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abstraCt

background
Patients with HIV, even with suppressed viremia on combination antiretroviral therapy, 
are at increased risk for cardiovascular disease. The underlying pathophysiology remains 
to be clarified. Aortic stiffness, known to be associated with cardiovascular disease in 
the general population, was investigated in a cohort of HIV type 1 (HIV 1)-infected and 
similar but uninfected individuals.

methods
Aortic stiffness was assessed by measuring pulse wave velocity (PWV) with an Arte-
riograph. Five hundred seven HIV-uninfected and 566 HIV 1-infected individuals, pre-
dominantly with suppressed viremia on combination antiretroviral therapy, aged ≥45 
years, participating in the ongoing AGEhIV Cohort Study were included in the analysis. 
Multivariable linear regression was used to investigate whether HIV was independently 
associated with aortic stiffness, adjusting for traditional cardiovascular risk factors.

results
Study groups were comparable in terms of demographics; smoking and hypertension 
were more prevalent in HIV-infected participants. PWV was higher in the HIV-infected 
group (7.9 vs. 7.7 m/s, P = 0.004). After adjustment for mean arterial pressure, age, 
gender, and smoking, HIV status was not significantly associated with aortic stiffness. 
In HIV-infected participants, having a nadir CD4+ T-cell count ≤100 cells per cubic mil-
limetre was independently associated with a higher PWV.

Conclusions
The increased aortic stiffness in HIV-infected participants was largely explained by 
a higher prevalence of traditional cardiovascular risk factors, particularly smoking. 
Although HIV itself was not independently associated with higher aortic stiffness, a 
prior greater degree of immunodeficiency was. This suggests a detrimental effect of 
immunodeficiency on the aortic wall, possibly mediated by inflammation.
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IntroduCtIon

HIV infection has been associated with an increased risk of adverse cardiovascular out-
comes [1–3]. The pathogenesis of cardiovascular disease (CVD) in the context of HIV in-
fection is not fully clarified. It is likely that lifestyle factors, including smoking, contribute 
to the increased cardiovascular risk in patients with HIV. Chronic immune activation and 
inflammation, partly driven by gut microbial translocation and persistent low-level viral 
replication, and exposure to particular antiretroviral agents may also be involved [4,5].

Aortic stiffening is a degenerative process, associated with loss of elastin and increased 
deposition of collagen and other structural proteins within the extracellular matrix 
of the arterial wall. This process typically occurs with ageing and is accelerated by 
hypertension, metabolic changes, and inflammation [6–9]. Aortic stiffness, assessed by 
measuring aortic pulse wave velocity (PWV), is independently associated with cardio-
vascular events and mortality in the general population [10–12]. Previous studies on the 
association between HIV and aortic stiffness are inconsistent [13–18], possibly due to 
small sample sizes and suboptimal control groups. In addition, several of these studies 
included untreated or inadequately treated HIV-infected patients.

We cross sectionally compared aortic stiffness in a well-characterized cohort of HIV type 
1 (HIV 1)-infected individuals predominantly with suppressed viremia on long-term 
combination antiretroviral therapy (cART), and HIV-uninfected individuals with similar 
behavioural and demographic characteristics, all aged ≥45 years. We assessed whether 
HIV infection was associated with higher aortic PWV, independent of traditional cardio-
vascular risk factors. In addition, we explored possible determinants of aortic PWV in 
the whole cohort, including behavioural, metabolic, and inflammatory markers, as well 
as HIV-related virological, immunological, and clinical factors in the HIV-infected group.

metHods

subjects and clinical variables
The AGEhIV Cohort Study, an ongoing prospective comparative cohort study, aims to 
assess and compare prevalence, incidence of and risk factors for age-associated comor-
bidities and organ dysfunction among HIV 1-infected individuals and HIV-uninfected 
controls. Between 2010 and 2012, 598 HIV 1-infected individuals were recruited at the 
HIV outpatient clinic of the Academic Medical Center (AMC) in Amsterdam, the Neth-
erlands. Five hundred fifty HIV-uninfected individuals were recruited from the sexual 
health clinic and the Amsterdam Cohort Studies on HIV/AIDS at the Amsterdam Public 
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Health Service, with similar socio-demographic and behavioural (risk) factors [19]. 
Inclusion criteria were: age ≥45 years, laboratory-confirmed presence (HIV 1-infected 
participants) or absence of HIV 1 infection (HIV-uninfected controls). Written informed 
consent was obtained from all participants; the study was approved by the local ethics 
review board (ClinicalTrials.gov identifier NCT01466582).

Patients and controls underwent standardized screening for age-associated comorbidi-
ties and organ dysfunction. Details concerning study procedures have been reported 
previously [20]. In short, participants completed an extensive standardized question-
naire. Self-reported comorbidities were validated using AMC hospital records of HIV-
infected participants and general practitioners’ records of HIV-uninfected participants, 
provided that the latter gave consent to contact their general practitioner. Data were 
available on the following CVD: angina pectoris, myocardial infarction, peripheral ar-
terial disease, and cerebrovascular disease. Participants were asked whether they had 
used recreational drugs in the past 6 months. If so, they were asked to select the types of 
drugs they had used from a list and indicate the frequency of usage for each drug type. 
Physical activity was defined according to Dutch guidelines for healthy physical activity 
(Combinorm) [21]. Height, weight, and waist/hip-circumference were measured. Hyper-
tension was defined as a mean systolic blood pressure (SBP) ≥140 mm Hg, mean diastolic 
blood pressure (DBP) ≥90 mm Hg (3 measurements, recorded by the Arteriograph), or 
use of antihypertensive medication. For both HIV-infected and uninfected participants, 
all laboratory tests were performed centrally in the AMC. Diabetes mellitus type 2 was 
defined as a haemoglobin A1c (HbA1c) [International Federation of Clinical Chemistry 
and Laboratory Medicine (IFCC)] level ≥48 mmol/mol and/or blood glucose (fasting/non-
fasting) ≥7.0 mmol/L/≥11.1 mmol/L, and/or use of antidiabetic medication. We assessed 
levels of high- and low-density lipoprotein (HDL and LDL) cholesterol, total cholesterol 
and triglycerides, and use of statins as markers of dyslipidaemia. Hepatitis B virus and 
hepatitis C virus infection status, CD4+ T-cell counts (CD4 counts) and markers of inflam-
mation [high-sensitivity (hs)CRP], monocyte activation [soluble (s)CD163, sCD14] and 
coagulation (D-dimer) were determined for all participants, as well as plasma HIV 1 viral 
load for HIV-infected participants.

Detailed information concerning HIV infection and ART history was obtained from the 
HIV Monitoring Foundation registry [22].

aortic stiffness as measured by PwV
Blood pressure (BP) and aortic PWV was measured at both study sites using the Arterio-
graph (Tensiomed Kft., Budapest, Hungary) in a standardized manner by trained study 
staff. The Arteriograph uses an oscillometric method to register pressure curves by an 
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upper arm BP cuff. PWV measurements with the Arteriograph are highly correlated with 
invasive PWV measurements, and correlate well with aortic PWV obtained by magnetic 
resonance imaging and carotid-femoral PWV [23–25]. PWV is measured after an oscil-
lometric BP reading is taken and the pressure cuff is overinflated to 35-40 mm Hg above 
SBP to occlude the brachial artery. The technology makes use of the 2 pressure waves 
during the cardiac cycle; the first is generated by the ejection of blood into the aorta 
during systole and the second by the reflection of the first wave from the aortic bifurca-
tion. The Arteriograph registers these pressure fluctuations through the upper arm cuff. 
Aortic PWV is calculated using the time difference between the beginning of the first 
and the second wave and the estimated distance from the heart to the aortic bifurcation, 
which is estimated by measuring the distance from the jugulum to the pubic symphysis 
using a tape measure. PWV measurements were performed in a quiet room after at least 
15 minutes of supine rest. Measurements were discarded if the standard deviation (SD) 
of the analysed pulse waves exceeded the cut-off (>1.0 m/s and >15% of the measured 
PWV value) or if the PWV value differed >15% from the other 2 PWV measurements. 
The average of 3 consecutive PWV and BP [DBP, SBP and mean arterial pressure (MAP)] 
measurements was used for analysis.

statistical analysis
Characteristics of HIV-infected and uninfected groups were compared using Chi-
squared, Student’s t and Wilcoxon rank sum tests where appropriate.

The association between HIV status and aortic PWV, adjusted for possible confounders, 
was assessed by multivariable linear regression; a covariate was considered a significant 
confounder if its introduction into the model changed the regression coefficient of HIV 
by ≥10 percent. Possible determinants of aortic PWV were explored; these included 
demographic, behavioural, and metabolic CVD risk factors, including those potentially 
influenced by exposure to HIV and/or ART. hsCRP, D-dimer, sCD163 and sCD14 were 
explored to assess the contribution of inflammatory and coagulation parameters on dif-
ferences in aortic PWV. Covariates with a P value <0.1 and significant confounders were 
kept in the model. A second model, only including HIV-infected individuals, explored 
the role of HIV- and ART-related clinical variables. In an additional third analysis we 
compared the HIV-infected group, stratified according to nadir CD4 count (cut-off: ≤100 
cells per cubic millimetre), with the entire HIV-uninfected group.

We used multiple imputation to handle missing observations of independent variables, 
generating 5 sets with complete covariate values. We assessed nonlinearity of relation-
ships using categorization and transformation of continuous covariates. To investigate 
whether associations differed significantly according to HIV status, we explored biologi-
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cally plausible interactions with HIV-infected status. All models were adjusted for MAP 
because aortic stiffness is directly affected by BP at the time of PWV measurement [26]. 
Statistical analysis was performed using STATA version 12 (StataCorp LP, College Station, 
TX). All reported P values are 2 sided.

results

subject characteristics
Of the 598 HIV-infected and 550 HIV-uninfected participants of the AGEhIV Cohort Study, 
32 and 43 participants, respectively, were excluded from this analysis either because of 
missing PWV measurements (16 HIV-infected, 22 HIV-uninfected), or because the SD or 
variation between measurements exceeded the pre-defined limits (16 HIV-infected, 21 
HIV-uninfected). Individuals with missing or invalid PWV data were more often women 
(16.4% vs. 4.9%, P < 0.001), but did not significantly differ regarding age or BP. Variance 
between the 3 measurements of each participant did not differ between study sites (P 
= 0.96).

Age and gender distribution of the 566 HIV-infected and 507 HIV-uninfected individuals 
included in the analysis did not differ significantly. The majority were male and men who 
have sex with men. Compared to the HIV-uninfected group, a larger proportion of the 
HIV-infected group was of African descent. HIV-infected individuals were more often di-
agnosed with hypertension, had generally less favourable lipid profiles, and were more 
often smokers. A history of CVD was more prevalent in HIV-infected compared with 
HIV-uninfected individuals (10.3 vs. 4.7%, P = 0.001). Levels of hsCRP, sCD163 and sCD14 
were significantly higher in HIV-infected individuals, and D-dimer in HIV-uninfected 
individuals (Table 1). Ninety-five percent of the HIV-infected participants were currently 
on cART; 92.6% of those had suppressed viremia to levels <200 copies per millimetre in 
the year before enrolment (Table 2).
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table 1 Characteristics of HIV-infected and uninfected individuals

HIV-infected (n = 566) HIV-uninfected (n = 507)

N (%) / median (IQR) N (%) / median (IQR) P valuea

age, yrs 52.7 (48.3 – 59.5) 51.9 (47.9 – 58.0) 0.17

male gender 506 (89.4%) 436 (86.0%) 0.09

men who have sex with menb 388 (75.1%) 344 (70.6%) 0.12

african descent 75 (13.5%) 31 (6.1%) <0.001

family history of mIb 104 (20.6%) 89 (18.4%) 0.38

Hepatitis (co)infection

HBsAg positive 37 (6.5%) 3 (0.6%) <0.001

HCV RNA positive 20 (3.5%) 5 (1.0%) 0.006

smoking#

current 168 (32.9%) 120 (24.8%) 0.02

past 176 (34.5%) 185 (38.2%)

pack years (ex-)smokers 22.5 (7.8 – 36.0) 14.7 (4.5 – 28.5) <0.001

Heavycalcohol intake in past 6 monthsb 26 (5.1%) 32 (6.6%) 0.31

Injecting drug use (ever)b 16 (3.2%) 5 (1.0%) 0.02

≥1x/month use in past 6 monthsb

cocaine 20 (4.0%) 15 (3.1%) 0.46

ecstasy 24 (4.8%) 39 (8.1%) 0.03

meeting dutch physical activity standardsb,d 227 (45.3%) 260 (53.8%) 0.008

bmI, kg/m2 4.1 (22.3 – 26.6) 24.5 (22.9 – 27.1) <0.001

<18.5 13 (2.3%) 3 (0.6%) 0.05

18.5-25 328 (58.0%) 287 (56.6%)

25-30 187 (33.0 %) 169 (33.3%)

≥30 38 (6.7%) 48 (9.5%)

waist-to-hip ratio 0.97 (0.92 – 1.01) 0.92 (0.88 – 0.96) <0.001

≥0.85 (females)/≥0.9 (males) 480 (84.8%) 320 (63.1%) <0.001

lipid spectrum

total cholesterol, mmol/L 5.3 (4.6 – 6.0) 5.5 (4.9 – 6.1) 0.07

HDL, mmol/L 1.3 (1.0 – 1.6) 1.4 (1.1 – 1.7) 0.002

LDL, mmol/L 3.1 (2.4 – 3.7) 3.3 (2.7 – 3.9) <0.001

triglycerides, mmol/L 1.6 (1.1 – 2.6) 1.4 (0.9 – 2.1) <0.001

using statinsb 72 (14.4%) 33 (6.8%) <0.001

Hypertension

SBP, mm Hg 129.3 (120.3 – 139.7) 126.5 (120.0 – 137.0) 0.06

DBP, mm Hg 83.8 (77.3 – 90.0) 82.3 (76.3 – 88.3) 0.003

SBP ≥140 and/or DBP ≥90 185 (32.7%) 133 (26.2%) 0.02

using antihypertensive drugsb 109 (21.8%) 61 (12.6%) <0.001

using ACEi or AT-II blockerb 80 (16.0%) 30 (6.2%) <0.001

diabetes mellitus type 2e 33 (6.0%) 23 (4.9%) 0.46

renal function

eGFR 30-60 mL/min/1.73m2 25 (4.4%) 10 (2.0%)

eGFR <30 mL/min/1.73m2 2 (0.4%) 0 (0%) 0.03

History of CVdb.f 53 (10.3%) 23 (4.7%) 0.001
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table 2 HIV-related clinical variables of HIV-infected individuals

HIV-infected (n = 566)

N (%) / median (IQR)

years since HIV-1 diagnosis 12.1 (6.7 – 17.1)

Cd4+ t-cell count, cells/mm3

mean value in year prior to enrolment 565 (430 – 740)

nadir 170 (70 – 260)

cum. known duration of CD4+ T-cell count <200, mo 0.9 (0 – 9.7)

History of aIds 175 (30.9%)

using cart at enrolment 537 (95.0%)

cumulative duration of exposure to ART, yrs 10.0 (4.4 – 14.2)

treated with mono/dual antiretroviral therapy before cART 111 (20.7%)

past / current exposure to abacavir 74 (13.8%) / 73 (13.6%)

past / current exposure to PIs 177 (33.0%) / 230 (42.8%)

suppressed HIV 1 viral load (of those on cart)

HIV 1 viral load <200 c/mL in year before enrolment 497 (92.6%)

duration of HIV 1 viral load <200 c/mL, yrs 6.5 (3.1 – 10.2)

Abbreviations: (c)ART, (combination) antiretroviral therapy; PI, protease inhibitor

table 1 Characteristics of HIV-infected and uninfected individuals (continued)
HIV-infected (n = 566) HIV-uninfected (n = 507)

N (%) / median (IQR) N (%) / median (IQR) P valuea

markers of inflammation /

immune activation

hsCRP, mg/L 1.5 (0.7 – 3.5) (0.6 – 1.9) <0.001

D-dimer, mg/L 0.22 (0.20 – 0.35) 0.25 (0.20 – 0.38) 0.03

sCD163, ng/mL 287 (207 – 417) 251 (183 – 342) <0.001

sCD14, ng/mL 1589 (1311 – 2011) 1355 (1081 – 1736) <0.001

Abbreviations: ACEi, angiotensin-converting enzyme inhibitor; ATII blocker, angiotensin II receptor antago-
nist; DBP diastolic blood pressure; eGFR, estimated glomerular filtration rate, calculated by Chronic Kidney 
Disease Epidemiology Collaboration formula; HBsAg, hepatitis B virus surface antigen; HCV, hepatitis C vi-
rus; HDL, high-density lipoprotein; LDL, low-density lipoprotein; MI, myocardial infarction; IQR, interquar-
tile range.
a P values obtained by Chi-squared, Student’s t test and Wilcoxon rank sum test where applicable.
b Questionnaire derived data, available for 513 HIV-infected and 485 HIV-uninfected individuals.
c Consumption of ≥3/≥5 (females/males) alcohol units per day.
d ≥5x/wk ≥30 minutes of moderate physical activity or ≥2x/wk 20 minutes of heavy physical activity; Dutch 
guidelines for healthy physical activity (Combinorm) [21].
e Haemoglobin A1c (IFCC) ≥48 mmol/mol and/or blood glucose (fasting/non-fasting) ≥7.0 or ≥11.1 mmol/L, 
and/or taking antidiabetic medication.
f CVD includes angina pectoris, myocardial infarction, peripheral arterial disease, and cerebrovascular dis-
ease.
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determinants of aortic PwV
Unadjusted, aortic PWV was significantly higher in the HIV-infected (7.9 m/s, interquartile 
range 7.2 – 9.0) compared with the HIV-uninfected group (7.7 m/s, interquartile range 
7.0 – 8.8) (P = 0.004). After adjusting for age, MAP, and gender, the association between 
HIV and aortic PWV remained statistically significant (+0.20 m/s, 95% CI 0.02 to 0.38 
m/s, P = 0.03). Further adjustment for the number of pack years of smoking attenuated 
the regression coefficient of HIV-infected status (adjusted coefficient: +0.12 m/s, 95% CI 
–0.06 to 0.29, P = 0.18). Race/ethnicity, use of substances (ecstasy, cocaine, alcohol, or 
injecting drugs), chronic hepatitis C virus infection, family history of myocardial infarc-
tion, and level of physical activity were not independently associated with PWV, nor did 
they significantly affect the association between HIV and PWV. Subsequent adjustment 
for use of antihypertensive drugs attenuated the regression coefficient of HIV-infected 
status further (+0.09 m/s, 95% CI –0.09 to 0.26, P = 0.33). Compared with a body mass 
index (BMI) between 18.5 and 25 kg/m2, both a BMI ≥25 kg/m2 and a BMI <18.5 kg/
m2 were associated with a higher PWV, whereas waist-to-hip ratio was not. Lower HDL 
cholesterol levels, as well as higher triglycerides and hsCRP levels were positively associ-
ated with aortic PWV, whereas levels of low-density lipoprotein and total cholesterol, 
D-dimer, sCD163 or sCD14, and the use of statins were not independently associated 
with PWV (Table 3).

table 3 Determinants of PWV, multivariable linear regression

Difference in PWV, m/s (95% CI) P value

HIV-infected status -0.004 (-0.18 – 0.17) 0.96

age, per 5 yrs 0.23 (0.17 – 0.30) <0.001

Pack years of smoking, per 5 yrs 0.08 (0.06 – 0.10) <0.001

use of antihypertensive drugs 0.39 (0.15 – 0.63) 0.002

bmI

<18.5 kg/m2 0.70 (-0.04 – 1.43) 0.06

18.5-25 kg/m2 (ref ) - -

25-30 kg/m2 0.12 (-0.07 – 0.32) 0.21

>30 kg/m2 0.29 (-0.06 – 0.64) 0.10

Hdl cholesterol, per mmol/l -0.21 (-0.43 – 0.01) 0.06

triglycerides, per mmol/l 0.09 (0.02 – 0.15) 0.01

hsCrP, per mg/l 0.03 (0.01 – 0.05) 0.004

Adjusted for MAP and gender. Not independently associated: African descent, family history of MI, physical 
activity, heavy alcohol intake, intravenous drug use, ≥1x/month use of ecstasy or cocaine, chronic hepatitis 
C virus infection, waist-to-hip ratio, diabetes mellitus type 2, D-dimer, sCD163, and sCD14

We found no statistically significant interactions between any of the investigated covari-
ates and HIV status.
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HIV- and art-related covariates
Including only HIV-infected individuals in the multivariable model, after adjustment for 
MAP, gender, age, and smoking, a lower nadir CD4 count was significantly associated 
with a higher aortic PWV (+0.12 m/s per 100 cells per cubic millimetre lower CD4 count, 
95% CI 0.03 to 0.22, P = 0.01). We explored several cut-off values of the nadir CD4 count 
(100, 200, 350 and 500 cells per cubic millimetre); a cut-off of ≤100 cells per cubic milli-
metre was most strongly and significantly associated with aortic PWV (+0.33 m/s, 95% CI 
0.06 to 0.61, P = 0.02). This association was not attenuated when use of antihypertensive 
drugs, BMI and HDL cholesterol were added to the model, but slightly attenuated when 
the level of triglycerides (after adjusting: +0.31 m/s, 95%: CI 0.03 to 0.59, P = 0.03) and 
hsCRP were added to the model (after adjusting: +0.28 m/s, 95% CI 0.00 to 0.56, P = 
0.05). The association was not affected by sCD163, sCD14 or D-dimer. Explored, but not 
significantly associated with PWV were the cumulative duration of having a reduced CD4 
count (using cut-offs of 50, 100, 200 and 350 CD4 cells per cubic millimetre), the known 
duration of HIV infection, a history of AIDS, the CD4 count and the HIV-viral load in the 
year prior to enrolment. No associations were observed between PWV and being treated 
with mono/dual antiretroviral therapy before cART initiation, (cumulative) exposure to 
ART, abacavir, or any drug from the protease inhibitor (PI) class.

In addition, we constructed a multivariable model comparing both a lower nadir HIV-
infected group (nadir CD4 count ≤100 cells per cubic millimetre, n = 190) and a higher 
nadir HIV-infected group (nadir CD4 count >100 cells per cubic millimetre, n = 376) with 
the entire HIV-uninfected group (Table 4). In model 1, we adjusted for MAP, gender, age, 
and smoking: aortic PWV of the subgroup with a lower nadir CD4 count was significantly 
higher than PWV of the HIV-uninfected group (+0.34 m/s, 95% CI 0.09 to 0.58, P = 0.007), 
although there was no difference in PWV between the group with higher CD4 count and 
the HIV-uninfected group. After additional adjustment for the use of antihypertensive 
drugs, BMI, HDL cholesterol, and triglyceride level (model 2), the coefficient of the lower 
nadir CD4 group was attenuated (+0.24 m/s, 95% CI –0.01 to 0.49, P = 0.06). The coeffi-
cient was further attenuated and was no longer statistically significant by adding hsCRP 
to the model (+0.18 m/s, 95% CI -0.07 to 0.43, P = 0.16, model 3), but not by addition of 
sCD163, sCD14, or D-dimer.
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table 4 Multivariable linear regression analysis comparing the HIV-infected group with a low (≤100 cells 
per cubic millimetre) or higher (>100) nadir CD4+ T-cell count with the HIV-uninfected control group

Model 1a Model 2a Model 3a

Diff. in PWV, m/s Diff. in PWV, m/s Diff. in PWV, m/s

(95% CI) P (95% CI) P (95% CI) P

HIV-infected

nadir CD4 ≤100 0.34 (0.09 – 0.58) 0.007 0.24 (-0.01 – 0.49) 0.06 0.18 (-0.28 – 0.11) 0.16

nadir CD4 >100 0.01 (-0.19 – 0.20) 0.92 -0.06 (-0.25 – 0.14) 0.58 -0.08 (-0.28 – 0.11) 0.40

HIV-uninfected (ref) - - - - - -

a Model 1: adjusted for age, MAP, gender and smoking; model 2: adjusted for age, MAP, gender, smoking, 
use of antihypertensive drugs, BMI, HDL cholesterol, and triglycerides; model 3: adjusted for age, MAP, gen-
der, smoking, use of antihypertensive drugs, BMI, HDL cholesterol, triglycerides, and hsCRP.

sensitivity analyses
Multivariable models, adjusted for MAP, gender, age, and pack years of smoking, were 
repeated excluding individuals with a history of clinical CVD. HIV-infected status was 
not associated with PWV in this model (+0.01 m/s, 95% CI –0.17 to 0.19, P = 0.91). The 
association between being HIV-infected with a nadir CD4 count below 100 cells/mm3 
and PWV was no longer statistically significant (+0.20 m/s, 95% CI –0.06 to 0.45, P = 
0.13). Repeating the multivariable models excluding all individuals with renal disease 
(an estimated glomerular filtration rate below 60 mL/min/1.73m2) showed similar results 
as models including these individuals. To explore a possible confounding effect of the 
use of angiotensin-converting enzyme inhibitors or angiotensin II receptor antagonists, 
drugs that may affect arterial stiffness [27], we repeated multivariable models separately 
adjusting for the use of antihypertensive regimens containing any of these drugs and for 
use of other antihypertensive regimens. These models showed similar results as models 
adjusting for antihypertensive drugs in general. Repeating multivariable regression 
models, only including individuals with complete data, showed similar results as the 
analyses with multiple imputed data.

dIsCussIon

Aortic stiffness (aortic PWV) was higher in middle-aged predominantly virologically sup-
pressed HIV-infected individuals than uninfected controls of similar demographic and 
behavioural background. HIV, however, was not independently associated with higher 
aortic stiffness. Traditional cardiovascular risk factors, mainly smoking and hypertension, 
appeared to be the most important determinants of aortic PWV in both HIV-infected and 
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uninfected participants; the higher prevalence of smoking in the HIV-infected subgroup 
largely explained the observed difference in aortic stiffness.

Within the HIV-infected cohort, having experienced a lower nadir CD4 count was sig-
nificantly associated with a higher aortic PWV. This confirms previous reports on the 
association between immunodeficiency and aortic stiffness [13,28,29]. Furthermore, 
HIV-infected individuals with a nadir CD4 count ≤100 cells per cubic millimetre had a 
significantly higher aortic PWV than HIV-uninfected individuals, while adjusting for be-
havioural and metabolic risk factors. These results suggest a lasting effect of advanced 
immunodeficiency on aortic PWV. A higher hsCRP level, associated with higher aortic 
stiffness in the general population [30,31] as well as in our cohort (both in HIV-infected 
and uninfected participants), attenuated the coefficient of the group with the lowest 
nadir CD4 counts. This suggests a role for ongoing inflammation in the pathogenesis of 
aortic stiffness, particularly in HIV-infected individuals with low nadir CD4 counts. Pos-
sibly, cytomegalovirus infection may contribute to this proinflammatory state [32,33]. In 
contrast, markers of monocyte/macrophage activation (sCD14 and sCD163), previously 
associated with atherosclerotic disease in the context of HIV [34,35], were not signifi-
cantly associated with aortic PWV and did not attenuate the association between the 
nadir CD4 count and PWV.

Although HIV-infected individuals with a nadir CD4 count below 100 cells per cubic 
millimetre had significantly higher aortic PWV than HIV-uninfected controls, this was 
not the case for HIV-infected individuals with a higher nadir CD4 count. Furthermore, 
although in unadjusted analysis HIV-infected individuals had a higher aortic PWV than 
uninfected controls, being HIV-infected was no longer significantly associated with a 
higher PWV after adjusting for traditional cardiovascular risk factors. Our observa-
tions corroborate results of several smaller studies comparing aortic PWV in treated 
HIV-infected patients to uninfected controls [15,18,29]. Discrepancies with some other 
studies may be explained by their relatively small sample size (maximum sample size 
was 50) [13,14,16,17], which increases the risk for type I errors and limits the ability to 
adjust for potential confounders. Moreover, some of the earlier studies recruited hospi-
tal staff as a control group, which was likely suboptimal as they did not share many of 
the characteristics and life style factors with the patients studied [13,14,16]. Our findings 
suggest a relatively small role for aortic stiffening in the observed increased CVD risk in 
well-treated HIV infection.

PI (particularly lopinavir and ritonavir) strongly affect lipid metabolism, thereby 
potentially contributing to aortic stiffening. In our study, we found the levels of HDL 
cholesterol and triglycerides, both markers of lipid metabolism, to be associated with 
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aortic PWV. However, we did not confirm earlier findings associating PI exposure with 
PWV [13]. This may be because a large proportion (72.5%) of PI-based regimens used 
in our study population contained (boosted) atazanavir or darunavir, both PI’s with a 
relatively favourable lipid profile [36]. Furthermore, the usual ritonavir boosting dose in 
these regimens is lower than in ritonavir-boosted lopinavir.

To ensure the robustness of our conclusions, we performed several sensitivity analyses. 
Excluding all individuals with a history of overt CVD resulted in smaller estimates of 
the association between being HIV-infected with a nadir CD4 count below 100 cells 
per cubic millimetre and PWV, and a decrease in the level of statistical significance. This 
may in part be due to a loss of power, resulting from a decrease in group size, and in 
part to the exclusion of the individuals with the most extreme PWV values. However, a 
near-significant trend towards a higher PWV in HIV-infected with the lowest nadir CD4 
count remained present, suggesting that the high PWV in this subgroup is not driven 
solely by individuals with overt CVD. This study is subject to several limitations. Inherent 
to its cross-sectional and observational design, it does not allow us to draw conclusions 
regarding causality. Although we collected data on many possible confounders, effects 
of any residual unmeasured confounders cannot be excluded. We cannot exclude the 
possibility that the selection of our controls may have led to an underestimation of the 
effect of HIV on aortic stiffness. The HIV-infected patients included in this study were 
regularly monitored at the HIV outpatient clinic of our hospital, while the healthy controls 
were generally not monitored regularly by a physician. Conditions potentially affecting 
aortic stiffness, such as dyslipidaemia and hypertension, may have been diagnosed and 
treated at an earlier stage in the HIV-infected patients, thereby limiting their negative 
effect on aortic stiffness. Furthermore, to include controls with a similar behavioural 
and demographic background as the patients, we recruited them from a sexual health 
clinic. As a result, they may have recently suffered from sexually transmitted diseases 
associated with a proinflammatory state. However, the lifetime incidence of sexually 
transmitted diseases is likely at least as high in the HIV-infected group.

In conclusion, we show a higher aortic stiffness in HIV-infected individuals on antiret-
roviral therapy. The observed higher aortic PWV in the HIV-infected participants was 
largely explained by a higher prevalence of traditional risk factors. Overall, the factors 
most strongly associated with higher aortic stiffness in this population include both 
traditional (and modifiable) risk factors: smoking, hypertension, and dyslipidaemia, each 
of which is highly prevalent among HIV-infected individuals. Being HIV-infected by itself 
was not independently associated with a higher aortic PWV, but a prior greater degree 
of immunodeficiency, particularly having experienced a nadir CD4 count less than 100 
cells per cubic millimetre, was. The relation between immunodeficiency and aortic 
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stiffness should optimally be investigated in the context of a randomized controlled 
trial, such as the arterial elasticity substudy within the Strategic Timing of AntiRetroviral 
Treatment (START) trial [37]. Results from that study as well as longitudinal follow-up of 
the AGEhIV Cohort Study will hopefully provide more insight in the effect of HIV infection 
and ART on age-related changes in aortic stiffness, as well as on the predictive value of 
aortic stiffness for clinical CVD in the HIV-infected population.
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