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Abstract
Objectives To evaluate the prevention efficacy of scaling up HIV/AIDS antiretroviral therapy (ART) on HIV 
transmission at the population level and determine associated factors of HIV secondary transmission.

Methods We used HIV longitudinal molecular networks to assess the genetic linkage between baseline and 
newly diagnosed cases. A generalized estimating equation was applied to determine the associations between 
demographic, clinical characteristics and HIV transmission.

Results Patients on ART had a 32% lower risk of HIV transmission than those not on ART. A 36% reduction in risk was 
also seen if ART-patients maintained their HIV viral load lower than 50 copies/mL. A 71% lower risk occurred when 
patients sustained ART for at least 3 years and kept HIV viral load less than 50 copies/mL. Patients who discontinued 
ART had a similar HIV transmission risk as those not on ART. Patients who were older, male, non-Han, not single, 
retired, infected via a heterosexual route of transmission and those who possessed higher CD4 counts had a higher 
risk of HIV transmission. HIV-1 subtype of CRF01_AE was less transmissible than other subtypes.

Conclusions The efficacy of ART in a real-world setting was supported by this longitudinal molecular network study. 
Promoting adherence to ART is crucial to reduce HIV transmission.
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Introduction
In 2011 the HIV Prevention Trials Network 052 (HPTN 
052) reported that HIV transmission between sero-dis-
cordant heterosexual couples could be reduced by 96% 
when the HIV-infected partner received early antiretrovi-
ral therapy (ART) [1–3]. In addition to this well-designed 
randomized controlled trial, many observational cohort 
studies based in real-world settings of national and pro-
vincial or regional levels in China during 2012–2018 
found a strong effect of ART in reducing the risk of HIV 
transmission in sero-discordant couples [4–6]. Based on 
the evidence from such studies, the Joint United Nations 
Programme on HIV/AIDS (UNAIDS) promoted the 
“95 − 95 − 95” targets in 2014 aiming to diagnose 95% of 
all people living with HIV (PLHIV), provide ART for 95% 
of those diagnosed, and expect that 95% of all people 
receiving antiretroviral therapy will have viral suppres-
sion by 2030 [7]. China implemented the “treat all” pol-
icy in late 2016 [8, 9], which further scaled up the ART 
coverage in the communities. HPTN 071 (PopART) pro-
vided evidence in 2019 that universal testing and treat-
ment can reduce the incidence of HIV at the population 
level in real-world settings [10]. However, few studies 
have described community-based HIV transmission risks 
under the scale up of ART in real-world settings. Addi-
tionally, little is known about the characteristics of sec-
ondary HIV transmission in the communities after the 
“treat all” policy was adopted. Prospective cohort studies 
of HIV sero-incidence are time-consuming, and costly in 
terms of human, material and financial resources. Loss 
to follow-up is also difficult to control. With the goal of 
ensuring that all people living with HIV (PLHIV) across 
all demographics and geographic settings achieving the 
three “95” targets by 2030, an evaluation of HIV trans-
mission risks and related characteristics in communities 
under the scale up of ART is now an urgent need.

With the development and application of genetic 
sequencing techniques, more HIV sequences can now 
be used in HIV prevention studies. Under certain genetic 
distance thresholds, an HIV molecular network can be 
constructed using HIV sequences achieved from groups 
of people infected with a similar virus strain [11]. The 
HIV molecular network can be integrated with epide-
miological characteristics and ART status of patients. 
This unique advantage has also been demonstrated in 
evaluation of HIV transmission. Two US studies found 
that timely monitoring of the growth of a molecular net-
work can help to identify the future transmission clus-
ter and detect recent outbreaks [12, 13]. US molecular 
analysis studies found that young men who have sex 
with men (MSM) were the high risk group in driving the 
local HIV transmission [14, 15]. US and China research-
ers made use of molecular networks to distinguish non-
disclosed MSM among self-reported heterosexual men 

[16, 17]. Molecular transmission networks have also been 
employed to identify the transmission route between dif-
ferent subgroups, which can contribute to more precise 
interventions [18].

In addition, molecular networks have been applied in 
the evaluation of HIV prevention and control strategies. 
Our previous study established a longitudinal molecular 
network method to evaluate the effects of HIV treatment 
in reducing HIV transmission in a real-world setting [19]. 
However, a crucial limitation in that study was that it did 
not consider the effect of patients’ demographic and clin-
ical characteristics on the efficacy of ART towards HIV 
prevention. The generalized estimating equation (GEE) 
method can adjust for possible unmeasured correlations 
between observations from repeated measurements [20]. 
We will employ a GEE framework to evaluate the preven-
tion efficacy of scaling up ART on HIV transmission at 
the population level and determine associated factors of 
HIV secondary transmission.

Materials and methods
Study setting
The study was conducted in Qinzhou, Guangxi Zhuang 
Autonomous Region (herein “Guangxi”). Guangxi 
accounts for more than 10% of the total HIV incidence 
in China while the population accounts for only 4% of the 
national population [21]. Qinzhou is a prefecture located 
in southern Guangxi where the number of HIV diag-
nosed cases ranks among the top three in the region.

Study design and participants
This is a prospective longitudinal molecular network 
study. Figure 1 shows the details of samples selection. The 
study population covered the HIV/AIDS cases diagnosed 
between January 2014 and June 2020. The excluded crite-
ria included (1) Age < 18 years, (2) Failure of HIV amplifi-
cation or sequencing, (3) HIV pol sequence < 1000 bp, (4) 
Sequences with ambiguities > 5%, (5) Duplicated cases, 
(6) Lacking epidemiological information. To determine 
the transmission occurrence between baseline cases and 
newly diagnosed cases, we used the following definitions. 
For cases newly diagnosed in 2017, their corresponding 
baseline cases were those diagnosed between 2014 and 
2016. For cases newly diagnosed in 2018, the correspond-
ing baseline cases were those diagnosed between 2014 
and 2017. For cases newly diagnosed in 2019, the corre-
sponding baseline cases were those diagnosed between 
2014 and 2018. For cases newly diagnosed in 2020, the 
corresponding baseline cases were those diagnosed 
between 2014 and 2019. All eligible study subjects pro-
vided written informed consent. The study was approved 
by the institutional review board of National Center for 
AIDS/STD Control and Prevention, Chinese Center for 
Disease Control and Prevention, China (X140617334).
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Demographic and clinical data collection
The demographic and clinical data for the participants 
were collected from Guangxi Qinzhou HIV/AIDS Com-
prehensive Prevention and Control Information System. 
The demographic data included age, gender, ethnicity, 
education, marital status, occupation, and route of HIV 
transmission. Clinical data included date of HIV diag-
nosis, CD4 + count at diagnosis, year of ART initiation, 
viral load level, whether the subject dropped out of ART, 
duration of ART and survival status. As for HIV patients 
newly diagnosed, follow-up visits were conducted every 
3 months before initiation of ART. Follow-up visits were 
conducted at 0.5, 1, 2 and 3 months after initiation of 
ART and then every 3 months. The national guidelines 
require that one or more viral load tests be performed 
every year after ART initiation as routine viral load 
monitoring for HIV/AIDS cases on ART. We used the 
updated ART and viral load data for the study samples. 
When looking at the linkages between newly diagnosed 

cases in 2017 and baseline cases in 2014–2016, the new-
est ART status and HIV viral load data on December 31, 
2016 for the baseline cases diagnosed in 2014–2016 was 
used; when considering the linkages between newly diag-
nosed cases in 2018 and corresponding baseline cases in 
2014–2017, the updated ART status and HIV viral load 
data on December 31, 2017 for the second baseline cases 
diagnosed in 2014–2017 was used, and so on. A “drop 
out” was defined as withdrawal or loss to follow-up for 
more than 90 days [8].

HIV-1 RNA extraction, amplification and sequencing
Whole blood samples were collected from a pool of reg-
istered HIV/AIDS patients in Qinzhou, Guangxi. Plasma 
was isolated from the blood specimens and sent to the 
central Laboratory under a cold chain. Ribonucleic acid 
(RNA) was extracted from plasma (200mL) based on 
the QIAsymphony platform. The pol fragment (protease 
1–99 amino acids and part of reverse transcriptase 1–250 

Fig. 1 Flowchart of study samples selection
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amino acids, HXB2 positions 2253–3312) was amplified 
and sequenced using an inhouse polymerase chain reac-
tion protocol according to previously published methods 
[22]. Quality control was performed simultaneously, in 
order to achieve a more precise molecular transmission 
network, we eliminated 32 sequences that were less than 
1000 nucleotides in length and excluded 26 cases whose 
sequences contained ambiguities > 5% [23].

HIV molecular network construction
An HIV molecular cluster is a group of persons diag-
nosed with HIV who have genetically similar HIV strains 
[11]. The sequences were spliced by BioEdit (Ibis Biosci-
ences, Carlsbad, CA, United States; version 7.0.9.0) and 
aligned separately by the HIV align tool to obtain the 
final sequences used for analysis. MEGA version 10.0 was 
used to identify the HIV-1 subtypes, RaxmlGUI version 
2.0.0 was used to construct the phylogenetic tree. Before 
constructing the molecular transmission network, the 
pairwise Tamura-Nei (TN93) genetic distances of the 
paired sequences were calculated using Hyphy version 
2.2.5. Finally, the HIV molecular transmission network 
was visualized using Cytoscape version 3.2.1.

Figure  2 illustrates the number of genetic links and 
molecular clusters across different genetic distance 
thresholds (0.1–2.0%). All of the enrolled HIV sequences 
were used to determine the optimal genetic distance 
threshold. It can be seen from the figure that the opti-
mal genetic distance threshold is 0.0050 substitutions/
site with maximum number of clusters identified [23]. 

When the genetic distance threshold was less than 0.0050 
substitutions/site, the number of nodes and clusters 
(nodes ≥ 2 or ≥ 3) increased as genetic distance expanded. 
When the genetic distance threshold reached 0.0050 
substitutions/site, the number of clusters (nodes ≥ 2 or 
≥ 3) achieved the maximum. When the genetic distance 
threshold exceeded 0.0050 substitutions/site, the num-
ber of clusters (nodes ≥ 2 or ≥ 3) decreased. This indicated 
that the merged speed of clusters (nodes ≥ 2 or ≥ 3) was 
higher than that of such clusters emerging. A genetic dis-
tance threshold of 0.0050 substitutions/site corresponds 
to approximately a maximum of 2–3 years of viral evo-
lution separating these strains, which may correspond 
to time since a common transmission event [11]. In this 
study, we chose 0.0050 substitutions/site to construct a 
molecular transmission network in order to find more 
clusters with more recent transmissions. This network 
was used for subsequent analysis and visualized with sin-
gletons omitted.

Calculation of genetic linkages between baseline cases 
and newly diagnosed cases with HIV
Regarding calculation of genetic linkages between base-
line cases and newly diagnosed cases with HIV, we devel-
oped a method based on the network linkage and applied 
it in a previous study [19]. First, patients diagnosed with 
HIV during 2014–2016 were defined as first baseline net-
work and the corresponding newly diagnosed cases were 
those diagnosed in the following year (2017). The genetic 
linkages between newly diagnosed patients with HIV in 

Fig. 2 Trend of links and clusters in the genetic network under different genetic distance thresholds. Legend: The genetic distance threshold is based on 
Tamura and Nei 93(TN93) model; All of the sample sequences were based in Qinzhou, Guangxi and diagnosed between 2014 and 2020

 



Page 5 of 13Chen et al. Virology Journal          (2023) 20:289 

2017 and baseline cases diagnosed in 2014–2016 were 
thus calculated. We then used the molecular transmis-
sion network containing cases diagnosed during 2014–
2017 as a second baseline network, calculated the linkage 
between them and cases newly diagnosed in 2018. Simi-
larly, the linkages between cases newly diagnosed in 2019 
and 2020 and their corresponding baseline networks 
were calculated. The number of genetic linkages was 
equal to the number of newly diagnosed patients with 
HIV linked to those at the corresponding baseline molec-
ular network. The genetic linkages among samples diag-
nosed in 2014–2016 were not taken into account since 
they were used as a basic baseline group sample for our 
study.

Statistical analysis
After constructing the HIV molecular transmission net-
work based on the optimal genetic distance threshold, 
the distribution of study samples diagnosed in 2014–
2016, 2017, 2018, 2019 and 2020 with epidemiological 
characteristics and clinical information were described.

The outcome variable in the study is an ordinal vari-
able, the levels included whether a case in baseline 
molecular transmission network had a genetic linkage 
with (1) zero case in the corresponding newly diagnosed 
cases molecular transmission network, (2) one case in 
corresponding newly diagnosed cases molecular trans-
mission network, and (3) at least two cases in the corre-
sponding newly diagnosed cases molecular transmission 
network. GEE models are an extension of generalized 
linear models (GLM). This framework can handle data 
with a non-normally distributed dependent variable and 
account for the correlation among the multiple obser-
vations that arise from a single subject and can largely 
estimate the correlations within observations without 
having to accurately specify the form of the correlation 
structure [24]. In this case, it is better than GLM in pre-
dicting the associations between patient’s demographic 
characteristics, clinical information and their HIV trans-
mission based on longitudinal molecular transmission 
networks between baseline cases and those newly diag-
nosed cases. Furthermore, we developed three models 
based on patients ART status and HIV viral load level 
to analyze the HIV transmission effects. In Model 1, the 
patients were divided into three levels: “not on ART”, “on 
ART” and “Dropped out”. In Model 2, the patients were 
separated into five groups based on their HIV viral load: 
(1) not on ART, (2) less than 50 copies/mL, (3) viral load 
between 50 and 999 copies/mL, (4) viral load at least 
1000 copies/mL, and (5) unknown viral load. In Model 3, 
the patients were divided into two groups, the first group 
consists of patients on ART for at least 3 years and hav-
ing a viral load less than 50 copies/mL, while the remain-
ing patients belong to the second group. Age, gender, 

ethnicity, education, marital status, occupation, route of 
HIV transmission, year of HIV diagnosis, HIV-1 subtype 
and CD4 + count at diagnosis were included as covariates 
in all GEE models. All statistical analyses were performed 
using SAS version 9.4.

Results
Characteristics of study population
Table  1 shows detailed information on demographic 
characteristics, HIV epidemic and clinical characteristics 
of study samples diagnosed from 2014–2016 to 2020 in 
Qinzhou. The total number of cases was 4270. In addi-
tion to the basic baseline cases diagnosed in 2014–2016, 
the number of newly diagnosed cases ranged from 691 in 
2019 to 201 in 2020. Cases diagnosed in 2014–2016 were 
analyzed as a group sample. The purpose of separating 
samples into 2014–2016, 2017, 2018, 2019 and 2020 is to 
emphasize the time point of implementation of “treat all” 
policy at the end of 2016.

Most cases were aged between 50 and 69 years, simi-
larly for cases diagnosed from 2017 to 2020. In the period 
of 2014–2016, the majority of individuals fell within the 
age range of 30 to 49 years. Overall, males constituted 
three-quarters of the cases, with percentages varying 
from 70.8 to 76.6% across each time point. More than 
90% of all cases belonged to Han ethnicity. Approxi-
mately half had completed elementary school, with per-
centages ranging from 49.3 to 56.7% at each time point. 
Nearly 60.0% of cases were married (ranging from 56.4 
to 62.7% at each time point) and identified as farmers 
(ranging from 72.6 to 80.5% at each time point). Almost 
90.0% of HIV infections occurred through heterosexual 
transmission, and this percentage increased from 83.4% 
in 2014–2016 to 97.5% in 2020.The predominant HIV-1 
subtype detected was CRF01_AE, accounting for 55.0% 
overall and ranging from 41.3 to 59.1% at each time 
point. CD4 + counts at diagnosis for over 50% cases was 
less than 200 cells/mm3, ranging from 48.2 to 56.5% 
across each time point.

Molecular network linkage between baseline networks 
and newly diagnosed cases
Baseline molecular networks were constructed from 
2176, 2771, 3378, and 4069 samples diagnosed in 2014–
2016, 2014–2017, 2014–2018 and 2014–2019, respec-
tively, of which 326 (15.0%), 422 (15.3%), 445 (13.2%), 
311 (7.6%) cases were linked with at least one case newly 
diagnosed in 2017, 2018, 2019 and 2020 respectively.

Association of factors with HIV transmission
Associations between patients’ demographic and clinical 
characteristics and HIV transmission
Overall, 12,394 subjects, possibly repeated, were 
observed in the molecular networks throughout 
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2014–2019, which were included in the GEE model for 
analysis. Among these, 762 (6.1%), 1504 (12.1%), and 
742 (6.0%) were linked with one, at least one and at least 
two HIV cases newly diagnosed in the following years, 
respectively.

Table 2; Fig. 3 present the associations between demo-
graphic and clinical characteristics and HIV transmis-
sion. Compared to 18 ~ 29 age group, older age at baseline 
was associated with a higher risk of HIV transmission. 
Men had a higher risk than women (AOR:1.70,95% 

Table 1 Characteristics of newly diagnosed HIV/AIDS cases between 2014–2016 and 2020 in Qinzhou, Guangxi
Variable Total Year of diagnosis

2014–2016 2017 2018 2019 2020
Total 4270 2176 595 607 691 201
Age (years)
 18 ~ 29 413 (9.7) 240(11.0) 62 (10.4) 53 (8.7) 44 (6.4) 14 (7.0)
 30 ~ 49 1701 (39.8) 1014(46.6) 220 (37.0) 192 (31.6) 228 (33) 47 (23.4)
 50 ~ 69 1774 (41.5) 745(34.2) 260 (43.7) 304 (50.1) 352 (50.9) 113 (56.2)
 ≥ 70 382 (8.9) 177(8.1) 53 (8.9) 58 (9.6) 67 (9.7) 27 (13.4)
Gender
 Male 3191 (74.7) 1654(76.0) 441 (74.1) 453 (74.6) 489 (70.8) 154 (76.6)
 Female 1079 (25.3) 522(24.0) 154 (25.9) 154 (25.4) 202 (29.2) 47 (23.4)
Ethnicity
 Han 3872 (90.7) 1987(91.3) 540 (90.8) 542 (89.3) 614 (88.9) 189 (94.0)
 Zhuang 352 (8.2) 160(7.4) 54 (9.1) 61 (10.0) 66 (9.6) 11 (5.5)
 Other 46 (1.1) 29(1.3) 1 (0.1) 4 (0.7) 11 (1.6) 1 (0.5)
Education
 Illiteracy 190 (4.4) 88(4.0) 25 (4.2) 26 (4.3) 43 (6.2) 8 (4.0)
 Elementary school 2161 (50.6) 1073(49.3) 309 (51.9) 302 (49.8) 363 (52.5) 114 (56.7)
 Secondary school 1560 (36.5) 832(38.2) 206 (34.6) 228 (37.6) 230 (33.3) 64 (31.8)
 High school or above 359 (8.4) 183(8.4) 55 (9.2) 51 (8.4) 55 (8.0) 15 (7.5)
Marital status
 Single 996 (23.3) 576(26.5) 122 (20.5) 120 (19.7) 140 (20.3) 38 (18.9)
 Married 2481 (58.1) 1227(56.4) 373 (62.7) 358 (59.0) 405 (58.6) 118 (58.7)
 Divorced/Widowed 793 (18.6) 373(17.1) 100 (16.8) 129 (21.3) 146 (21.1) 45 (22.4)
Occupation
 Farmer 3234 (75.7) 1579(72.6) 458 (77.0) 487 (80.2) 556 (80.5) 154 (76.6)
 Housekeeping 557 (13.0) 307(14.1) 71 (11.9) 68 (11.2) 75 (10.9) 36 (17.9)
 Retired 83 (1.9) 45(2.0) 15 (2.5) 10 (1.6) 12 (1.7) 1 (0.5)
 Other 396 (9.3) 245(11.3) 51 (8.6) 42 (6.9) 48 (6.9) 10 (5.0)
Transmission route
 Injecting drug use 393 (9.2) 330(15.2) 17 (2.9) 29 (4.8) 17 (2.5) 0 (0.0)
 Heterosexual 3795 (88.9) 1814(83.4) 560 (94.1) 565 (93.1) 660 (95.5) 196 (97.5)
 Homosexual 82 (1.9) 32(1.5) 18 (3.0) 13 (2.1) 14 (2.0) 5 (2.5)
HIV-1 subtype
 CRF01_AE 2350 (55.0) 1286(59.1) 348 (58.5) 307 (50.6) 326 (47.2) 83 (41.3)
  Cluster 1 474 (11.1) 264(12.1) 73 (12.3) 53 (8.7) 66 (9.6) 18 (9.0)
  Cluster 2 1687 (39.5) 903(41.5) 241 (40.5) 229 (37.7) 250 (36.2) 64 (31.8)
  Other cluster 189 (4.4) 119(5.5) 34 (5.7) 25 (4.1) 10 (1.4) 1 (0.5)
 CRF07_BC 395 (9.3) 146(6.7) 72 (12.1) 53 (8.7) 85 (12.3) 39 (19.4)
 CRF08_BC 1275 (29.9) 649(29.8) 147 (24.7) 196 (32.3) 224 (32.4) 59 (29.4)
 Other subtype# 250 (5.9) 95(4.4) 28 (4.7) 51 (8.4) 56 (8.1) 20 (10.0)
CD4 + counts at diagnosis (cells/m3)
 < 200 2189 (51.3) 1106(50.8) 287 (48.2) 343 (56.5) 345 (49.9) 108 (53.7)
 200–349 984 (23.0) 441(20.3) 164 (27.6) 139 (22.9) 185 (26.8) 55 (27.4)
 350–499 622 (14.6) 335(15.4) 84 (14.1) 84 (13.8) 97 (14.0) 22 (10.9)
 ≥ 500 401 (9.4) 253(11.6) 53 (8.9) 34 (5.6) 49 (7.1) 12 (6.0)
 Missing 74 (1.7) 41(1.9) 7 (1.2) 7 (1.2) 15 (2.2) 4 (2.0)
# Other subtypes included CRF55_01B, B/B’ and other rare CRF and URF.
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Variable Base-
line 
cases

No. of linkages between newly diagnosed 
cases and baseline cases
n (%)

Crude OR¶ 
(95% CI)

P-value Adjusted OR 
(95% CI)

P-
value

0 1 ≥ 2 ≥ 1
Total 12,394 10,890(87.9) 762 (6.1) 742 (6.0) 1504 (12.1)
Age (years)
 18 ~ 29 1296 1233(95.1) 41 (3.2) 22 (1.7) 63 (4.9) 1.00 1.00
 30 ~ 49 5328 4957(93.0) 218 (4.1) 153 (2.9) 371 (7.0) 1.47 (1.01–2.13) 0.043 1.56 (1.05–2.31) 0.028
 50 ~ 69 4720 3909(82.8) 386 (8.2) 425 (9.0) 811 (17.2) 4.12 (2.88–5.89) < 0.001 4.36 (2.97–6.40) < 0.001
 ≥ 70 1050 791(75.3) 117 (11.1) 142 (13.5) 259 (24.7) 6.52 (4.38–9.71) < 0.001 6.18 (4.02–9.49) < 0.001
Gender
 Female 3060 2791(91.2) 141 (4.6) 128 (4.2) 269 (8.8) 1.00 1.00
 Male 9334 8099(86.8) 621 (6.7) 614 (6.6) 1235 (13.2) 1.58 (1.29–1.95) < 0.001 1.70 (1.37–2.11) < 0.001
Ethnicity
 Han 11,266 9938(88.2) 678 (6.0) 650 (5.8) 1328 (11.8) 1.00 1.00
 Other 1128 952(84.4) 84 (7.4) 92 (8.2) 176 (15.6) 1.39 (1.08–1.79) 0.010 1.41 (1.08–1.84) 0.011
Education
 Secondary school or 
above

6700 5785(86.3) 468 (7.0) 447 (6.7) 915 (13.7) 1.00

 Elementary school or 
below

5694 5105(89.7) 294 (5.2) 295 (5.2) 589 (10.3) 0.73 (0.62–0.86) < 0.001

 Marital status
 Single 3050 2791(91.5) 151 (5.0) 108 (3.5) 259 (8.5) 1.00
 Married 7148 6205(86.8) 460 (6.4) 483 (6.8) 943 (13.2) 1.66 (1.34–2.04) < 0.001
 Divorced/Widowed 2196 1894(86.2) 151 (6.9) 151 (6.9) 302 (13.8) 1.73 (1.35–2.23) < 0.001
Occupation
 Farmer 9220 8066(87.5) 587 (6.4) 567 (6.1) 1154 (12.5) 1.00 1.00
 House keeper 1652 1476(89.3) 98 (5.9) 78 (4.7) 176 (10.7) 0.83 (0.64–1.06) 0.141 1.19 (0.91–1.57) 0.208
 Retired 257 184(71.6) 24 (9.3) 49 (19.1) 73 (28.4) 2.97 (1.87–4.70) < 0.001 1.64 (1.01–2.66) 0.044
 Other 1265 1164(92) 53 (4.2) 48 (3.8) 101 (8.0) 0.61 (0.45–0.82) 0.001 0.99 (0.71–1.38) 0.947
Route of HIV transmission
 Injecting drug use 1446 1369(94.7) 52 (3.6) 25 (1.7) 77 (5.3) 1.00 1.00
 Heterosexual 10,726 9315(86.8) 699 (6.5) 712 (6.6) 1411 (13.2) 2.73 (1.94–3.82) < 0.001 1.87 (1.26–2.76) 0.002
 Homosexual 222 206(92.8) 11 (5.0) 5 (2.3) 16 (7.2) 1.37 (0.69–2.74) 0.372 1.95 (0.91–4.18) 0.087
On ART*
 No 3838 3277(85.4) 298 (7.8) 263 (6.9) 561 (14.6) 1.00 1.00
 Yes 7955 7073(88.9) 442 (5.6) 440 (5.5) 882 (11.1) 0.76 (0.64–0.89) < 0.001 0.68 (0.56–0.83) < 0.001
 Dropped out 601 540(89.9) 22 (3.7) 39 (6.5) 61 (10.1) 0.79 (0.51–1.23) 0.298 0.75 (0.48–1.18) 0.213
Year of diagnosis
 2014 ~ 2016 8704 7711(88.6) 508 (5.8) 485 (5.6) 993 (11.4) 1.00 1.00
 2017 1785 1530(85.7) 128 (7.2) 127 (7.1) 255 (14.3) 1.30 (1.04–1.61) 0.020 0.95 (0.75–1.19) 0.638
 2018 1214 1034(85.2) 81 (6.7) 99 (8.2) 180 (14.8) 1.37 (1.10–1.70) 0.004 0.81 (0.64–1.01) 0.061
 2019 691 615(89.0) 45 (6.5) 31 (4.5) 76 (11.0) 0.94 (0.73–1.22) 0.666 0.44 (0.34–0.58) < 0.001
HIV-1 subtype
 CRF01_AE 7128 6391(89.7) 419 (5.9) 318 (4.5) 737 (10.3) 1.00 1.00
 CRF07_BC 991 818(82.5) 74 (7.5) 99 (10.0) 173 (17.5) 1.87 (1.42–2.47) < 0.001 1.69 (1.25–2.28) 0.001
 CRF08_BC 3653 3191(87.4) 230 (6.3) 232 (6.4) 462 (12.6) 1.27 (1.06–1.52) 0.009 1.61 (1.32–1.95) < 0.001
 Other# 622 490(78.8) 39 (6.3) 93 (15.0) 132 (21.2) 2.54 (1.80–3.58) < 0.001 3.42 (2.38–4.92) < 0.001
CD4 + counts at diagnosis 
(cells/m3)
 < 200 5040 4508(89.5) 288 (5.7) 244 (4.8) 532 (10.5) 1.00 1.00
 200 ~ 349 2167 1838(84.8) 156 (7.2) 173 (8.0) 329 (15.2) 1.54 (1.24–1.91) < 0.001 1.55 (1.22–1.95) < 0.001

Table 2 HIV molecular linkage between baseline cases during 2014–2019 and newly diagnosed cases during 2017–2020 in Qinzhou, 
respectively
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CI:1.37–2.11). Minority ethnic groups were more likely 
to be linked with newly diagnosed HIV cases than 
those of Han ethnicity (AOR:1.41, 95% CI:1.08–1.84), 
as were retirees compared with farmers (AOR:1.64, 95% 
CI:1.01–2.66) and those infected via heterosexual inter-
course (AOR:1.87, 95% CI:1.26–2.76). Those on ART had 
a significantly lower HIV transmission risk compared to 
those not on ART (AOR:0.68, 95% CI:0.56–0.83). Cases 
who dropped out from ART had a similar probability 
of HIV transmission as those not on ART (AOR:0.75, 
95%CI:0.48–1.18). Those diagnosed in 2019 had signifi-
cantly fewer linkages with newly diagnosed HIV cases 
compared to baseline cases diagnosed in 2014–2016(AOR
:0.44,95%CI:0.34–0.58). Compared to HIV-1 subtype of 
CRF01_AE, CRF07_BC(AOR:1.69,95%CI:1.25–2.28), 

CRF08_BC(AOR:1.61,95%CI:1.32–1.95) and other sub-
types (AOR:3.42,95%CI:2.38–4.92) were more transmis-
sible. Those with CD4 + counts at diagnosis not less than 
200(200–349 and ≥ 350) had a higher risk of HIV trans-
mission compared with those whose CD4 + counts were 
lower than 200.

2) Associations between stratified participants’ ART status, 
HIV viral load level and HIV transmission
Figure  4 demonstrates the associations between ART 
status, HIV viral load level and HIV transmission with 
further details provided in Table  3. In Model 1, it can 
be seen that comparing with not on ART, cases on ART 
was associated with less HIV transmission (AOR:0.68, 
95% CI:0.56–0.83). In Model 2, cases having a viral 

Fig. 3 Adjusted odds ratios for HIV transmission by basic characteristics and clinical information in Qinzhou. Note: ART denotes Antiretroviral therapy

 

Variable Base-
line 
cases

No. of linkages between newly diagnosed 
cases and baseline cases
n (%)

Crude OR¶ 
(95% CI)

P-value Adjusted OR 
(95% CI)

P-
value

0 1 ≥ 2 ≥ 1
 ≥ 350 2722 2364(86.8) 168 (6.2) 190 (7.0) 358 (13.2) 1.30 (1.05–1.61) 0.017 1.55 (1.23–1.97) < 0.001
 Missing 2465 2180(88.4) 150 (6.1) 135 (5.5) 285 (11.6) 1.11 (0.89–1.39) 0.354 1.27 (1.00-1.61) 0.046
¶ OR: Odds ratio

* ART: antiretroviral therapy

# Other subtypes included CRF55_01B, B/B’ and other rare CRF and URF.

Covariates of the adjusted model included: age, gender, ethnicity, education, marital status, occupation, route of transmission, year of diagnosis, subtype, 
CD4 + counts at diagnosis

Table 2 (continued) 
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load less than 50 copies/mL had a lower HIV transmis-
sion (AOR:0.64, 95% CI:0.51–0.79) comparing those not 
on ART. Those with a viral load at 50–999 copies/mL 
(AOR:0.69,95%CI:0.44–1.08) and not less than 1000 cop-
ies/mL (AOR:0.65, 95%CI:0.39–1.82) had a similar risk of 
HIV transmission as those not on ART, as well as cases 
with unknown viral loads (AOR:0.89, 95% CI:0.67–1.18). 
In Model 3, cases with sustained ART not less than 
three years and keeping HIV viral load level lower than 

50 copies/mL had robust predictive capability in reduc-
tive HIV transmission (AOR:0.29,95%CI:0.22–0.38) than 
those not on ART.

Visualization of molecular linkage between baseline cases 
and newly diagnosed cases
Figure  5 visualizes the linkages between HIV baseline 
cases diagnosed in 2014–2019 and newly diagnosed 
cases in 2017–2020, respectively. The map only shows the 

Table 3 HIV transmission of molecular linkages between baseline HIV/AIDS cases during 2014–2019 and newly diagnosed cases 
during 2017–2020 in Qinzhou, Guangxi, stratified by treatment and HIV viral load level
Variable Base-

line 
cases

Linkages between newly 
diagnosed cases and
baseline cases
n (%)

Crude OR¶

(95% CI)
P-value Adjusted 

OR (95% 
CI)

P-
value

0 1 ≥ 2 ≥ 1
On ART*
No 3838 3277(85.4) 298 

(7.8)
263 
(6.9)

561 
(14.6)

1.00 1.00

Yes 7955 7073(88.9) 442 
(5.6)

440 
(5.5)

882 
(11.1)

0.76 
(0.64–0.89)

< 0.001 0.68 
(0.56–0.83)

< 0.001

On ART 
(VL# <50 copies/mL)

6212 5545(89.3) 325 
(5.2)

342 
(5.5)

667 
(10.7)

0.71 
(0.60–0.84)

< 0.001 0.64 
(0.51–0.79)

< 0.001

On ART 
(VL 50–999 copies/mL)

268 228(85.1) 23 
(8.6)

17 
(6.3)

40 
(14.9)

1.02 
(0.67–1.53)

0.937 0.69 
(0.44–1.08)

0.631

On ART 
(VL ≥ 1000 copies/mL)

293 263(89.8) 16 
(5.5)

14 
(4.8)

30 
(10.2)

0.67 
(0.41–1.09)

0.110 0.65 
(0.39–1.82)

0.490

On ART 
(VL unknown)

1182 1037(87.7) 78 
(6.6)

67 
(5.7)

145 
(12.3)

0.82 
(0.63–1.06)

0.131 0.89 
(0.67–1.18)

0.425

On ART ≥ 3 years
(VL < 50 copies/mL)

1918 1807(94.2) 72 
(3.8)

39 
(2.0)

111 
(5.8)

0.35 
(0.28–0.46)

< 0.001 0.29 
(0.22–0.38)

< 0.001

¶ OR: Odds ratio

* ART: Antiretroviral therapy

# VL: Viral load

Covariates in the adjusted model included: age, gender, ethnicity, education, marital status, occupation, route of transmission, year of diagnosis, subtype, and 
CD4 + counts at diagnosis

Fig. 4 Adjusted odds ratios for HIV transmission by ART and viral load in Qinzhou. Note: ART denotes Antiretroviral therapy
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nodes of linked cases while singletons were not displayed. 
1879 cases out of 4270 total samples were included and 
displayed, with 2391 singletons omitted. It can be seen 
that HIV cases newly diagnosed in 2017, 2018 and 2019 
had more linkages with corresponding baseline cases 
than those newly diagnosed in 2020.

Sensitivity analysis
To support our finding, a sensitivity analysis was con-
ducted based on different genetic distance thresholds 
(0.0025 and 0.0100 substitutions/site). The models 
included the same covariates as those in the previous 
GEE models. Additional file 1 shows the results of associ-
ations between ART status, HIV viral load level and HIV 
transmission under the two genetic distance thresholds. 
In general, cases on ART regardless of HIV viral load 
level had a significantly lower risk of HIV transmission. 
Additionally, cases on ART and a viral load level less than 
50 copies/mL had a significantly lower HIV transmission 
risk. Those with sustained ART for at least three years 
and a viral load level less than 50 copies/mL possessed 
robust prediction capability in reducing the risk of HIV 
transmission.

Discussion
Results of this longitudinal molecular network study 
indicate that patients on ART have a 32% reduction in 
HIV transmission compared with those not on ART at 

the population level. The effectiveness of treatment as a 
prevention has been shown by several observational pro-
spective cohort studies among sero-discordant couples 
[5, 6, 25–27] and further at the population level by one 
randomized clinical trial HPTN 071 (PopART) applying 
universal HIV testing and ART in the real-world setting 
[10]. A previous study based on a longitudinal molecu-
lar study reported a 53.6% reduction in HIV transmission 
without considering any demographic and clinical char-
acteristics [19]. Our results for ART prevention efficacy 
of HIV transmission with adjustment for demographic 
and clinical variables in the multivariate models may be 
more accurate. HIV can be well inhibited by ART [28] 
and the transmission risk is related to the high viral load 
in a patient [29]. Based on our stratification analysis of 
HIV viral loads, HIV transmission can be reduced by 
36% if the viral load is less than 50 copies/mL. Further, 
we identified that cases with sustained ART of at least 3 
years and with a viral load lower than 50 copies/mL can 
reduce transmission by 71%. The genetic distance thresh-
old of 0.0050 refers to a 2–3 years evolution time of the 
HIV strain [11]. Hence, irrelevant genetic linkages can be 
removed in the molecular network when patients have 
received ART for more than 3 years. The linkage indi-
cated the real effect of HIV transmission under the con-
text of ART expansion in the communities. Our findings 
strongly support the WHO’s recommendation of “treat 
all” policy at the population level.

Fig. 5 Visualization of the molecular linkages between baseline HIV/AIDS cases and newly diagnosed cases. Legend: The HIV molecular transmission net-
work was constructed based on the genetic distance threshold of 0.0050 substitutions/site. The linkages between baseline cases diagnosed in 2014–2019 
and newly diagnosed cases in 2017–2020 were illustrated. Blue denotes samples diagnosed in 2014–2016, orange denotes samples diagnosed in 2017, 
purple denotes samples diagnosed in 2018, green denotes samples diagnosed in 2019, red denotes samples diagnosed in 2020. 1879 cases out of 4270 
total samples were included and displayed, with 2391 singletons omitted
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We found that patients who dropped out of ART had 
the same risk of HIV transmission as those not on ART. 
The dropout rate for patients who started ART is con-
siderably high in China, especially in those with high 
CD4 + counts or those who started ART within the first 
year [30, 31]. HIV/AIDS cases who dropped out of ART 
have a higher risk of increased drug resistance and viral 
load rebound [32]. This could lead to more secondary 
HIV transmissions in the communities. This indicates 
that ART should be promoted in communities for HIV 
prevention, but its effect will not be seen until the viral 
load in a patients’ body falls below 50 copies/mL. Hence, 
adherence to ART is crucial in increasing the effective-
ness of HIV treatment [33]. China has implemented an 
early treatment policy to all HIV/AIDS patients regard-
less of CD4 + counts since late 2016 [9]. To meet the 
request of UNAIDS’s three “95” targets, ensuring that 
everyone adheres to ART is currently the top priority in 
the context of scaling up ART. Strengthening PLHIV’s 
relationships with their spouse/partner and children, pro-
moting collaborative provider-patient relationships, and 
enhancing peer support among PLHIV can also increase 
ART adherence [34]. Advanced techniques should be 
applied in future treatment management of PLHIV, such 
as providing preferred digital strategies to distribute ART 
medication messages, medication reminders, peer edu-
cation, and involvement in online discussions [35]. HIV 
viral load monitoring for HIV/AIDS cases with higher 
CD4 + counts at diagnosis is also necessary for ensuring 
improved long-term treatment outcomes under the scal-
ing up of ART in the communities [19].

Our study identified that the patients who were older, 
male, non-Han, retired, and with higher CD4 + counts 
had a higher risk of HIV transmission. The number of 
elderly HIV/AIDS cases accounts for a large part of the 
yearly routine newly diagnosed HIV/AIDS cases in 
Guangxi [36] and their mortality is higher than other age 
groups [31]. The basic baseline cases in 2014–2016 were 
current HIV/AIDS cases as of December 31, 2016 and 
were not limited to newly diagnosed cases. This cohort 
contained more younger cases. Therefore, the proportion 
of elderly cases in the total sample in 2014–2016 may be 
lower than those in newly diagnosed cases in 2017, 2018, 
2019, and 2020. A community based study conducted in 
Guangxi also discovered that older men have a higher 
risk of HIV transmission than other age groups [37].The 
main reason might be that elderly prefer to have sexual 
encounters with low-cost sexual workers who already 
possess a high HIV prevalence [38, 39]. It is indicated 
that cases with a higher CD4 + count yield a higher risk, 
consistent with other studies [40]. The reason for this 
might be they are more recently diagnosed and not aware 
of their HIV infection status previously; they may not 
purposely take protected measures when having sexual 

encounters. Additionally, such cases could still consider 
themselves to be healthy and tend to drop out, even after 
initiating ART. This would make HIV suppression diffi-
cult. When HIV is not effectively suppressed, HIV trans-
mission could occur easily, especially during unprotective 
sexual behaviors. We found that those infected via het-
erosexual intercourse had a higher HIV transmission 
risk. This might due to genetic differences between the 
HIV-1 transmitted/founder strains in different transmis-
sion modes [41]. HIV-1 CRF01_AE is less transmissible 
than other subtypes because it is associated with poorer 
clinical outcomes and faster CD4 T-cell decline, resulting 
in patients dying faster [42]. Only the baseline network 
containing cases diagnosed in 2014–2019 had fewer link-
ages with newly diagnosed HIV cases in 2020 compared 
with linkages that occurred between other baseline cases 
and newly diagnosed cases. This was consistent with 
the molecular mapping, linkages between newly diag-
nosed cases and baseline cases did not reduce dramati-
cally until 2019. All of the findings showing associations 
between socio-demographic and clinical characteristics 
and HIV secondary transmission were consistent with 
the previous results achieved from a large-scale pro-
spective cohort study conducted in Guangxi [37]. This 
indicates that HIV secondary transmission has been 
decreasing gradually under the expansion of ART in the 
communities.

Our study has some limitations. Firstly, we could not 
achieve HIV sequences for all newly diagnosed cases dur-
ing 2014–2020 due to insufficient blood samples. This 
could result in underestimation of the linkages between 
baseline cases and newly diagnosed cases. Since some 
missing cases did not appear in the molecular network, 
the transmission between the linked cases seen in the 
network may not reflect the real world. Newly diag-
nosed cases might be infected by other cases not shown 
in the molecular network - their linkage may be because 
they have a similar virus under a certain genetic distance 
threshold, and overestimation of HIV transmission can 
occur according to this kind of linkage. Secondly, we 
used HIV-1 pol region for the study; there is a genomic 
evolution rate of 1% every 10 years in population level 
for pol region [11]. Under a current constant genetic dis-
tance threshold of 0.05% substitutions/site employed in 
molecular transmission network construction, a small 
part of HIV transmission caused by cases evolved faster 
or slower would be missed as determined in our study. 
Thirdly, the HIV transmission caused by cases in 2014–
2016 decreased, but the new infections driven by newly 
diagnosed cases in 2017, 2018, 2019, 2020, respectively 
cannot be determined properly by our study since the 
observation time is not long enough yet. Finally, there 
might be some drug resistant mutations in the sequences, 
but a former study found that there is consistent 
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identification of molecular linkages for certain sequences 
regardless of inclusion or exclusion of drug resistant 
mutations [23].
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