIDS Statistics—Fact Sheet 2024. Available online: https://www.unaids.org/en/resources/fact-sheet

(accessed on 7 July 2024).
2. Jia, P.; Yang, S. Time to Spatialise Epidemiology in China. Lancet Glob. Health 2020, 8, e764–e765. [CrossRef] [PubMed]
3. Yuan, D.; Yu, B.; Liang, S.; Fei, T.; Tang, H.; Kang, R.; Li, Y.; Ye, L.; Jia, P.; Yang, S. HIV-1 Genetic Transmission Networks among

People Living with HIV/AIDS in Sichuan, China: A Genomic and Spatial Epidemiological Analysis. Lancet Reg. Health West Pac.
2022, 18, 100318. [CrossRef]

4. Wirtz, A.L.; Trapence, G.; Kamba, D.; Gama, V.; Chalera, R.; Jumbe, V.; Kumwenda, R.; Mangochi, M.; Helleringer, S.; Beyrer, C.;
et al. Geographical Disparities in HIV Prevalence and Care Among Men Who Have Sex with Men in Malawi: Results from a
Multisite Cross-sectional Survey. Lancet HIV 2017, 4, e260–e269. [CrossRef]

5. Anderson, S.J.; Cherutich, P.; Kilonzo, N.; Cremin, I.; Fecht, D.; Kimanga, D.; Harper, M.; Masha, R.L.; Ngongo, P.B.; Maina, W.;
et al. Maximising the Effect of Combination HIV Prevention through Prioritisation of the People and Places in Greatest Need: A
Modelling Study. Lancet 2014, 384, 249–256. [CrossRef] [PubMed]

6. Wertheim, J.O.; Kosakovsky Pond, S.L.; Forgione, L.A.; Mehta, S.R.; Murrell, B.; Shah, S.; Smith, D.M.; Scheffler, K.; Torian, L.V.
Social and Genetic Networks of HIV-1 Transmission in New York City. PLoS Pathog. 2017, 13, e1006000. [CrossRef]

https://www.mdpi.com/article/10.3390/v17030384/s1
https://www.unaids.org/en/resources/fact-sheet
https://doi.org/10.1016/S2214-109X(20)30120-0
https://www.ncbi.nlm.nih.gov/pubmed/32446343
https://doi.org/10.1016/j.lanwpc.2021.100318
https://doi.org/10.1016/S2352-3018(17)30042-5
https://doi.org/10.1016/S0140-6736(14)61053-9
https://www.ncbi.nlm.nih.gov/pubmed/25042235
https://doi.org/10.1371/journal.ppat.1006000


Viruses 2025, 17, 384 11 of 11

7. Oster, A.M.; France, A.M.; Mermin, J. Molecular Epidemiology and the Transformation of HIV Prevention. JAMA 2018, 319,
1657–1658. [CrossRef]

8. Gibney, K.B.; Cheng, A.C.; Hall, R.; Leder, K. Sociodemographic and Geographical Inequalities in Notifiable Infectious Diseases
in Australia: A Retrospective Analysis of 21 Years of National Disease Surveillance Data. Lancet Infect. Dis. 2017, 17, 86–97.
[CrossRef] [PubMed]

9. Ratmann, O.; Kagaayi, J.; Hall, M.; Golubchick, T.; Kigozi, G.; Xi, X.; Wymant, C.; Nakigozi, G.; Abeler-Dörner, L.; Bonsall, D.; et al.
Quantifying HIV Transmission Flow Between High-prevalence Hotspots and Surrounding Communities: A Population-based
Study in Rakai, Uganda. Lancet HIV 2020, 7, e173–e183. [CrossRef]

10. Xu, Y.; Jiang, T.; Jiang, L.; Shi, H.; Li, X.; Qiao, M.; Wu, S.; Wu, R.; Yuan, X.; Wang, J.; et al. Combining Molecular Transmission
Network Analysis and Spatial Epidemiology to Reveal HIV-1 Transmission Pattern among the Older People in Nanjing, China.
Virol. J. 2024, 21, 218. [CrossRef]

11. Yuan, R.; Cheng, H.; Chen, L.S.; Zhang, X.; Wang, B. Prevalence of Different HIV-1 Subtypes in Sexual Transmission in China: A
Systematic Review and Meta-analysis. Epidemiol. Infect. 2016, 144, 2144–2153. [CrossRef]

12. Xiao, P.; Li, J.; Fu, G.; Zhou, Y.; Huan, X.; Yang, H. Geographic Distribution and Temporal Trends of HIV-1 Subtypes through
Heterosexual Transmission in China: A Systematic Review and Meta-Analysis. Int. J. Environ. Res. Public Health 2017, 14, 830.
[CrossRef] [PubMed]

13. Wu, Z.; Chen, J.; Scott, S.R.; McGoogan, J.M. History of the HIV Epidemic in China. Curr. HIV/AIDS Rep. 2019, 16, 458–466.
[CrossRef]

14. Yan, H.; Luo, Y.; Wu, H.; Chen, M.; Li, S.; Tian, Z.; Zou, G.; Tang, S.; Bible, P.W.; Hao, Y.; et al. Evolving Molecular HIV Clusters
Revealed Genotype-specific Dynamics in Guangzhou, China (2008–2020). Int. J. Infect. Dis. 2024, 148, 107218. [CrossRef]

15. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A
Software Environment for Integrated Models of Biomolecular Interaction Networks. Genome Res. 2003, 13, 2498–2504. [CrossRef]
[PubMed]

16. Newman, M.E.J. Mixing Patterns in Networks. Phys. Rev. E 2003, 67, 026126. [CrossRef]
17. Skaathun, B.; Ragonnet-Cronin, M.; Poortinga, K.; Sheng, Z.; Hu, Y.W.; Wertheim, J.O. Interplay Between Geography and HIV

Transmission Clusters in Los Angeles County. Open Forum Infect. Dis. 2021, 8, ofab211. [CrossRef]
18. Zhang, J.; Xu, K.; Jiang, J.; Fan, Q.; Ding, X.; Zhong, P.; Xing, H.; Chai, C.; Pan, X. Combining Molecular Network Analysis and

Field Epidemiology to Quantify Local HIV Transmission and Highlight Ongoing Epidemics. Int. J. Infect. Dis. 2023, 128, 187–193.
[CrossRef] [PubMed]

19. Stecher, M.; Chaillon, A.; Eis-Hübinger, A.M.; Lehmann, C.; Fätkenheuer, G.; Wasmuth, J.C.; Knops, E.; Vehreschild, J.J.; Mehta,
S.; Hoenigl, M. Pretreatment Human Immunodeficiency Virus Type 1 (HIV-1) Drug Resistance in Transmission Clusters of the
Cologne-Bonn region, Germany. Clin. Microbiol. Infect. 2019, 25, 253.e1–253.e4. [CrossRef]

20. Gan, M.; Zheng, S.; Hao, J.; Ruan, Y.; Liao, L.; Shao, Y.; Feng, Y.; Xing, H. The Prevalence of CRF55_01B among HIV-1 Strain and
Its Connection with Traffic Development in China. Emerg. Microbes Infect. 2021, 10, 256–265. [CrossRef]

21. Luo, R.; Xie, Z.; Silenzio, V.M.B.; Kuang, Y.; Luo, D. Gay App Use, Sexuality Traits, and High-Risk Sexual Behaviors among Men
Who Have Sex with Men in China: Mediation Analysis. J. Med. Internet Res. 2023, 25, e49137. [CrossRef]

22. Dai, Z.; Mi, G.; Yu, F.; Chen, G.; Wang, X.; He, Q. Using a Geosocial Networking App to Investigate New HIV Infections and
Related Risk Factors among Student and Nonstudent Men Who Have Sex with Men in Chengdu, China: Open Cohort Study. J.
Med. Internet Res. 2023, 25, e43493. [CrossRef] [PubMed]

23. Pang, X.; Xie, B.; He, Q.; Xie, X.; Huang, J.; Tang, K.; Fang, N.; Xie, H.; Ma, J.; Ge, X.; et al. Distinct Rates and Transmission Patterns
of Major HIV-1 Subtypes among Men who Have Sex with Men in Guangxi, China. Front. Microbiol. 2023, 14, 1339240. [CrossRef]
[PubMed]

24. Ratmann, O.; Grabowski, M.K.; Hall, M.; Golubchik, T.; Wymant, C.; Abeler-Dorner, L.; Bonsall, D.; Hoppe, A.; Brown, A.L.;
de Oliveira, T.; et al. Inferring HIV-1 Transmission Networks and Sources of Epidemic Spread in Africa with Deep-sequence
Phylogenetic Analysis. Nat. Commun. 2019, 10, 1411. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1001/jama.2018.1513
https://doi.org/10.1016/S1473-3099(16)30309-7
https://www.ncbi.nlm.nih.gov/pubmed/27789179
https://doi.org/10.1016/S2352-3018(19)30378-9
https://doi.org/10.1186/s12985-024-02493-w
https://doi.org/10.1017/S0950268816000212
https://doi.org/10.3390/ijerph14070830
https://www.ncbi.nlm.nih.gov/pubmed/28737729
https://doi.org/10.1007/s11904-019-00471-4
https://doi.org/10.1016/j.ijid.2024.107218
https://doi.org/10.1101/gr.1239303
https://www.ncbi.nlm.nih.gov/pubmed/14597658
https://doi.org/10.1103/PhysRevE.67.026126
https://doi.org/10.1093/ofid/ofab211
https://doi.org/10.1016/j.ijid.2022.12.033
https://www.ncbi.nlm.nih.gov/pubmed/36587840
https://doi.org/10.1016/j.cmi.2018.09.025
https://doi.org/10.1080/22221751.2021.1884004
https://doi.org/10.2196/49137
https://doi.org/10.2196/43493
https://www.ncbi.nlm.nih.gov/pubmed/37505891
https://doi.org/10.3389/fmicb.2023.1339240
https://www.ncbi.nlm.nih.gov/pubmed/38282731
https://doi.org/10.1038/s41467-019-09139-4
https://www.ncbi.nlm.nih.gov/pubmed/30926780

	Introduction 
	Material and Methods 
	Study Design 
	Molecular Network Analysis 
	Geographic Assortativity 
	Statistical Analysis 

	Results 
	Characteristics of the Study Population 
	Spatiotemporal Patterns of Clustering Rates 
	Intra-Area and Inter-Area Transmission Links 
	Factors Associated with Inter-Area Transmission 

	Discussion 
	Conclusions 
	References

