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a b s t r a c t 

Background: Most existing prognostic models for people living with HIV/AIDS (PLWHA) were derived 

from cohorts in high-income settings established a decade ago and may not be applicable for contem- 

porary patients, especially for patients in developing settings. The aim of this study was to develop and 

externally validate a prognostic model for survival in PLWHA initiating ART based on a large population- 

based cohort in China. 

Methods: We obtained data for patients from the Chinese National Free Antiretroviral Treatment Program 

database. The derivation cohort consisted of PLWHA treated between February 2004 and December 2019 

in a tertiary center in Guangzhou, South China, and validation cohort of patients treated between Febru- 

ary 2004 to December 2018 in another tertiary hospital in Shenyang, Northeast China. We included ART- 

naive patients aged above 16 who initiated a combination ART regimen containing at least three drugs 

and had at least one follow-up record. We assessed 20 candidate predictors including patient characteris- 

tics, disease characteristics, and laboratory tests for an endpoint of death from all causes. The prognostic 

model was developed from a multivariable cox regression model with predictors selected using the least 

absolute shrinkage and selection operator (Lasso). To assess the model’s predictive ability, we quanti- 

fied the discriminative power using the concordance (C) statistic and calibration accuracy by compar- 

ing predicted survival probabilities with observed survival probabilities estimated with the Kaplan–Meier 

method. 

Findings: The derivation cohort included 16481 patients with a median follow-up of 3 ·41 years, among 

whom 735 died. The external validation cohort comprised 5751 participants with a median follow-up of 

2 ·71 years, of whom 185 died. The final model included 10 predictors: age, body mass index, route of HIV 

acquisition, coinfection with tuberculosis, coinfection with hepatitis C virus, haemoglobin, CD4 cell count, 
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Research in context 

Evidence before this study 

We searched PubMed for publications in English 

from database inception until May 18, 2020, using the 
search terms (“HIV” [MeSH Terms] OR “acquired im- 
munodeficiency syndrome” [MeSH Terms]) AND (“mor- 
tality”[MeSH Terms] OR “survival”[MeSH Terms]) AND 

("risk score"[Title/Abstract] OR "nomogram 

∗"[Title/Abstract] 
OR "prediction model"[Title/Abstract] OR "prognostic 
model”[Title/Abstract]). References of relevant articles 
and reviews were also screened for additional publications. 
Twelve studies about prediction of survival in people living 
with HIV/AIDS (PLWHA) were identified, and only five of 
them have been externally validated. These models were 
largely derived in cohorts from high-income regions and 

might not be applicable to patients from developing areas 
where medical resources are relatively insufficient. Moreover, 
most of these models were based on cohorts established over 
ten years ago, when antiretroviral therapy (ART) was less 
widely accessible, life expectancy of PLWHA was significantly 
shorter, and mortality from AIDS-related illness were higher 
compared with the present. 

Added value of this study 

This study used two large independent contemporary co- 
horts of PLWHA in China to separately develop and validate, 
a prognostic model for survival of PLWHA initiating ART. This 
model was based on 10 clinical and laboratory predictors 
which are routinely collected and readily available. In exter- 
nal validation, the model showed good discriminative power 
and calibration accuracy, and the discriminative power re- 
mained satisfactory at different time points within five years 
of follow up when using time-updated laboratory predictors. 
We developed a free online calculator to make this model 
widely available and easily applicable in practical use. All pa- 
rameters and equations of this model have been provided to 
allow further improvement of prediction. 

Implications of all the available evidence 

Our study identifies a range of independent predictors for 
long-term survival in PLWHA starting ART and provides a val- 
idated prognostic model. We encourage further external val- 
idation and improvement of our model in other patient co- 
horts. Our model could be implemented in clinical settings 
m

2 
minase, and plasma glucose. The C-statistic was 0 ·84 (95% confidence in-

lidation after adjustment of optimism and 0 ·84 (0 ·82–0 ·87) in external

sistently above 0 ·75 in all landmark time points within five years of fol-

ed laboratory measurements. The calibration accuracy was satisfactory in

ohorts. 

oped and externally validated a model to predict long-term survival in

ld be applied to individualized patient counseling and management during

e trial design. 

dation of China Excellent Young Scientists Fund, Natural Science Founda-

ional Research Collaboration Project, Natural Science Foundation of China

nal Science and Technology Major Project of China,National Special Re-

portant Infectious Diseases, 13th Five-Year Key Special Project of Ministry

 the Joint-innovation Program in Healthcare for Special Scientific Research

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

to facilitate individualized HIV counseling and management, 
and in innovative trial design by refining inclusion criteria, 
stratifying participants, and serving as a surrogate endpoint 
for deaths from all causes. 

. Introduction 

The prognosis of people living with HIV/AIDS (PLWHA) has sub- 

tantially improved thanks to the massive coverage of antiretroviral 

herapy (ART) on a global scale. 1 , 2 Nevertheless, HIV/AIDS remains 

 heavy disease burden worldwide. 3 Globally in 2019, 38 million 

eople were living with HIV, and 690 0 0 0 individuals died of HIV- 

elated illness. 3 The increased life span of PLWHA also presents 

ew challenges in caring for this increasingly expanding popula- 

ion: a growing body of evidence suggests that PLWHA tend to 

e at higher risk of chronic comorbidities compared with HIV- 

egative individuals, 4 , 5 contributing to a rise in non-AIDS related 

eaths. 6 , 7 

An ideal clinical prediction model could readily and reliably de- 

ermine the prognosis of each PLWHA based on multiple individ- 

al patient characteristics. 8 It enables the planning of personalized 

reatment, disease management, and patient counselling, so as to 

mprove treatment outcomes and optimize the use of medical re- 

ources. 8 In addition, the prognostic index (PI) for each patient de- 

ived from a prediction model could also be used to stratify the 

isk groups of patients for clinical trials, 8 , 9 and serve as a potential 

urrogate endpoint. 

So far, thirteen prognostic models for PLWHA have been de- 

eloped (appendix table1), 10-22 with age, sex, World Health Or- 

anization (WHO) clinical stage, body weight or body mass in- 

ex (BMI), CD4 cell count, HIV viral load, and haemoglobin be- 

ng commonly included as predictors. The majority of these mod- 

ls were developed based on datasets established a decade ago 

rom well-resourced regions, including Europe, 13-15 North Amer- 

ca, 11 , 12 , 14 , 15 , 19 and Australia. 18 These models might not be appli- 

able to PLWHA in developing areas where the medical resources 

re inadequate and therefore the risk profile of patients could be 

isparate compared with that in high-income settings. Less atten- 

ion has been paid to the development of prognostic models for 

LWHA in developing regions, with only two models being devel- 

ped for PLWHA in sub-Saharan Africa 10 and Haiti 21 , respectively. 

 recent model based on PLWHA in Wenzhou city, China 20 was 

riticized for its high risk of bias in model development and poor 

odel performance in external validation. 23 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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The objective of this study was to develop and externally val- 

date a prediction model for the long-term survival of PLWHA, 

ased on two large population-based cohorts with more than ten 

ears follow-up period in China. 

. Methods 

.1. Study design and participants 

We conducted and reported this study in accordance with 

he guidance of Transparent Reporting of a Multivariable Predic- 

ion Model for Individual Prognosis or Diagnosis Statement (TRI- 

OD), 8 , 24 and the completed checklist could be found in table2. 

or this prediction model development and validation study, we 

sed data from the Chinese National HIV Free Antiretroviral Treat- 

ent Cohort, which has been described previously. 25 The national 

ohort was established and managed by each treatment site in- 

luding designated HIV/AIDS treatment hospitals and Centers for 

isease Control and Prevention. Measures were in place to con- 

rol data quality, including real-time and time-elapsed data surveil- 

ance, routine quality reports, and nationwide on-site data valida- 

ion. 25 The simplified ART cohort report recommended by WHO 

atient Monitoring Guidelines for HIV Care and Antiretroviral ther- 

py monitors cohort quality by tracking the proportion of patients 

ho remain on treatment and their follow-up rates. 25 Each treat- 

ent site has access to data for its jurisdiction. For the deriva- 

ion cohort, we included PLWHA treated in the Guangzhou Eighth 

eople’s Hospital, a tertiary referral center in Guangdong province, 

outh China, between 10 February 2004 and 5 December 2019, and 

ata were collected from 10 February 2004 up to 1 January 2020. 

or the external validation cohort, we included patients treated in 

he First Affiliated Hospital of China Medical University, a major 

ertiary hospital in Liaoning province, Northeast China, between 13 

ebruary 2004 to 13 December 2018, with patients being followed 

p to 28 December 2018. 

Eligible patients were not previously exposed to ART, aged 16 

ears and over, initiated a combination ART regimen containing 

t least three drugs in the center, and had at least one follow-up 

ecord. The scheduled follow-up visits were 0 ·5, 1, 2, and 3 months 

fter ART initiation and every 3 months thereafter. The outcome 

f interest for both derivation and validation cohort was all-cause 

eaths. This was determined by medical records for in-hospital pa- 

ients. The death events of outpatients were determined by phone 

alls or physical visit to their households, or by checking the Na- 

ional Infectious Disease Surveillance System, which registered all 

vailable death cases of PLWHA in China. We chose candidate pre- 

ictor variables based on their availability, reliability, and poten- 

ial predictive ability judged by literature review and expert opin- 

on (appendix p28). Variables with a missing value of above 50% 

ere excluded from candidate predictors. We selected three demo- 

raphic (age, sex, marital status), five clinical (route of HIV acqui- 

ition, WHO clinical staging of HIV disease, coinfection with tuber- 

ulosis, coinfection with hepatitis C virus [HCV], BMI), and 12 lab- 

ratory (CD4 cell counts, CD8 cell counts, white blood cell count, 

latelet count, haemoglobin, creatinine, triglyceride, total choles- 

erol, plasma glucose, aspartate transaminase, alanine aminotrans- 

erase, total bilirubin) candidate predictors. In both centers, health- 

are providers collected patient-level data by standardized proce- 

ures and then completed standardized case report forms, which 

ere uploaded to the central database. 25 Laboratory parameters 

ere assessed in the central laboratory of centers by trained tech- 

icians blinded to standardized case report forms. Baseline in- 

ormation was collected within one week before ART initiation, 

nd follow-up information was collected at scheduled follow-up 

isits. 
3 
This study was approved by the institutional review board of 

he Guangzhou Eighth People’s Hospital and the First Affiliated 

ospital of China Medical University. 

.2. Statistical analysis 

We did not formally calculate sample size, but used event per 

ariable to assess the data sufficiency. 8 All available data on the 

atabase of centers during the study period were used to maxi- 

ize the statistical power and generalizability of the results. Pa- 

ient characteristics were summarized as median and interquartile 

ange for continuous variables, or as count and percentage for cat- 

gorical variables. Survival was determined as time between ART 

nitiation and death, or last follow-up visit, or end of the study 

ata collection, whichever came first. All-cause deaths were pre- 

ented by Kaplan-Meier curves. Median follow-up time was com- 

uted using the reverse Kaplan-Meier method. 8 

We used multiple imputation by chained equations to impute 

10 times) missing values of baseline variables and laboratory pa- 

ameters collected during follow up. 26 , 27 The number of iterations 

n each imputation was set at five. Variables used in the multi- 

le imputation model included the 20 candidate predictors, aux- 

liary variables and the outcome (i.e., the Nelson-Aalen estima- 

or of the baseline cumulative hazard, and the outcome indica- 

or). 28 , 29 Since continuous laboratory parameters can only have 

ositive values and were possibly skewed, they were all logarith- 

ically transformed before being included in the multiple imputa- 

ion model. The multiple imputation created 10 imputed datasets 

ith identical known values but with differences in imputed val- 

es to account for the uncertainty associated with missing values. 

he 10 imputed datasets were analyzed in parallel, and results ob- 

ained from each dataset were combined with Rubin’s rule. 30 , 31 

his model was developed based on predictors collected at ART 

nitiation. The distribution of candidate predictors before multiple 

mputation was compared with that after imputation. 

The linear relationships between continuous predictors (e.g., 

ge, CD4 cell counts) and the risk of death were examined by 

estricted cubic splines in univariate Cox models. 32 When strong 

on-linear effects were shown, additional variable transformation 

as performed until the relationship between the transformed 

ariable and outcome was linear. Predictor selection was per- 

ormed by fitting all the candidate predictors in a multivariable 

ox regression model via the least absolute shrinkage and se- 

ection operator (Lasso). Lasso’s penalty parameter ‘lambda’ was 

hosen as the largest value of lambda so that the mean cross- 

alidated error was within one standard error of the minimum 

the one standard error rule 33 ). We selected those predictors that 

ere consistently retained in all 10 models calculated from the 

en imputed datasets. The clinical validity of selected predictors 

as approved by an expert panel consisting of clinicians, epidemi- 

logists and statisticians (appendix p31). Additionally, in order to 

educe model overfitting and any optimism in the final predic- 

ion model, we derived an adjustment factor from the bootstrap 

alidation approach (100 resamples). 8 The final regression coeffi- 

ient of each selected predictors was the original one multiplied 

y the adjustment factor. 8 We did not address interaction terms 

n this prediction model. Adherence to the proportional hazard as- 

umption was assessed by inspecting the plot of the Schoenfeld 

esiduals. 

We assessed the model performance by examining measures of 

iscrimination and calibration. Internal validation was performed 

y a bootstrap procedure (100 resamples) to account for opti- 

ism. 8 Discrimination (i.e., the ability of a model to differenti- 

te between high-risk patients and low-risk patients) was calcu- 

ated with Harrell’s overall concordance (C) statistic, ranging from 

 ·5 (no predictive discrimination) to 1 ·0 (perfect discrimination). 34 
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dditionally, we plotted cumulative/dynamic time-dependent 

eceiver operating characteristic (ROC) curves at 2, 5, and 10 years 

fter ART initiation to assess the discriminative power of the model 

n different time horizon. 35 , 36 Calibration refers to the agreement 

etween the predicted and observed risk of deaths. To evaluate 

he calibration accuracy, we divided patients into three risk groups 

ased on their PI calculated from the prediction model, with cut- 

ff points at the 1 st and 2 nd tertiles in the derivation cohort, re- 

pectively. 37 We then compared the averaged predicted survival 

robability curves with the observed Kaplan-Meier survival prob- 

bility curves in the three risk groups. We also assessed calibra- 

ion with calibration plots in which patients were evenly divided 

nto ten groups and the predicted survival probability (x-axis) was 

ompared against the observed survival probability (y-axis) at 2, 5, 

nd 10 years after ART initiation, respectively. A 45 ° diagonal line 

epresents perfect calibration, while deviation below or above this 

ine implies overestimation or underestimation ofsurvival. 

We also estimated the calibration slope and cumulative base- 

ine hazard (i.e., the calibration intercept in Cox models) in exter- 

al validation to determine whether we need to recalibrate coeffi- 

ients, baseline hazard, or both. 38 

In order to assess the dynamic discriminative power of the 

odel, we performed a landmarking analysis by calculating C- 

tatistics at 0 ·5, 1, 2, 3, 4, and 5 years after ART initiation using

pdated laboratory measurements with the last observation car- 

ied forward method. In addition, according to HIV treatment 

uidelines, HIV viral load, CD4 cell counts, and CD4/CD8 ratio are 

ecommended as major indicators to assess a patient’s treatment 

utcomes and prognosis; 39 , 40 to examine whether the discrimina- 

ive power of the model is consistently superior to these com- 

only used individual prognostic factors, we also compared the 

-statistic of the model with that of CD4 cell counts and that of 

D4/CD8 ratio. 

Statistical analyses were performed using R version 4.0.2, and 

ackages MICE, rms, glmnet, riskRegression, timeROC, survival, 

urvminer, and ggplot2. R code used for this study is provided in 

ppendix p32 -75. 

.3. Role of the funding source 

All funding parties did not have any role in the in study de- 

ign, data collection, data analysis, interpretation, or writing of the 

eport. 

. Results 

The flow diagram of patient selection is shown in appendix fig- 

re 1, and patient characteristics are summarized in Table 1 . The 

erivation cohort included 16481 eligible patients. A total of 735 

atients in the derivation cohort died during 63648 person-years 

f follow-up (mortality 11 ·55 per 10 0 0 person-years, 95% confi- 

ence interval [CI]: 10 ·73 -12 ·41), with a median follow-up of 3 ·41

ears (IQR [interquartile range] 1 ·67 - 5 ·60). The event per vari- 

ble in the model derivation was 37 (735/20), which indicated 

easonable number of events compared to the number of candi- 

ate predictors. 37 The validation cohort comprised 5751 partici- 

ants, of whom 185 died during 17336 person-years of follow- 

p (mortality 10 ·67, 9 ·19 - 12 ·32), and the median follow-up was

 ·71 years (IQR 1 ·28 - 4 ·33). The cumulative mortality rate of pa-

ients included in the derivation cohort was slightly higher com- 

ared with that in the validation cohort (appendix figure 2). Corre- 

pondingly, compared with patients included in the validation co- 

ort, a higher proportion of patients in the derivation cohort were 

linically-advanced (WHO stage III/IV 95 ·2% vs 29 ·7%), and had a 

ower median CD4 cell count (208 vs 256 cells/ μL) and CD8 cell 

ount (786 vs 942 cells/ μL) at ART initiation. We observed high 
4 
ercentages of missing values for HIV viral load in both cohorts, 

nd this figure was relatively higher in derivation cohort (85 ·6%) 

han that in validation cohort (55 ·7%). The percentages of miss- 

ng values remained high in both derivation cohort (above 80%) 

nd validation cohort (above 40%) in recent years, and there was 

o temporal trend in the percentage of missingness (appendix fig- 

re3). All eligible patients were included for model development 

r validation after imputing missing values. 

The distribution of all candidate variables after multiple im- 

utation was comparable to that before imputation (appendix ta- 

le3). The relationship between deaths and eight logarithmically- 

ransformed continuous predictors (white blood cell count, 

latelet, creatinine, triglyceride, plasma glucose, alanine amino- 

ransferase, total bilirubin, total cholesterol) followed a V-shaped 

attern (appendix figure4). Therefore, values for these variables 

ere further transformed by taking the absolute distance from the 

alue that was at the turning point of the curve. For categorical 

redictors, dummy variables were created. Detailed coding of all 

andidate predictors can be found in appendix table4. 

The final model included 10 predictors: age, BMI, route of HIV 

cquisition, coinfection with tuberculosis, coinfection with HCV, 

aemoglobin, CD4 cell count, platelet count, aspartate transami- 

ase, and plasma glucose. Age, haemoglobin, coinfection with HCV, 

nd CD4 cell count were the top four important predictors. Selec- 

ion and importance rank of predictors can be found in appendix 

gure5. The adjustment factors for overfitting ranged from 0 ·98 to 

 ·99 in ten imputed datasets. Based on the coefficients and ad- 

ustment factors obtained from all imputed datasets, the final PI 

s structured as 

PI = Infection route score + Tuberculosis score + HCV score + 

 ·053 ∗Age -0 ·070 ∗BMI + 0 ·238 ∗ log(Aspartate transaminase) - 

 ·662 ∗log(Haemoglobin) - 0 ·200 ∗ log(CD4 cell count) + 0 ·778 ∗abs 

log(Plasma glucose)-1 ·66) + 0 ·340 ∗abs(log(Platelet count)-5 ·27) 

n which: 

� Infection route score: men who have sex with men = 0; in- 

jection drug use = 1 ·074; heterosexual transmission = 0 ·537; 

other = 0 ·929 

� Tuberculosis score: negative = 0; positive = 0 ·455 

� HCV score: negative = 0; positive = 0 ·611; 

� Age is in years, Aspartate transaminase is in U/L, Haemoglobin 

is in g/L, CD4 cell count is in cells/ μL, Total bilirubin is in 

μmol/L, Plasma glucose is in mmol/L, and Platelet is in 10 9 /L 

� "Abs" stands for absolute value, and "log" stands for natural 

logarithm 

The distribution of the final PI in the derivation and valida- 

ion cohort is shown in appendix figure6. Baseline survival prob- 

bilities of the derivation cohort are shown in appendix table 5, 

hich can be used to calculate the survival probability for an in- 

ividual patient at any year (up to 15 year) after ART initiation. 

n example of how to use this model to predict the survival prob- 

bility of a patient is provided in appendix p29-30. This calcula- 

ion can also be done by an online calculator (appendix figure7): 

ttps://jwang7.shinyapps.io/presurvhiv/ 

In internal validation, the apparent discriminative power (over- 

ll C-statistic) of the model was 0 ·85 (95%CI 0 ·83 - 0 ·86), and

he value after adjustment of optimism (optimism = 0.01, calculated 

ith bootstrapping method) was 0 ·84 (0 ·82 - 0 ·85). In terms of cal-

bration accuracy, the observed Kaplan-Meier survival curves of the 

hree risk groups that we defined (appendix table 6) were all close 

o the mean predicted survival curves ( Figure 1 A). In addition, the 

aplan-Meier survival curves of the three risk groups were all sep- 

rated, which further corroborated the high discriminative power 

f the model. 

In external validation cohort, the C-statistic of the model re- 

ained high 0 ·84 (0 ·82 - 0 ·87). The calibration slope was 1 ·01

https://jwang7.shinyapps.io/presurvhiv/
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Table 1 

Patient characteristics ∗

Derivation cohort Validation cohort 

Total (n = 16481) Missing values,n (%) Total (n = 5751) Missing values,n (%) 

Age (years) 34 ·2 [27 ·1, 43 ·9] 0 (0 ·0) 32 ·0 [26 ·4, 43 ·5] 0 (0 ·0) 

Sex 

Male 13462 (81 ·7) 0 (0 ·0) 5420 (94 ·2) 0 (0 ·0) 

Female 3019 (18 ·3) 331 (5 ·8) 

Marital status 

Married 7807 (47 ·7) 105 (0 ·6) 1637 (28 ·5) 13 (0 ·2) 

Unmarried 8569 (52 ·3) 4101 (71 ·5) 

HIV exposure group 

MSM 7213 (43 ·8) 0 (0 ·0) 4246 (73 ·8) 0 (0 ·0) 

Heterosexual transmission 7327 (44 ·5) 779 (13 ·5) 

Injection drug use 1125 (6 ·8) 44 (0 ·8) 

Other 816 (4 ·9) 682 (11 ·9) 

Coinfection with hepatitis C virus 

Positive 887 (6 ·6) 2970 (18 ·0) 91 (1 ·7) 478 (8 ·3) 

Negative 12624 (93 ·4) 5182 (98 ·3) 

Coinfection with tuberculosis 

Yes 1081 (6 ·6) 13 (0 ·1) 358 (6 ·2) 5 (0 ·1) 

No 15387 (93 ·4) 5388 (93 ·8) 

WHO stage 

I 411 (2 ·5) 13 (0 ·1) 3339 (58 ·1) 5 (0 ·1) 

II 391 (2 ·4) 697 (12 ·1) 

III 15276 (92 ·8) 641 (11 ·1) 

IV 390 (2 ·4) 1069 (18 ·6) 

ART initiation year ‡ 

2004-2007 519 (3 ·2) 0 (0 ·0) 25 (0 ·4) 0 (0 ·0) 

2008-2011 2182 (13 ·2) 449 (7 ·8) 

2012-2015 5755 (34 ·9) 2458 (42 ·7) 

2016-2019 8025 (48 ·7) 2819 (49 ·0) 

Body mass index, kg/m 

2 † 20 ·8 [19 ·0, 22 ·9] 2565 (15 ·6) 21 ·8 [19 ·9, 24 ·1] 172 (3 ·0) 

CD4 cell count, cells/ μL 208 ·0 [71 ·0, 319 ·0] 156 (0 ·9) 257 ·0 [136 ·0, 370 ·0] 74 (1 ·3) 

CD8 cell count, cells/ μL 786 ·0 [520 ·0, 1121 ·0] 392 (2 ·4) 942 ·0 [635 ·0, 1316 ·0] 283 (4 ·9) 

HIV viral load, copies/mL 65550 ·0 [17750 ·0, 221750 ·0] 14115 (85 ·6) 41200 ·0 [14900 ·0, 110000 ·0] 3201 (55 ·7) 

White blood cell, 10 9 /L 5 ·1 [4 ·0, 6 ·4] 208 (1 ·3) 5 ·1 [4 ·1, 6 ·2] 73 (1 ·3) 

Platelet count, 10 9 /L 200 ·0 [160 ·0, 242 ·0] 216 (1 ·3) 196 ·0 [164 ·0, 232 ·0] 76 (1 ·3) 

Haemoglobin, g/L 137 ·0 [116 ·0, 150 ·0] 224 (1 ·4) 150 ·0 [136 ·0, 159 ·0] 82 (1 ·4) 

Creatinine, μmol/L 74 ·0 [63 ·9, 84 ·0] 479 (2 ·9) 68 ·0 [60 ·0, 76 ·0] 185 (3 ·2) 

Triglyceride, mmol/L 1 ·3 [0 ·9, 1 ·8] 2463 (14 ·9) 1 ·2 [0 ·9, 1 ·8] 484 (8 ·4) 

Total cholesterol, mmol/L 4 ·0 [3 ·4, 4 ·6] 2468 (15 ·0) 4 ·0 [3 ·4, 4 ·5] 498 (8 ·7) 

Plasma glucose, mmol/L 5 ·2 [4 ·7, 5 ·7] 1388 (8 ·4) 5 ·1 [4 ·8, 5 ·5] 412 (7 ·2) 

Aspartate transaminase, U/L 23 ·0 [19 ·0, 32 ·0] 235 (1 ·4) 22 ·5 [18 ·4, 29 ·0] 228 (4 ·0) 

Alanine aminotransferase, U/L 23 ·0 [16 ·0, 36 ·0] 219 (1 ·3) 22 ·0 [15 ·0, 34 ·0] 112 (1 ·9) 

Total bilirubin, μmol/L 9 ·8 [7 ·2, 13 ·0] 336 (2 ·0) 11 ·6 [8 ·7, 15 ·1] 133 (2 ·3) 

Median follow-up (years) 3 ·4 (1 ·7, 5 ·6) 2 ·7 (1 ·3, 4 ·3) 

Number of deaths 735 185 

Follow-up period (person-years) 63648 17336 

Mortality per 1000 person-years 11 ·6 (10 ·7, 12 ·4) 10 ·7 (9 ·2, 12 ·3) 

MSM = men who have sex with men. WHO = world health organization. ART = antiretroviral therapy 
∗ Categorical variables are presented as n (%), and continuous variables are presented as median (interquartile range). 

† Body mass index = body weight/height 2 

‡ Cut-off values of years were determined by changes in Chinese national guidelines for the treatment of HIV/AIDS regarding the threshold of CD4 + cell 

counts for initiating ART. Prior to 2007, HIV-infected patients with a CD4 + count ≤ 200 cells per μL or those who had been diagnosed with an AIDS- 

defining illness were eligible for ART initiation. The treatment initiation threshold was raised to 350 cells per μL in 2008 and then to 500 cells per μL in 

2012. Since 2016 all PLWHA have been eligible for ART regardless of CD4 + count. 
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0 ·90-1 ·12). The external calibration accuracy of the model of 

aseline survival was desirable. The observed Kaplan-Meier sur- 

ival curves of the three risk groups created based on the same 

hresholds as used in the derivation cohort were close to the mean 

redicted survival curves ( Figure 1 B). In addition, the calibration 

lots also indicate good agreement between predicted and ob- 

erved survival probability at 2, 5, and 10 year after ART initiation 

appendix figure8). According to the time-dependent ROC curves 

appendix figure9), our model demonstrated consistently high dis- 

riminative power with large area under the curve (78 - 86) at 2, 5, 

nd 10 years after ART initiation in both derivation and validation 

ohorts. 

The C-statistics of the model based on data at 0 ·5, 1, 2, 3, 4, and

 years of follow-up were mostly above 0 ·75, consistently higher 

han that of CD4 cell counts or that of CD4/CD8 ratio ( Figure 2 ). 
5 
. Discussion 

This study develops a model for prediction of survival in 

LWHA on the basis of a large population-based HIV cohort from 

hina. External validation of the model in an independent co- 

ort showed its good discrimination and calibration. The model 

ncorporates 10 items: age, BMI, route of HIV acquisition, coin- 

ection with tuberculosis, coinfection with HCV, haemoglobin, CD4 

ell count, platelet count, aspartate transaminase, and plasma glu- 

ose. Essential parameters that were objectively measured, read- 

ly available and routinely monitored, as recommended by current 

IV treatment and management guidelines, were included in our 

odel. 41 , 42 

The majority of predictors included in our model have also been 

ncluded in existing models (appendix table1). Compared with 
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Figure 1. Predicted versus observed survival probability per risk group in derivation cohort (A) and external validation cohort (B) . Solid line: Observed Kaplan-Meier Curve; 

Dashed line: Mean predicted survival curves; Shaded areas: 95% confidence interval of observed survival probability. 

Figure 2. Comparison of the C-statistics between prediction model, CD4 cell count, and CD4/CD8 ratio at different landmark time. (A) Derivation cohort (B) Validation cohort. 
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reviously developed models, our model includes a comparatively 

arger set of variables that are not traditional HIV-related factors. 

his may be because the endpoint used in the present study was 

ll-cause deaths, instead of HIV-related death or the composite 

ndpoint of progression to AIDS or death used in nearly half (6/13, 

6%) of the existing models. Another factor that may contribute 

o this difference is that we used relatively new patient cohorts 

ith follow-up period from 2004 to 2019, during which there 

as been a global trend of a rise in non-AIDS-related deaths in 

LWHA on ART. 6 , 7 Therefore, it is justifiable and important to in- 

lude coinfections and biochemistry parameters that reflect chronic 

o-morbidities in our model, since these comorbidities increasingly 

ccount for non-AIDS-related deaths in PLWHA. For example, the 

redictor of plasma glucose is a marker for diabetes, and results 

rom a multinational cohort study suggested that diabetes and pre- 

iabetes were associated with mortality in PLWHA. 43 

Previous systematic reviews and meta-analyses found a signif- 

cantly increased risk of all-cause mortality among HIV-infected 

en compared with women, 44-46 and similar results have been 

eported from studies conducted in China. 47 , 48 Nevertheless, sex 

as not identified as a predictor in this study. This might be ex- 

lained by the fact that route of HIV acquisition differentiating 
6 
SM, heterosexual individuals, and injection drug users, is more 

ensitive in predicting mortality than sex. In fact, different patterns 

f HIV acquisition between men and women could account for the 

ex difference in mortality. For example, many studies reported a 

igher proportion of men than women infected with HIV via injec- 

ion drug use, 49 , 50 a behavior that has been associated with higher 

ortality in PLWHA. 51 , 52 Our model is also in line with our re- 

ent finding that HIV-infected MSM had better survival compared 

ith heterosexual individuals, probably because of early diagnosis 

s a result of active HIV testing at earlier stages and good adher- 

nce to HIV treatment and management. 53 For practical reasons of 

omputing a prediction model, we did not further divide men and 

omen under the groups of heterosexual individuals and injection 

rug users. Nevertheless, in our sensitivity analysis, the model per- 

ormance remained satisfactory in both male and female groups 

appendix figure9-10). 

This study has several strengths. First, this model was devel- 

ped based on a large patient cohort, predicted a longer survival 

nterval up to 15 years, validated model performance in an inde- 

endent dataset, and carefully followed established recommenda- 

ions (TRIPOD) for model development and validation. 8 The recent 

pdated VACS Index (VACS 2.0) from the US also included many of 
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he same clinical biomarkers of general health to estimate all-cause 

ortality in PLWHA. 22 This model has been validated in large di- 

erse samples in North America and Europe, but has not been val- 

dated in resource limited settings. Thus, there a necessity of a 

odel developed based on local settings, rather than having a one- 

ize-fits-all global model. Based on a large sample, by using Lasso 

or predictor selection and incorporating optimism adjustment, our 

odel minimized statistical overfitting, a common methodological 

roblem in prediction model development studies. 8 The endpoint 

f all-cause deaths is particularly relevant given the rise of non- 

IDS-defining deaths in this population. 6 , 7 Moreover, our sensitiv- 

ty analyses showed that our model still had very good model per- 

ormance in subgroups by gender, patients who initiated ART un- 

er the latest treatment guideline, and elderly patients aged above 

0 (appendix figure9-12), which could ensure that the model will 

erform well in future use. Lastly, our model performance was ex- 

ernally validated, which ensures its potential generalizability. 

Our study has several limitations. First, as an inherent drawback 

f retrospective data collection, data on some predictors in our 

odel were missing for many patients. In order to avoid selection 

ias and increase model applicability, we used multiple imputation 

o impute missing data so as to include all eligible patients. 8 , 54 For 

he same patient, we also included their biochemical parameters 

ollected during follow-up, thereby further improving the validity 

f the results. 54 However, these missing predictors might not limit 

he prospective use of the model in clinical practice, since they are 

ll readily available and easy to access. If clinicians encountered 

he situation where one or several required predictors are miss- 

ng for a single patient, it would not be difficult to ask for more 

nformation at a patient visit. Second, we did not include HIV vi- 

al load as a candidate predictor in our model due to its high per-

entage of missing values. This is largely caused by limited medical 

esources coupled with prohibitive costs of HIV viral load testing. 

e found that the percentages of missing values remained high 

n both derivation cohort and validation cohort in recent years, so 

IV viral load is less likely to be available in most patients in the 

ear future. Moreover, we performed a range of sensitivity analy- 

es (appendix table 7 and 8) to ensure that not selecting HIV viral 

oad tend not to significantly reduce the model performance a lot. 

any ART programs in resource-limited areas such as sub-Saharan 

frica also do not have the resources to routinely monitor HIV vi- 

al load in all patients. 10 Exclusion of HIV viral load could be partly 

ompensated by the inclusion of CD4 cell count, which is recom- 

ended by the WHO to diagnose treatment failure among PLWHA 

n resource-limited settings. 55 The incremental predictive value of 

IV viral load needs to be investigated in future studies for fur- 

her improvement of the current model. Third, we analyzed mor- 

ality from all-causes rather than HIV-related deaths because of a 

ack of reliable information on causes of deaths, though the end- 

oint of all-cause deaths might be more pertinent given the grow- 

ng role of non-AIDS-related deaths. 6 , 7 Fourth, in spite of various 

ethods in place to control data quality, it is still challenging to 

ave unbiased and reasonably complete mortality ascertainment in 

esource-limited settings. Potential incomplete mortality ascertain- 

ent in our model derivation cohort might hinder our model from 

erforming well on future patients. Fifth, the predictive accuracy of 

 model hinges on the accurate information of predictors. Although 

he majority of predictors included in our model could be objec- 

ively measured, route of HIV acquisition is reported by patients, 

hich might be subject to self-reporting bias. Sixth, our model is 

omewhat complex, given that a total of 10 predictors were in- 

luded in the final model and data transformations were applied to 

everal of them. Nevertheless, we tried to find a balance between 

he model’s simplicity and methodological soundness. Therefore, 

nly the most important predictors were selected and and data 

ransformation was only applied when necessary. In order to re- 
7 
uce the difficulty incurred by model complexity in clinical appli- 

ation, we developed a user-friendly online calculator which only 

equires the input of a few of parameters, and all data transfor- 

ations and calculations were build-in in the system. Additionally, 

lthough laboratory parameters included in the model generally 

hange with the course of disease, as with previous models, our 

odel is only based on data collected at time of ART initiation, 

ather than incorporating measurements collected during follow- 

p. Nevertheless, we assessed the dynamic discriminative power 

f the model, and our model demonstrated consistently satisfac- 

ory discriminative power (C-statistics > 0 ·75) compared with CD4 

ell count or CD4/CD8 ratio alone when using updated laboratory 

arameters at a follow-up of 0 ·5, 1, 2, 3, 4, and 5 years. This sug-

ests that the model might have the potential for dynamic pre- 

iction of survival for PLWHA on ART. Lastly, the generalizability 

f the model requires further verification given that it is based on 

ohorts from a single hospital in an upper-middle-income coun- 

ry, though the Guangzhou Eighth People’s Hospital is one of the 

argest designated hospitals for HIV/AIDS treatment in China and 

elivers HIV treatment for over one third of PLHIV in the Guang- 

ong province. In our study, we have provided all parameters and 

quations of our model to allow further recalibration or revision of 

he current model. This should also facilitate more validations of 

he model in external cohorts from different settings, and different 

ndependent research groups. 

Our prognostic model has several practical applications. Health- 

are providers can use our model in a freely available online tool to 

alculate estimates of survival for individual PLWHA, either at ART 

nitiation or during follow-up. This could help healthcare providers 

dentify patients at high risk of death in a timely and straight- 

orward manner, and determine the intensity of care and adopt 

ersonalized care. 8 Additionally, the model might upgrade innova- 

ive trial design in three ways. First, the predicted survival could 

e used as an inclusion criterion. 56 Targeted inclusion of patients 

t high risk of deaths can be cost-effective as the required sam- 

le size can be reduced. 56 Second, the model could be used to 

tratify participants according to their PIs. Compared with using a 

imited set of prognostic variables for stratification, this approach 

ould create more homogeneous strata, leading to a greater sta- 

istical power to detect an effect. 9 Third, the PI for each patient 

alculated by our model could also serve as a surrogate endpoint 

or all-cause deaths, thereby reducing required follow-up time and 

nancial budget. 

In conclusion, we have developed and externally validated a 

odel consisting of 10 clinical and biochemical variables for ac- 

urate prediction of long-term survival probabilities of PLWHA on 

RT. The prediction model has the potential to facilitate tailored 

IV disease management, which might help improve the life ex- 

ectancy and quality of life of PLWHA patients in the era of highly 

ctive antiretroviral therapy and precision medicine. 
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