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Objective: Despite the successof antiretroviral therapy (ART), excess mortality continues
for those with HIV infection. A comprehensive approach to risk assessment, addressing
multiorgan system injuryonART, isneeded.Wesought todevelopandvalidatea practical
and generalizable mortality risk index for HIV-infected individuals on ART.

Design and methods: The Veterans Aging Cohort Study (VACS) was used to develop
the VACS Index, based on age, CD4 cell count, HIV-1 RNA, hemoglobin, aspartate and
alanine transaminase, platelets, creatinine and hepatitis C status, and a Restricted Index
based on age, CD4 cell count and HIV-1 RNA with an outcome of death up to 6 years
after ART initiation. Validation was in six independent cohorts participating in the ART
Cohort Collaboration (ART-CC).

Results: In both the development (4932 patients, 656 deaths) and validation cohorts
(3146 patients, 86 deaths) the VACS Index had better discrimination than the Restricted
Index (c-statistics 0.78 and 0.72 in VACS, 0.82 and 0.78 in ART-CC). The VACS Index
also demonstrated better discrimination than the Restricted Index for HIV deaths and
non-HIV deaths, in men and women, those younger and older than 50 years, with and
without detectable HIV-1 RNA, and with or without HCV coinfection.

Conclusions: Among HIV-infected patients treated with ART, the VACS Index more
accurately discriminates mortality risk than traditional HIV markers and age alone.
By accounting for multiorgan system injury, the VACS Index may prove a useful tool in
clinical care and research. � 2013 Wolters Kluwer Health | Lippincott Williams & Wilkins
AIDS 2013, 27:563–572
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Introduction

Among HIV-infected individuals on antiretroviral
therapy (ART), AIDS-defining events are rare [1,2],
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for Management of Anti-Retroviral Therapy trial [5] and
observational studies [6,7] suggest that HIV-associated
inflammation, hypercoagulability, and increased risk
of aging-associated organ system injury may contribute
to this excess. To monitor patients in care, and identify
potentially modifiable risk factors, we need to consider
biomarkers beyond traditional measures of HIV disease
progression in overall risk estimation.

Although a number of novel biomarkers have been
considered [5,6,8], it is sensible to begin by considering
the information gained from routine clinical data [9]. In
addition to regular measurements of CD4 cell count and
HIV-1 RNA, current guidelines recommend screening
for hepatitis C, and frequent monitoring of hemo-
globin, platelets, aspartate and alanine transaminases, and
creatinine [10,11]. These measures are associated with all-
cause mortality, after adjustment for CD4 cell count and
HIV-1 RNA [12–15], and correlated with biomarkers
of inflammation [7]. At the time of ART initiation, a
composite index incorporating these measures predicts
mortality more accurately than one restricted to CD4 cell
count, HIV-1 RNA, and age [16].

However, because most patients will be on ART for
extended periods, an on-treatment index is much more
relevant to health professionals and HIV-positive people,
for evaluating prognosis after starting treatment.
The previously reported relationships between bio-
markers and mortality may differ once treatment is
established. It is also important to evaluate the stability of
the on-treatment weightings with increasing length of
time on ART. In addition, validation in an external
cohort, is a critical step in prognostic model development,
particularly when the development cohort is restricted to
male veterans.

Therefore, we refined our original model [16] to create
the Veterans Aging Cohort Study (VACS) Risk Index,
designed to predict mortality in HIV patients who have
been treated for 1 year, and devised a simple scoring
system. The VACS Index was developed in HIV-infected
US veterans and validated in independent cohorts from
the United States and Europe participating in the
Antiretroviral Therapy Cohort Collaboration (ART-
CC). We also evaluated discrimination of the index by
cause of death and in important patient subgroups.
Methods

The ART-CC, described in detail elsewhere [17,18], is an
international collaboration that combines data on HIV-
infected individuals, who were antiretroviral-naive when
they started ART, from participating cohorts in Europe
and North America. Here, eligible patients were HIV-
infected, age at least 18 years, who initiated ART between
pyright © Lippincott Williams & Wilkins. Unautho
2000 and 2007. All had CD4 cell count measured in
the 3 months before ART initiation, and HIV-1 RNA
more than 500 copies/ml in the same period. Included
cohorts [VACS; the AIDS Therapy Evaluation Project
Netherlands (ATHENA); Cologne-Bonn Cohort,
Germany; Royal Free Hospital Cohort, London United
Kingdom; Swiss HIV Cohort Study; Vanderbilt-Meharry
Center for AIDS Research Cohort; and the University of
Washington HIV Cohort, Seattle, USA] contributed data
on all biomarkers of interest for at least 60% of patients
(when routinely collected), and reported at least 25 deaths
in such patients. Institutional review boards from each
cohort approved analysis of routinely collected data.

Prognostic indices were developed using data from men
in VACS, a cohort of more than 33 000 HIV-infected
veterans for whom data on inpatient and outpatient
diagnoses, laboratory results and pharmacy fills are
obtained from the time the patient is first identified
within the Veterans Administration as having HIV
infection [17]. VACS includes all HIV-infected veterans
in Veterans Administration care, and ascertainment of
deaths is excellent [19,20]. Indices were validated in
the remaining six cohorts. Development and validation
datasets were combined to evaluate index performance
within important patient subgroups [women, those with
HIV-1 RNA <500 copies/ml, and hepatitis C (HCV)
coinfected patients]. We refer to these three datasets as
‘VACS’, ‘ART-CC’ (meaning ART-CC without VACS
data), and ‘combined’.

We adapted our original prognostic model [16] for use in
patients after 1 year of ART. To be included, predictors
should be as follows: first, be widely available in clinical
practice and research databases; second, be accurately and
reliably measured; third, predict mortality and show a net
reclassification improvement when added to an existing
model. We dropped AIDS events because they are
increasingly rare among those on ART [2] and the effect
on subsequent risk of death varies widely by condition
[1], alcohol/drug abuse because there are no standard
measures for these conditions and hepatitis B infection
because it is not collected in many research databases
and is often correlated with HCV infection. We also
considered whether to add IDU and sex, and whether to
keep age. The final model is based on nine quantifiable
measures.

Prognostic factors used in the VACS index include
age, CD4 cell count, HIV-1 RNA and laboratory
measurements of hemoglobin, aspartate and alanine
transaminase (AST, ALT), platelets, creatinine and
HCV status. Composite markers of liver and renal injury
[FIB-4 and estimated glomerular filtration rate (eGFR)]
are computed. FIB-4, composed of AST, ALT, platelets
and age, is a validated indicator of liver fibrosis [FIB-
4¼ (years of age�AST)/(platelets in 100/l� sqrt
of ALT)] [21]. eGFR, based on the Modification of
rized reproduction of this article is prohibited.
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Table 1. Characteristics after 1 year of antiretroviral therapy of
4932 HIV-infected male veterans and 3146 HIV-infected patients
from six other cohorts who initiated antiretroviral therapy between
2000 and 2007.

VACS
(N¼4932)

N (%)

ART-CC
(N¼3146)

N (%)

Year of ART initiation
2000–2003 2752 (56) 1350 (43)
2004–2007 2180 (44) 1796 (57)

Sex
Male 4932 (100) 2271 (72)

Race
White 1282 (26) 1586 (50)
Black 2241 (45) 592 (19)
Other/unknown 1409 (29) 968 (31)

Age (years)
<50 2660 (54) 2687 (85)
50–64 2030 (41) 406 (13)
�65 242 (5) 53 (2)
Median (IQR) 49 (43–55) 39 (33–45)

CD4 cell count (cells/ml)
�500 1079 (22) 905 (29)
350–499 1032 (21) 896 (28)
200–349 1284 (26) 860 (27)
100–199 841 (17) 366 (12)
50–99 309 (6) 63 (2)
<50 387 (8) 56 (2)
Median (IQR) 307 (166–473) 385 (258–524)

HIV-1 RNA (copies/ml)
<500 3206 (65) 2735 (87)
500–1�105 1358 (28) 338 (11)
�1x105 368 (7) 73 (2)
Median (IQR) 400 (50–4406) 50 (40–51)

Hemoglobin (g/dl)
�14 2421 (49) 1517 (48)
12–13.9 1899 (39) 1204 (38)
10–11.9 499 (10) 356 (11)
<10 113 (2) 69 (2)
Median (IQR) 13.9 (12.8–14.9) 13.9 (12.7–14.9)

FIB-4
<1.45 3102 (63) 2646 (84)
1.45–3.25 1429 (29) 434 (14)
>3.25 401 (8) 66 (2)
Median (IQR) 1.2 (0.9–1.8) 0.9 (0.7–1.2)

eGFR (ml/min)
�60 4505 (91) 3073 (98)
45–59.9 242 (5) 49 (2)
30–44.9 69 (1) 12 (0)
<30 116 (2) 12 (0)
Median (IQR) 93 (77–109) 101 (88–117)

Hepatitis C infection 1555 (32) 371 (12)

ART-CC, Antiretroviral Therapy Cohort Collaboration; ALT,
alanine transaminase; AST, aspartate transaminase; ART, anti-
retroviral therapy; eGFR, estimated glomerular filtration rate; IQR,
interquartile range; Hepatitis C: diagnosis, positive antibody test
or detectable virus; VACS, Veterans Aging Cohort Study. FIB-4:
(years of age�AST)/(platelets in 109/l� square root of ALT).
eGFR: 186.3� (serum creatinine �1.154)� (age �0.203)� (0.742 for
women)� (1.21 if black). P<0.001 for comparison of veterans and
ART-CC by category for all but hemoglobin, P¼0.39.
Diet in Renal Disease equation, [eGFR¼ 186.3�
(creatinine)�1.154� (age)�0.203� (0.742 for women)�
(1.21 if Black)] is a validated indicator of impaired
renal function [22]. HCV infection status was based
on documented diagnosis, a positive antibody test or
detectable plasma HCV-RNA. Once tested, patients
Copyright © Lippincott Williams & Wilkins. Unaut
were assumed to remain either positive or negative.
For comparison, we created a Restricted Index that
included only age and conventional HIV risk factors
(CD4 cell count and HIV-1 RNA). Each prognostic
factor was categorized into levels for ease of subsequent
application in clinical settings (Table 1). The number of
categories of CD4 cell count, HIV-1 RNA, anemia
and renal function were expanded compared with
previous analyses [16]. We considered using predictors
as continuous measures. Although there was a slight
increase in discrimination, we chose to maintain the
simplicity and transparency of categorical measures, as
the continuous model required multiple transformations
and quadratic terms.

Cause of death (COD) was classified as HIV related, non-
HIV related, and unnatural (includes accidental and
violent). VACS recently obtained underlying cause of
death from death certificates coded by the National
Death Index according to International Classification of
Diseases, Tenth Revision (ICD-10). Unnatural deaths
(ICD-10 categories V, W, X, Y; and codes F10, F11, F14,
F19) included homicide, suicide, and substance abuse.
HIV deaths were ICD-10 B20-B24. All other deaths with
known cause were classified as non-HIV. In ART-CC,
deaths were classified based both on ICD codes and on
relevant clinical information, using the code classification
system, as described previously [23,24]. VACS COD
information was not available at the time of the ART-CC
adjudication process.

Primary analyses used Cox models for 5-year, all-cause
mortality from 1 year after initiation of ART. Observation
time ended at the earlier of death, the date of last follow-
up, or 6 years after ART initiation. First, using VACS
data, we modeled mortality using components of the
VACS Index and the Restricted Index. We derived point
values by multiplying the log of each estimated hazard
ratio by 25 for the VACS Index and 30 for the Restricted
Index. These multipliers were chosen so that each index
had an approximate working range of 0–100, although
higher scores are theoretically possible. Next, in
both datasets, patients’ index scores were calculated by
summing the points associated with each prognostic
factor level. Risk index scores were used for the
remaining analyses.

Discrimination (prognostic accuracy) of the VACS and
Restricted Indices was compared using Harrell’s c-statistic
(P values from transformation of Somers’ D) [25].
C-statistics are a commonly employed metric for
evaluating the discrimination of prognostic indices
[26]. C-statistics between 0.50 and 0.59 are considered
poor; 0.60 and 0.69, fair; 0.70 and 0.79, good; 0.80 and
0.89 very good; and above 0.89, excellent [27]. Analyses
were done separately for the development and validation
datasets, adjusting for ART-CC cohort with indicator
variables. We further evaluated performance of the
horized reproduction of this article is prohibited.
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indices according to cause of death. We assessed the
linearity of the relationship between score and mortality
by plotting mortality rate per 1000 person-years
[log scale, with 95% confidence intervals (CI)] versus
the median of five point intervals of score, collapsed if
necessary to maintain at least five deaths in each interval.
To demonstrate the additional prognostic information
available from the VACS Index we plotted rates for
patients classified by the Restricted Index as low risk
(age <50 years, undetectable HIV-1 RNA, CD4 cell
count�200 cells/ml). Five-year cumulative mortality was
estimated using the Kaplan–Meier method. We used SAS
version 9.2 (SAS Institute, Cary, North Carolina, USA)
for all analyses, except calculation of Harrell’s c-statistic
that used Stata version 11 (Stata Corp., College Station,
Texas, USA).

In sensitivity analyses we explored the performance of the
VACS Index at ART initiation and at 6 months, 2, 3, 4,
and 5 years after ART initiation. We used the biomarker
measurement date closest to the time point of interest
and within specified time intervals around each point
(Appendix Figure 1, http://links.lww.com/QAD/A274),
so that measurements could be assigned to one time point
only. The interval was limited to 180 days before at ART
initiation, �90 days for the 6-month time point, 90 days
before to 180 days after the 1-year time point, and �180
days from the relevant anniversary of ART initiation
for the remaining intervals. Patients with incomplete
measurements at ART initiation were excluded. Missing
measurements in subsequent periods were interpolated by
averaging values in adjacent periods, on the assumption of
approximately linear trajectories between measurements.
Findings based on multiple imputation of missing values,
which assumes data were ‘missing at random’ [28], were
similar, so are not reported. To examine sensitivity of
our results to the width of the time window, we also
constrained the 1-year score to measurements obtained
within 60 days of the anniversary of ART initiation.
Results

Among 13 582 men initiating ART in VACS between
2000 and 2007, 7823 had CD4 cell count and HIV-1
RNA at least 500 copies/ml in the 3 months prior to
ART initiation, of whom 6324 (81%) had complete
biomarker measurements. Of 5127 ART-CC patients
meeting inclusion criteria 3747 (73%) had complete
measurements at ART initiation, varying from 61 to 92%
by cohort. At 1 year, complete measurements were
available for 4932 (85%) of 5794 VACS and 3146 (92%)
of 3434 ART-CC patients who were alive and not lost
to follow-up. VACS patients were all men, more likely to
have initiated ART before 2004, and median 10 years
older than ART-CC patients (Table 1). At 1 year, median
CD4 cell count was lower in VACS than ART-CC
pyright © Lippincott Williams & Wilkins. Unautho
patients, (307 versus 385 cells/ml), the proportion with
CD4 cell count <50 cells/ml was higher (8 versus 2%),
and HIV-RNA was more frequently detectable (35 versus
13%, range over ART-CC cohorts 7–32%). Fewer than
5% of patients in each cohort had severe anemia
(hemoglobin <10 g/dl); FIB-4 more than 3.25, eGFR
less than 60 ml/min per 1.73 m2 and HCV infection were
all more common in VACS. During five additional years
of follow-up, from 1 year after initiation of ART, there
were 655 (13%) deaths in VACS and 86 (3%) in ART-CC.

We explored adding IDU and sex, and omitting age.
The study sample included 287 patients with IDU, of
whom 16 died. IDU was associated with increased risk of
death [hazard ratio 1.97, (95% CI 1.10–3.50), P¼ 0.02]
in unadjusted analysis, but the risk was attenuated
[hazard ratio 1.12, (95% CI 0.65–2.13), P¼ 0.59] in
multivariable models. We found a protective effect of
female sex in multivariable models [hazard ratio 0.56
(95% CI 0.34–0.93), P¼ 0.03], but there were too few
events (21 deaths/875 women) for a precise estimate. In a
model without age, the hazard ratio for CD4 cell count
and HIV-RNA decreased by more than 10% and those
for FIB-4 increased by more than 10% compared with
the full model, suggesting confounding by age. Thus,
we did not include IDU or sex in our final prognostic
model, but retained age.

The VACS and Restricted Indices are shown in Table 2.
Age at least 65 years, CD4 cell count less than 100 cells/ml
and HIV-1 RNA at least 5 log10 copies/ml were strong
predictors of mortality in both indices. Their effect was
attenuated after including measures of anemia, liver
fibrosis and renal function. Hazard ratios for hemoglobin
less than 12 g/dl, FIB-4 more than 3.25 and eGFR less
than 30 ml/min (compared with reference groups) were
each greater than two. Point values derived from log
hazard ratios showed a gradient across levels of predictors.
Maximum theoretical scores were 164 for the VACS
Index and 115 for the Restricted Index. However, 99% of
values were below 100 for both indices, in both cohorts.
No value exceeded 124. The median and interquartile
range for the two indices were similar within each dataset
(Table 3). Using continuous rather than categorical
predictors slightly increased the c-statistics (0.789 versus
0.782 for the VACS Index and 0.728 versus 0.720 for the
Restricted Index).

Restricted Index and VACS Index scores 1 year after
ART initiation (Table 3) were higher in VACS (median
30 and 28) than in ART-CC (10 and 16). Of note, 2000
(64%) of ART-CC patients were considered low risk by
traditional HIV measures (age <50 years, undetectable
HIV-1 RNA, and CD4 cell count �200 cells/ml), and
thus had Restricted Index scores of 0 (CD4 cell count
�500) or 10 (CD4 cell count 200–499). However, more
than half of these patients (n¼ 1101) had abnormalities
of hemoglobin, FIB-4 or eGFR. In VACS, 1263 patients
rized reproduction of this article is prohibited.
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Table 2. Adjusted hazard ratios and point values for Restricted Index (age, CD4 and HIV-1 RNA) and VACS Index, derived in 4932 male Veterans
after one year of antiretroviral therapy (ART) using Cox models.

Hazard ratios (95% CI) Points

Restricted Index VACS Index Restricted Index VACS Index

Age (years)
<50 1.0 1.0 0 0
50–64 2.2 (1.8–2.6) 1.6 (1.4–1.9) 23 12
>65 4.3 (3.3–5.7) 3.0 (2.2–4.0) 44 27

CD4 cell count (cells/ml)
>500 1.0 1.0 0 0
350–499 1.5 (1.1–2.0) 1.4 (1.0–1.9) 10 6
200–349 1.3 (1.0–1.8) 1.2 (0.9–1.6) 10 6
100–199 1.9 (1.4–2.5) 1.5 (1.1–2.0) 19 10
50–99 3.8 (2.8–5.3) 3.0 (2.2–4.2) 40 28
<50 4.6 (3.4–6.3) 3.2 (2.4–4.4) 46 29

HIV-1 RNA (copies/ml)
<500 1.0 1.0 0 0
500–1�105 1.5 (1.2–1.7) 1.3 (1.1–1.6) 11 7
>1�105 2.3 (1.8–2.9) 1.8 (1.4–2.3) 25 14

Hemoglobin (g/dl)
>14 1.0 0
12–13.9 1.5 (1.3–1.8) 10
10–11.9 2.4 (1.9–3.1) 22
<10 4.7 (3.4–6.4) 38

FIB-4
<1.45 1.0 0
1.45–3.25 1.3 (1.1–1.6) 6
>3.25 2.7 (2.2–3.4) 25

eGFR (ml/min)
>60 1.0 0
45–59.9 1.3 (0.9–1.7) 6
30–44.9 1.4 (0.9–2.2) 8
<30 2.8 (2.1–3.8) 26

Hepatitis C infection 1.2 (1.0–1.4) 5
Theoretical maximum index score 115 164

ALT, alanine transaminase; AST, aspartate transaminase; cART, combination antiretroviral therapy; eGFR, estimated glomerular filtration rate;
IQR, interquartile range. FIB-4: (years of age�AST)/(platelets in 109/l� square root of ALT). eGFR: 186.3� (serum creatinine �1.154)� (age
�0.203)� (0.742 for women)� (1.21 if black). Hepatitis C: diagnosis, positive antibody test or detectable virus.
(29%) had restricted index scores 10 or less and half of
these (n¼ 630) had abnormalities of hemoglobin, FIB-4
or eGFR. Thus, at least half the patients who would have
been considered to be at low risk based on the Restricted
Index were classified as intermediate or higher risk based
on the VACS Index. The hazard ratio for 5-year, all-cause
mortality associated with a five-point increment of
score was similar in each cohort: VACS [Restricted
Index, hazard ratio 1.18 (95% CI 1.16–1.20)] and
[VACS Index, hazard ratio 1.22 (1.21–1.24)], ART-CC
[Restricted Index, hazard ratio 1.33 (1.27–1.39)] and
[VACS Index, hazard ratio 1.32 (1.27–1.38)]. However,
discrimination was better with the VACS Index than the
Restricted Index, in both VACS (c-statistics 0.78 versus
0.72, P< 0.001) and ART-CC (c-statistics 0.82 versus
0.78, P¼ 0.06).

Better discrimination with the VACS Index persisted
when stratified by cause of death and in subgroups.
When deaths were categorized as HIV, non-HIV or
unnatural the VACS Index discriminated risk of both
HIV and non-HIV deaths better than the Restricted
Index (Table 3). Both the Restricted Index and the VACS
Copyright © Lippincott Williams & Wilkins. Unaut
index performed better for HIV than non-HIV deaths,
particularly in ART-CC. Corresponding differences
were less marked in VACS, perhaps because classification
of death in VACS was based on ICD codes but not
clinical information. In VACS less than 25% of deaths
occurred in the first year of follow-up, regardless of cause
of death. In ART-CC 48% of the HIV deaths and 35% of
the non-HIV deaths occurred in the first year.

Among subgroups of interest in the combined data
(Table 4), discrimination was consistently better with
the VACS Index than the Restricted Index, with the
greatest improvement in discrimination among those
aged at least 50 years. hazard ratio for each cause of death
strata and subgroup were within the confidence intervals
for all-cause mortality (data not shown).

Associations between mortality rates and index scores
were log-linear across the range of both indices, in both
VACS (Fig. 1, panels a and c) and ART-CC (panels b
and d). The VACS index provided additional dis-
crimination among patients with good prognosis based
on traditional markers of HIV disease progression
horized reproduction of this article is prohibited.
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Table 3. Distribution of Restricted Index and Veterans Aging Cohort Study Index scores evaluated 1 year after initiation of ART, in the
development (VACS) and validation (ART-CC) datasets and their discrimination of 5-year, all-cause mortality measured with Harrell’s c-statistic.

VACS development
cohort (N¼4932)

ART-CC validation
cohor (N¼3146)

Restricted Index score, median (IQR), max. 28 (16–43), 124 10 (10–21), 94
VACS Index score, median (IQR), max. 30 (10–44), 115 16 (6–24), 118

Five-year mortality Deaths c (95% CI) Deaths c (95% CI)

All causes of death
Restricted Index 656 0.72 (0.70–0.74) 86 0.78 (0.72–0.84)
VACS Index 0.78 (0.76–0.80) 0.82 (0.77–0.87)

HIV and non-HIV deaths
Restricted Index 590 0.73 (0.71–0.75) 54 0.82 (0.76–0.89)
VACS Index 0.79 (0.77–0.81) 0.85 (0.79–0.91)

HIV deaths only
Restricted Index 370 0.77 (0.75–0.79) 23 0.90 (0.83–0.98)
VACS Index 0.82 (0.80–0.85) 0.93 (0.88–0.98)

Non-HIV deaths
Restricted Index 220 0.69 (0.65–0.72) 31 0.77 (0.67–0.86)
VACS Index 0.77 (0.74–0.80) 0.78 (0.69–0.88)

ART-CC, antiretroviral therapy Cohort Collaboration; CI, confidence interval; VACS, Veterans Aging Cohort Study.VACS Index: age, CD4 cell
count, HIV-1 RNA, hemoglobin, FIB-4, eGFR and hepatitis C. Restricted Index: age, CD4 cell count, HIV-1 RNA. Deaths were categorized as HIV,
non-HIV and unnatural. Unnatural deaths are included in all causes and excluded from other groupings.
(Restricted Index scores 10 or less, panels e and f).
There was substantial variation in mortality risk across
the range of the VACS Index: estimated 5-year
cumulative mortality in VACS patients varied from
2.8% in 676 patients (13 deaths) with scores less than 10,
to 55% in 543 patients (238 deaths) with scores at least 60.
Corresponding estimated mortality risks in ART-CC
were 1.6% (920 patients, seven deaths) and 41%
(63 patients, 17 deaths), respectively.

In sensitivity analyses, results were similar over a wide
range of time on ARTand length of follow-up (Appendix
Table, http://links.lww.com/QAD/A274). Hazard ratios
and c-statistics remained consistent from 1 to 5 years after
ART initiation. Both discrimination and association were
weaker using index scores measured at ART initiation.
C-statistics were higher with shorter follow-up times in
both VACS and ART-CC. Constraining the interval to
measurements obtained within 60 days of the anniversary
of ART initiation resulted in 25% fewer patients, but
distribution of scores and mortality associations were little
changed (data not shown).
Discussion

The VACS Index, based on routinely obtained traditional
HIV markers and generic biomarkers of organ system
injury, consistently predicted mortality after 1 year of
treatment more accurately than an index restricted to age,
CD4 cell count and HIV-1 RNA (Restricted Index).
This was true in VACS (the development cohort) and in a
validation dataset assembled from other European and US
cohorts participating in ART-CC. In both VACS and
ART-CC discrimination of the VACS Index was better
pyright © Lippincott Williams & Wilkins. Unautho
than the Restricted Index, overall and within important
patient subgroups, and for HIV and non-HIV deaths.
The superior accuracy of the VACS Index was
particularly evident among those categorized as low risk
by the Restricted Index and among those aged 50 years
and older – a growing proportion of patients in care.
These results persisted across a range of times on ART
and length of follow-up. Estimated 5-year cumulative
mortality varied approximately 20-fold between patient
groups at lowest and highest risk, in both development
and validation datasets.

Our study has important strengths. We assembled
large datasets, validated our findings in multinational
independent cohorts and evaluated performance of
the VACS Index among important subgroups under-
represented in VACS (women and younger patients).
We also considered performance over differing intervals
of follow-up (1–5 years) and using different clinical
points of care (at treatment initiation and up to 5 years of
treatment). The consistently superior discrimination of
the VACS Index, compared with the Restricted Index,
suggests excellent generalizability in high-income settings
[29]. Discrimination of the VACS Index is comparable
to that of indices in clinical use such as the Framingham
Risk Score for cardiovascular events (c-statistics of 0.73
in men and 0.71 in women) [30] and many indices
recommended for geriatric populations [27]. Somewhat
surprisingly, c-statistics were higher in the validation
dataset than in the development dataset, most notably
with respect to HIV deaths. This finding underscores
the generalizability of the VACS Index and may reflect the
fact that any prognostic index is likely to be more accurate
in predicting shorter term rather than longer term events
(a greater proportion of deaths occurred in the first year of
follow-up in ART-CC than in VACS). The VACS Index
rized reproduction of this article is prohibited.
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uses laboratory measurements recommended for routine
management of HIV-infected patients, thus, providing
improved prognostic accuracy without added cost.

Limitations of our study are related to use of observational
data from multiple countries. Of eligible subjects in
our analyses, 27% had incomplete data at ART initiation.
We explored characteristics of patients with and without
complete data and found no consistent patterns of
association between indicators of disease severity and
completeness. Further, results using multiple imputations
were consistent with those from complete case analyses.
As hazard ratios were not substantively different with
or without interpolation or multiple imputations, we
believe our results to be robust. Mortality rates varied
dramatically between European and US cohorts and
in part depend on access to national death registries.
Nevertheless, performance of the VACS Index was
better in the validation dataset than in VACS, for which
ascertainment of deaths is excellent. Although mortality
rate differences make calibration of the VACS Index
difficult, they should not interfere with evaluation of
discrimination of mortality [9].

When constructing a clinical prognostic index it is
important to keep the goal in mind. Our goal was to
develop a parsimonious index based on routinely available
clinical data that would accurately predict mortality.
Because age is a strong predictor and a confounder of
other important predictors (CD4 cell count, HIV RNA
and FIB-4) it makes sense to include this nonmodifiable
risk factor to help ensure accurate risk estimates. Our goal
was not to identify all modifiable mediators of mortality.
Many mediators may directly or indirectly affect VACS
Index score and so do not need to be included in the
Index. For example, we have shown that smokers have
higher VACS Index scores, as do those with hypertension
or hazardous alcohol use. [31]. Now that an accurate risk
assessment tool is available, it can be used to quantify the
Copyright © Lippincott Williams & Wilkins. Unaut

Table 4. Subgroup analyses: Restricted Index and Veterans Aging Cohort S
with a five point increment of score.

Subgroup N Deaths

Overall 8078 742
Sex

Men 7203 721
Women 875 21

Age, years
<50 5347 322
�50 2731 420

HIV-1 RNA, copies/ml
<500 5941 360
�500 2137 382

Hepatitis C infection
Yes 1926 303
No 6152 439

CI, confidence interval; VACS, Veterans Aging Cohort Study.
impact of interventions on a host of modifiable risk
factors. We are currently exploring the change in VACS
Index scores after patients modify levels of smoking
and alcohol use. Categorical predictors were chosen for
ease of implementation. Using continuous predictors
provided slight increases in c-statistic, but the added
complexity might obscure interpretation of the findings
and make it difficult to calculate the VACS Index
manually [32]. Scores based on continuous measures
could be generated as part of laboratory reports,
but categories might be preferable as they are less
affected by extremes due to possible laboratory error,
because the range of values is constrained.

It remains to be seen whether additional variables can
further improve the accuracy of the VACS Index. In this
study we considered IDU and sex. Addition of IDU did
not improve the accuracy of the index and there were too
few events among the women to obtain precise estimates.
In other analyses we have explored the effect of blood
pressure, smoking, cholesterol and markers of chronic
inflammation [interleukin 6 (IL-6), D-dimer, sCD14].
Although blood pressure, smoking and cholesterol were
associated with mortality among those with HIV
infection in unadjusted analyses, these factors resulted
in very modest risk reclassification when added to
the VACS Index (<1%) [31]. In contrast, addition of
D-dimer or sCD14 resulted in somewhat more risk
reclassification (4–7%) [7]. In the future, the VACS Index
may be improved by adding D-dimer, sCD14 or other
novel biomarkers. New variables such as these should
only be included if they can be reliably measured, and
their added costs are justified by clinically important
improvements in prognostic accuracy.

The VACS Index outperformed the Restricted Index
among older patients (50 or more years), a group that
represents the future majority of people living with HIV
in North America and Europe [4,33]. Mortality among
horized reproduction of this article is prohibited.

tudy Index discrimination of 5-year mortality hazard ratio associated

Restricted Index VACS Index

c (95% CI) c (95% CI)

0.77 (0.75,0.78) 0.81 (0.80,0.83)

0.76 (0.74–0.78) 0.81 (0.80–0.83)
0.69 (0.55–0.83) 0.75 (0.65–0.86)

0.77 (0.74-0.80) 0.83 (0.80–0.85)
0.67 (0.64–0.70) 0.74 (0.72–0.77)

0.74 (0.71–0.77) 0.80 (0.78–0.82)
0.73 (0.71–0.76) 0.79 (0.76–0.81)

0.69 (0.66–0.73) 0.76 (0.73–0.79)
0.79 (0.77–0.82) 0.82 (0.80–0.84)
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Fig. 1. All-cause, 5-year mortality rates by risk score. (a) VACS cohort, Restricted Index. (b) ART-CC cohorts, Restricted Index. (c)
VACS cohort, VACS Index. (d) ART-CC cohorts, VACS Index. (e) VACS cohort, VACS Index, low risk. (f) ART-CC cohorts, VACS
Index, low risk. Low risk: age less than 50, CD4 cell count more than 200 cells/ml, undetectable HIV-1 RNA. ART-CC, antiretroviral
therapy cohort collaboration; VACS, Veterans Aging Cohort Study.
HIV-infected patients on ART is increasingly influenced
by ‘non-AIDS’ events [24,34] that represent combined
effects of HIV, aging, comorbid disease and treatment
toxicity [4]. The VACS Index had better discrimination
than the Restricted Index for both HIV and non-HIV
deaths. This is the best evidence to date that biomarkers
of organ system injury offer independent insight into
HIV disease progression. HIV contributes to excess
mortality by exacerbating aging associated pathophysio-
logic mechanisms including microbial translocation,
inflammation, and hypercoagulation [3,4,33,35]. Bio-
markers of pathophysiologic aging, including IL-6,
soluble CD14 cell count and D-dimer, are associated
with mortality in those with HIV infection [5,36–38].
pyright © Lippincott Williams & Wilkins. Unautho
Interestingly, the VACS Index is more strongly correlated
with these markers than the Restricted Index [7].
After adjustment for the VACS Index, IL-6 is no longer
associated with mortality and the association of D-dimer
and sCD14 is diminished. Taken together, these findings
suggest that the added discrimination offered by the
VACS Index reflects improved detection of HIV-
associated pathophysiology as well as aging associated
comorbidity.

The VACS Index combines nine pieces of informa-
tion into a single score, indicative of disease burden.
A composite index offers at least two major improve-
ments over the individual biomarkers. First, a score gives
rized reproduction of this article is prohibited.
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the clinician an overall sense of the patient’s condition and
can be used to predict mortality. The simplicity of a single
number is appealing for ease of interpretation by both
clinician and patient. This is exemplified by the enduring
use of the Apgar score, a composite of five characteristics
of newborns, introduced 50 years ago [39]. Second,
thresholds for concern of these routinely monitored
measurements have typically been more extreme than
those identified by the index. The exercise of calculating
the integrated impact of several biomarkers can help
clinicians recognize the importance of more moderate
abnormalities that may still be associated with disease. For
example, the Framingham Index has helped providers
realize that moderate levels of blood pressure and
cholesterol elevation are of concern. Similarly, the
thresholds identified by the VACS Index for hemoglobin,
creatinine, AST, ALT and platelets are less extreme. For
example, men are not considered anemic unless their
hemoglobin is less than 13 [40], yet the VACS Index
indicates increased risk of death when hemoglobin is less
than 14. Even more subtle abnormalities are of concern
among older patients because the composite measures
FIB-4 and eEGFR vary with age. In a 50-year old with
normal platelets (200), AST and ALT values as low as
35 equate to a FIB-4 of 1.48 and six points of VACS
Index score. In a 50-year old, a creatinine of 1.1 connotes
a clinically significant decreased eGFR of less than
60 ml/min. The VACS Index can also help clinicians
balance opposing outcomes (such as undetectable HIV-1
RNA and good CD4 cell count response, but development
of mild anemia, liver injury or renal insufficiency) that
might be addressed by changing ART components. Index
guided management has the advantage of enabling
providers to optimize patients’ overall health, rather than
narrowly focusing on traditional markers of HIV
disease progression.

Conclusion
We have demonstrated that the VACS Index for treated
HIV-infected patients, including women, is transportable
across settings in Europe and the United States, and
predicts mortality better than an index restricted to CD4
cell count, HIV-1 RNA and age. These findings reinforce
the importance of non-HIV specific markers in predict-
ing mortality and HIV disease progression in HIV-
infected patients and suggest that the VACS Index may
prove a useful tool in clinical care and research.
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