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Background.  Long-term comorbidities such as cognitive impairment remain prevalent in otherwise effectively treated people 
living with human immunodeficiency virus (HIV). We investigate the relationship between cognitive impairment and brain struc-
ture in successfully treated patients using multimodal neuroimaging from the Comorbidity in Relation to AIDS (COBRA) cohort.

Methods.  Cognitive function, brain tissue volumes, and white matter microstructure were assessed in 134 HIV-infected patients 
and 79 controls. All patients had suppressed plasma HIV RNA at cohort entry. In addition to comprehensive voxelwise analyses of 
volumetric and diffusion tensor imaging, we used an unsupervised machine learning approach to combine cognitive, diffusion, and 
volumetric data, taking advantage of the complementary information they provide.

Results.  Compared to the highly comparable control group, cognitive function was impaired in 4 of the 6 cognitive domains 
tested (median global T-scores: 50.8 vs 54.2; P < .001). Patients had lower gray but not white matter volumes, observed principally in 
regions where structure generally did not correlate with cognitive function. Widespread abnormalities in white matter microstruc-
ture were also seen, including reduced fractional anisotropy with increased mean and radial diffusivity. In contrast to the gray mat-
ter, these diffusion abnormalities correlated with cognitive function. Multivariate neuroimaging analysis identified a neuroimaging 
phenotype associated with poorer cognitive function, HIV infection, and systemic immune activation.

Conclusions.  Cognitive impairment, lower gray matter volume, and white matter microstructural abnormalities were evident 
in HIV-infected individuals despite fully suppressive antiretroviral therapy. White matter abnormalities appear to be a particularly 
important determinant of cognitive dysfunction seen in well-treated HIV-infected individuals.
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As a result of modern combination antiretroviral therapy 
(ART), human immunodeficiency virus (HIV) infection is now 
a chronic disease with life expectancy approaching that of the 
general population [1]. Despite this, concerns remain regarding 
an increased prevalence of age-associated comorbidities and the 
possibility of an “accelerated aging” phenotype [2]. Cognitive 
impairment, which is associated with poorer clinical outcomes 
and higher mortality [3, 4], reportedly affects up to 50% of 

HIV-infected individuals [5, 6]. Yet, most data do not pertain 
to virologically suppressed cohorts, which are now the norm 
in Northern European settings [7], and hence there remains 
uncertainty about its aetiology.

One possibility is that cognitive impairment results from 
structural damage to brain regions that support cognition. 
Earlier work has described lower gray and white matter vol-
umes in numerous locations in HIV-infected individuals 
[8–13]. Diffusion-weighted imaging, an advanced magnetic 
resonance imaging (MRI) technique, is more sensitive at reveal-
ing white matter abnormalities than volumetric measures in 
HIV-infected individuals [14–19]. However, the relationships 
between imaging abnormalities and cognitive function remain 
uncertain, particularly in well-treated patients, with several 
studies failing to report any associations [13, 17, 19, 20].

Given the advances in HIV medicine and neuroimaging tech-
niques, we recruited virally suppressed HIV-infected individu-
als and a demographically comparable HIV-uninfected control 

M A J O R  A R T I C L E

Head1=Head2=Head1=Head2/Head1
Head2=Head3=Head2=Head3/Head2
Head1_First=Head2=Head1_First=Head2/Head1
NList_dot_numeric2=NList_lc_dot_alpha_Sub1=NList_dot_numeric=NList_lc_dot_alpha_Sub
App_Head1=App_Head2=App_Head1=App_Head2/Head1

© The Author 2017. Published by Oxford University Press for the Infectious Diseases Society 
of America. All rights reserved. For permissions, e-mail: journals.permissions@oup.com.
DOI: 10.1093/cid/cix301

Received 3 January 2017; editorial decision 13 March 2017; accepted 29 March 2017;   
published online April 6, 2017.

Presented in part: Conference on Retroviruses and Opportunistic Infections, Seattle, 22–25 
Feburary 2016. Abstract 148; and British HIV Association Annual Conference, Manchester, 
19–22 April 2016. Abstract O12.

aA. W. and D. J. S. contributed equally to this work.
Correspondence: J. Underwood, Clinical Trials Centre, Winston Churchill Wing, St Mary’s 

Hospital, London W2 1NY, UK (jonathan.underwood@imperial.ac.uk).



Structural Brain Changes in Treated HIV  •  CID  2017:65  (1 August)  •  423

group into the European Union–funded Comorbidity in Relation 
to AIDS (COBRA) study. We determined the prevalence of cog-
nitive impairment and its relationships with gray and white mat-
ter abnormalities. Furthermore, we systematically investigated 
whether previously proposed subtypes of HIV-associated brain 
injury [21] were present using a multimodal, “machine-learn-
ing” approach. We tested the following hypotheses: (i) despite 
successful ART, HIV-infected individuals would exhibit cogni-
tive impairment compared to an appropriate HIV-uninfected 
control population; (ii) HIV-infected individuals would have 
lower gray and white matter volumes as well as multiple abnor-
malities on diffusion-weighted imaging; (iii) cognitive impair-
ment would be associated with abnormal brain structure; and 
(iv) gray and white matter abnormalities would occur together 
and more commonly in HIV-infected individuals, supporting 
the presence of a common pathogenic mechanism.

METHODS

Participants

In total, 134 HIV-infected participants were recruited to the 
COBRA study from London (n = 59) and Amsterdam (n = 75). 
For a graphical illustration of the methods, see Supplementary 
Figure 1. A demographically comparable HIV-uninfected con-
trol population was recruited from sexual health clinics and 
specific community groups (London: n = 29; Amsterdam: n = 
50). Eligible participants were aged ≥45 years with no signifi-
cant neurological conditions, substance/alcohol abuse, or mod-
erate/severe depression (see Supplementary Data for specific 
exclusion criteria). All HIV-infected participants had to have 
plasma HIV RNA <50 copies/mL on ART for >12 months prior 
to enrollment.

This study was approved by the institutional review board 
of the Academic Medical Center (NL 30802.018.09) and a UK 
Research Ethics Committee (13/LO/0584 Stanmore, London). 
All participants provided written informed consent.

Neuropsychological Tests

Participants completed a comprehensive neuropsychological 
test battery, assessing attention, executive function, language, 
memory, information processing speed, and motor function 
(Supplementary Table 1). Raw scores were converted to stand-
ardized T-scores accounting for age and educational level 
with higher T-scores representing better cognitive function. 
Global T-score was the mean of the 6 domain T-scores. Three 
common classification methods, the HIV-associated neuro-
cognitive disorder (“Frascati”) criteria, the global deficit score 
(GDS), and multivariate normative comparison (MNC), were 
then applied according to published methods [22–24].

Neuroimaging Acquisition

In London, images were acquired using a Siemens 3T Verio 
scanner with a 32-channel head coil (HIV-infected: n = 59; 

HIV-uninfected: n = 29) and in Amsterdam initially with 
a Philips 3T Intera with an 8-channel phased array head coil 
(HIV-infected: n = 46; HIV-uninfected: n = 20) and then using 
a Philips 3T Ingenia with a 16-channel head coil (HIV-infected: 
n = 29; HIV-uninfected: n = 30; both Philips Healthcare, Best, 
the Netherlands) due to a scanner upgrade (see Supplementary 
Data for scanning parameters).

Image Processing

T1-weighted images were pre-processed using SPM12 
(University College London, United Kingdom). In brief, images 
were bias corrected, segmented into gray matter, white matter, 
and cerebrospinal fluid (CSF), and volumes calculated. These 
were then registered to a custom template and normalized to 
Montreal Neurological Institute (MNI) 152 space using the 
diffeomorphic anatomical registration using exponentiated lie 
algebra (DARTEL) algorithm [25].

Diffusion data were pre-processed using FMRIB Software 
Library version 5.0.6 (FSL, FMRIB, University of Oxford). 
In brief, images were corrected for eddy currents and head 
motion, nonbrain tissue was deleted, and the diffusion tensor 
model was fitted at every voxel. These were then registered to 
a custom template and standard space, using Diffusion Tensor 
Imaging ToolKit version 2.3.1 [26]. Fractional anisotropy (FA), 
and axial, mean and radial diffusivity maps for each participant 
were then “skeletonized” using FSL and thresholded using FA 
≥0.2 to exclude areas with considerable interindividual variabil-
ity prior to performing tract-based spatial statistics [27].

Statistical Analyses
Group Comparisons
Baseline group differences were assessed using χ2, Fisher exact, 
Wilcoxon rank-sum, and unpaired t tests as appropriate. To 
account for variance associated with potential scanner and head 
coil differences, a 3-level factor was entered into all models, an 
approach used previously in multisite studies of HIV-infected 
individuals [8, 20]. These analyses were performed using R soft-
ware version 3.1.3, with P values  <.05 considered statistically 
significant.

Voxelwise Inference Testing
Voxelwise group differences in gray and white matter volume 
and diffusion measures were calculated using the general lin-
ear model, adjusting for age, intracranial volume, and scanner. 
Correction for multiple comparisons used permutation test-
ing [28] (n = 10 000) and threshold-free cluster enhancement 
[29]. Permutation-corrected P values  <.05 were considered 
significant.

Combining Imaging and Cognitive Data
For each cognitive domain, a multiple linear regression 
model was fitted with age, intracranial volume, scanner, 
HIV status, and either total gray matter volume or mean 



424  •  CID  2017:65  (1 August)  •  Underwood et al

skeleton FA as independent variables and the relevant cog-
nitive domain T-score as the dependent variable. Separate 
models with an additional HIV status and imaging measure 
interaction term were also tested. To investigate the rela-
tionship between localized brain structure and cognitive 
function, voxelwise regressions were calculated using sim-
ilar methods.

Cluster Analysis
T1 weighting provides good contrast between gray and 
white matter for volumetric assessment, whereas diffu-
sion weighting provides information about white matter 
microstructure. To take advantage of this complementary 
information, we used multivariate k-means clustering to 
test whether distinct groups could be identified based on 

Table 1.  Baseline Characteristics of the Study Cohort

Characteristic HIV-Infected (n = 134)
HIV-Uninfected (n 

= 79) P Value

Age, y, median (IQR) 55 (51–62) 57 (52–64) .24

Gender, No. (%) .79

  Female 9 (6.7) 6 (7.6)

  Male 125 (93.3) 73 (92.4)

Ethnicity, No. (%) .03

  Black African 16 (12.0) 2 (2.6)

  White 117 (88.0) 76 (97.4)

Sexuality, No. (%) .45

  MSM 104 (77.6) 59 (74.7)

  Bisexual 10 (7.5) 4 (5.1)

  Heterosexual 18 (13.4) 16 (20.2)

Years of education, median (IQR) 14 (13–16) 16 (14–17) .23

Cardiovascular disease, No. (%)

  Hypertensiona 56 (42.1) 30 (38.5) .66

  Myocardial infarction 2 (1.5) 3 (3.8) .36

  Type 1 diabetes 0 (0) 0 (0) NA

  Type 2 diabetes 10 (7.5) 5 (6.3) 1.00

BMI, kg/m2, median (IQR) 24.6 (22.6–27.4) 24.6 (23.3–28.4) .30

Total cholesterol, mmol/L, median (IQR) 5.28 (5.11–5.45) 5.33 (5.11–5.55) .51

HDL cholesterol, mmol/L, median (IQR) 1.26 (1.07–1.50) 1.30 (1.07–1.57) .51

LDL cholesterol, mmol/L, median (IQR) 2.99 (2.83–3.16) 3.14 (2.83–3.16) .30

Triglycerides, mmol/L, median (IQR) 1.70 (1.15–2.53) 1.51 (1.07–2.25) .20

Smoking status, No. (%) .24

  Current smoker 40 (29.9) 20 (25.3)

  Ex-smoker 58 (43.2) 29 (36.7)

  Never smoker 36 (26.9) 30 (38.0)

Alcohol consumption, No. (%) .04

  Current drinker 104 (77.6) 71 (89.9)

  Previous drinker 18 (13.4) 3 (3.8)

  Never drunk 12 (9.0) 4 (5.1)

Use of recreational drugs in past 6 mo, No. (%) 44 (32.8) 18 (22.8) .16

CD4+ count, cells/µL, median (IQR) 618 (472–806) 900 (692–1174) <.01

CD4+:CD8+ cell count ratio, median (IQR) 0.84 (0.60–1.12) 2.01 (1.44–2.64) <.01

Nadir CD4+ count, cells/µL, median (IQR) 180 (90–250) NA

Years since HIV diagnosis, median (IQR) 15.0 (9.1–20.0) NA

Duration of ART, y, median (IQR) 12.5 (7.4–16.9) NA

HIV RNA <200 copies/mL, No. (%) 134 (100) NA

Prior clinical AIDS, No. (%) 42 (31.3) NA

Likely route of HIV transmission, No. (%) NA

  MSM 115 (85.8)

  Heterosexual sex 15 (11.2)

  IVDU/Blood product 1 (0.8)

  Unknown 3 (2.2)

P values calculated using the χ2 test, Fisher exact test, or Wilcoxon rank-sum test as appropriate. 

Abbreviations: ART, antiretroviral therapy; BMI, body mass index; HDL, high-density lipoprotein, HIV, human immunodeficiency virus; IQR, interquartile range; IVDU, intravenous drug use; 
LDL, low-density lipoprotein, MSM, men who have sex with men, NA, not applicable.
aHypertension was defined by either 3 measurements of systolic blood pressure ≥140 mm Hg, 3 measurements of diastolic blood pressure ≥90 mm Hg, or use of blood pressure–lowering 
medication.
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neuroimaging measures. As a dimension reduction step, 
each participant’s brain was summarized into 109 regions 
using the Harvard-Oxford and International Consortium 
of Brain Mapping DTI-81 atlases. To ensure comparable 
distributions, these were then scaled before entering into 
the clustering model. To assess the optimal number of clus-
ters, separate models with 2–10 clusters were calculated. 
These were compared using the Calinski-Harabasz index 
and the average silhouette width. The Duda-Hart test was 
used to confirm cluster structure to the data (ie, k  >  1). 
Cluster stability was assessed using the Jaccard coefficient, 
calculated using bootstrapping with 10 000 resamples [30]. 
Cluster analyses were performed with the R package “fpc” 
version 2.1.9.

RESULTS

Participants

At entry, all HIV-infected participants (n = 134) had an unde-
tectable plasma HIV RNA with a median CD4+ cell count of 618 
(interquartile range [IQR], 472–806) cells/µL and duration of 
ART of 12.5 (IQR, 7.4–16.9) years. The HIV-uninfected group 
(n = 79) was comparable to the HIV-infected group in age, sex, 
education level, cardiovascular risk factors, smoking, and rec-
reational drug use. The HIV-infected group included a greater 
proportion of black Africans (Table 1). One participant did not 
complete the full cognitive battery, and neuroimaging data were 
missing for 5 participants (T1 not useable, n = 1; incomplete 
diffusion MRI, n = 1; excessive motion artefact on diffusion 
MRI, n = 3).

P < .001 P = .01

P = .4 P = .4 P < .01 P < .001

P < .001

HIV-uninfected

HIV-infected

Figure 1.  Boxplots of demographically adjusted cognitive domain T-scores by human immunodeficiency virus (HIV) status. P values calculated using the Wilcoxon rank-sum test.

Table 2.  Volumetric and Diffusion Imaging Measurements

Volumetric Measures

Imaging Measure HIV-Infected
HIV-

Uninfected
Difference 
(95% CI) t206 P Value

Gray matter volume, mL 659 673 13.7 (2.3–25.1) 2.37 .02

White matter volume, mL 479 476 2.4 (–6.4 to 11.2) –0.54 .59

Diffusion Measures

Imaging Measure HIV-Infected
HIV-

Uninfected
Difference 
(95% CI) t202 P Value

Fractional anisotropy 0.477 0.484 0.007 (.002–.012) 2.92 <.01

Mean diffusivity, mm2/s 705 696 8.5 (1.2–15.8) –2.27 .02

Radial diffusivity, mm2/s 503 493 10.3 (2.7–17.9) –2.66 <.01

Axial diffusivity, mm2/s 1108 1103 4.9 (–2.5 to 12.3) –1.31 .19

Least squares means, a potentially better estimate of the true population mean for each neuroimaging measure by HIV status and 95% CIs, adjusted for age, intracranial volume, and scanner 
type. Subscript indicates degrees of freedom for the t-statistic.

Abbreviations: CI, confidence interval; HIV, human immunodeficiency virus.
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Cognitive Function

Cognitive impairment was more prevalent in the HIV-infected 
group, regardless of the method used: GDS: 18.0% vs 3.8% 
(odds ratio [OR], 5.58; 95% confidence interval [CI], 1.86–24.1; 
P < .01); Frascati: 18.0% vs 3.8% (OR, 5.58; 95% CI, 1.86–24.1; 
P <  .01); MNC: 19.5% vs 2.5% (OR, 9.36; 95% CI, 2.68–59.2; 
P < .001). The HIV-infected group scored lower than the control 
group in the domains of attention, executive function, motor 
function, and processing speed (Figure  1; W210  >  6300 and 
P ≤ .01 for all). Only 1.5% of the HIV-infected group and 1.2% 
of controls fulfilled the criteria for HIV-associated dementia.

Brain Tissue Volumes and Diffusion Measures

HIV-infected individuals had lower total gray matter vol-
ume than controls (Table 2). There was a significant negative 

correlation between age and gray matter volume (r  =  –0.31; 
P  <  .0001) but no significant age and HIV status interaction 
(t205 = 0.45; P = .65). Voxelwise analysis demonstrated lower gray 
matter volume in the HIV-infected group, located principally 
in the intracalcarine and supracalcarine cortices (Figure 2). In 
contrast, total white matter volume was not significantly differ-
ent between the groups (P = .59), nor were there any significant 
voxelwise differences.

Despite comparable white matter volumes, HIV-infected 
individuals had lower FA and higher mean and radial (but not 
axial) diffusivity than controls (Table 2). There were age-associ-
ated changes to all diffusion metrics (r = –0.36, 0.45, 0.45, and 
0.40 for FA and mean, radial, and axial diffusivity, respectively; 
P  <  .0001 for all) but no significant interactions between age 
and HIV status (P  >  .5 for all). Voxelwise analyses revealed 

Figure 2.  Voxelwise analyses of volumetric and diffusion measures. A, Gray matter voxel-based morphometry group comparison. Areas with significantly (P < .05) lower 
gray matter volume colored by t-statistic (red/yellow), corrected for multiple comparisons and adjusted for age, intracranial volume, and scanner. Significant differences are 
overlaid on the Montreal Neurological Institute 152 T1 brain image. B, White matter tract-based spatial statistics group comparison. Areas of significantly (P < .05) lower 
fractional anisotropy (FA), higher mean diffusivity (MD), and higher radial diffusivity (RD) are colored red-yellow, light blue, and dark blue, respectively, by t-statistic, corrected 
for multiple comparisons, and adjusted for age, intracranial volume, and scanner. Significant differences overlaid on the white matter skeleton (green) and the mean fractional 
anisotropy image (grayscale).
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widespread abnormalities in FA, mean diffusivity, and radial 
diffusivity in HIV-infected individuals with a similar pattern of 
change to the whole brain diffusion metrics (Figure 2).

In the HIV-infected group, gray and white matter volumes 
and mean FA were not associated with known duration of 
untreated HIV infection, duration of ART, current or nadir 
CD4+ cell counts, or CD4+:CD8+ cell count ratio (P  >  .15 
for all). However, there were trends for patients with prior 
AIDS to have lower gray matter volume (difference, 14.3 mL; 
t128  =  1.9; P  =  .06) and lower mean FA (difference, 0.0059; 
t128 = 1.7; P = .08).

HIV-Associated Brain Injury and Cognitive Function

Across patients and controls, larger gray matter volumes 
were associated with better cognitive performance. Total 
gray matter volume was positively correlated with execu-
tive function, motor function, and global T-scores with no 
significant interactions between HIV status and cognitive 
T-scores (Table 3). Voxelwise analyses were then performed 
allowing regional differences in the relationship between 
brain structure and cognition to be explored. Spatial cor-
respondence between the regions of gray matter correlated 
with cognitive function and the previously described HIV-
associated gray matter volume reduction was generally 
modest, but greatest for executive function (Figure  3 and 
Supplementary Table 2).

Across both groups, higher FA was associated with greater 
cognitive performance. FA averaged across the main white 
matter tracts was positively correlated with attention, 
executive function, processing speed, and global T-scores 

(Table  3). There were no interactions between HIV status, 
FA, and cognitive T-scores. Across both groups, using a vox-
elwise approach, FA was positively correlated with attention, 
executive function, motor function and processing speed, 
and global T-scores in many regions, primarily in the body 
and genu of the corpus callosum. In contrast to the gray mat-
ter volume results, these were similar to white matter tracts 
with reduced FA in the HIV-infected group (Figure  3 and 
Supplementary Table 2).

Cluster Analysis

Using k-means clustering, 2 groups were identified 
that were stable with resampling (mean Jaccard coeffi-
cient = 0.99). Other cluster models (ie, k > 2) were much 
less stable (mean Jaccard coefficient <0.7). In the 2-clus-
ter model, cluster 1 (n  =  99) had higher gray matter vol-
ume and higher mean FA in all regions, whereas cluster 2 
(n  =  109) had lower gray matter volume and lower mean 
FA in all regions. HIV-infected individuals were more 
likely to be members of cluster 2 (61.2% vs 36.4%; OR, 
2.74; 95% CI, 1.53–4.98; P < .001, Figure 4). Furthermore, 
subjects in cluster 2 were older (median, 59.3 vs 54.6 years; 
W206  =  3634; P  <  .001) and had significantly poorer cog-
nitive function in the domains of attention, executive 
function, motor function, and processing speed (Figure 5; 
W205≥6307; P  ≤  .03 for all). Importantly, these cognitive 
differences between members of clusters 1 and 2 were not 
due to demographic differences, as the cognitive T-scores 
are adjusted for age and educational level. Although there 
were no significant differences in current and nadir CD4+ 

Table 3.  Associations Between Cognitive Function and Imaging Parameters

Gray Matter Volume Regression Estimate 
(T-score/mL) HIV–Gray Matter Interaction

Cognitive Domain Estimate (95% CI) P Value t203 P Value

Attention 0.035 (–.001 to .072) .06 1.91 .06

Executive function 0.041 (.013–.068) <.01 0.75 .45

Memory 0.010 (–.016 to .037) .43 –0.67 .50

Motor function 0.029 (.001–.057) .04 0.69 .49

Processing speed 0.017 (–.010 to .043) .21 0.76 .45

Global 0.026 (.006–.046) .01 1.34 .18

Fractional Anisotropy Regression Estimate 
(T-score/Unit FA)

HIV-Fractional Anisotropy 
Interaction

Estimate (95% CI) P Value t199 P Value

Attention 0.099 (.013–.187) .03 –1.67 .09

Executive function 0.073 (.008–.139) .03 –0.62 .54

Memory 0.035 (–.028 to .097) .27 –0.53 .60

Motor function 0.079 (.013–.144) .02 1.25 .21

Processing speed 0.092 (.031–.152) <.01 –0.41 .68

Global 0.062 (.014–.110) .01 –0.63 .53

Multiple linear regression estimates for gray matter volume and FA by cognitive domain adjusted for age, intracranial volume, and scanner type. In addition, HIV status and neuroimaging 
measure interaction statistics for each cognitive domain are shown.

Abbreviations: CI, confidence interval; FA, fractional anisotropy; HIV, human immunodeficiency virus.
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cell counts (P  =  .10 and .17, respectively), HIV-infected 
individuals in cluster 2 had lower CD4+:CD8+ ratios (0.82 
vs 1.06; W132  =  2666; P  =  .01) and were older (58.6 vs 
53.2 years; W132 = 1380; P < .001) than those in cluster 1.

DISCUSSION

We demonstrate that HIV-infected individuals have evidence 
of cognitive impairment, lower gray matter volume, and wide-
spread white matter microstructural abnormalities despite 

Figure 3.  Correspondence between human immunodeficiency virus (HIV)–associated brain injury and regions correlated with cognitive function. A, Voxel-wise analysis 
depicting regions of gray matter volume significantly lower in the HIV-infected group vs HIV-uninfected group (red), positively correlated with cognitive function T-scores 
(green) and overlap (yellow), corrected for multiple comparisons and adjusted for age, intracranial volume, and scanner. Statistical images overlaid on MNI 152 T1. There were 
no voxelwise associations between language T-scores and gray matter volume. B, Voxel-wise analyses depicting regions of fractional anisotropy (FA) significantly lower in the 
HIV-infected group vs HIV-uninfected group (red), positively correlated with cognitive function T-scores (green) and overlap (yellow), corrected for multiple comparisons and 
adjusted for age, intracranial volume, and scanner. Statistical images overlaid on the mean FA image. There were no voxelwise associations between language or memory 
T-scores and FA.
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successful ART. Generally, the gray matter volume reduction 
associated with HIV infection was modest and did not occur 
in regions where brain structure correlated with cognitive 
function. In contrast, HIV-associated white matter abnormal-
ities were widespread and found in many of the white matter 
tracts whose structure correlated with cognitive function. These 
findings extend previous work [13, 17, 19, 20] by showing that 
white matter structure is correlated with cognitive impairment 
in chronic HIV infection. Our findings suggest that the patho-
physiology of cognitive impairment in treated HIV disease is 
predominantly due to white matter microstructural injury and 
support the use of FA as a biomarker to identify HIV-associated 
brain injury. Furthermore, we consistently showed a lack of 

interaction between HIV status, age, and neuroimaging bio-
markers, which suggests static rather than active brain injury in 
well-treated patients. However, longitudinal data are required 
to confirm this.

The prevalence of cognitive impairment in well-treated HIV-
infected patients has been uncertain. Although early studies 
reported high rates of cognitive impairment in chronically 
treated patients [5, 6, 31], some studies have failed to observe 
this [32]. In our study, both study groups were high performing, 
with nearly 40% having some form of tertiary education, which 
may explain the relatively low prevalence of cognitive impair-
ment. Furthermore, the use of methods less likely to classify 
high numbers of individuals with cognitive impairment such 

HIV-infectedHIV-uninfected

Figure 4.  K-means cluster analysis results by human immunodeficiency virus (HIV) status. A, Visualization of the correlation matrices for the regions of cortical and sub-
cortical gray matter volume (GMV; Harvard-Oxford atlas) and white matter fractional anisotropy (FA) (International Consortium of Brain Mapping DTI-81 white matter labels) 
used in the k-means clustering analysis for the HIV-infected and HIV-uninfected groups. The correlation coefficient is represented by the color of the box (scale to the right of 
the figure). B, Principal component plots showing the separation of the clusters based on the k-means clustering analysis of parcellated gray matter and mean FA data for the 
HIV-uninfected controls on the left (circles) and HIV-infected participants on the right (triangles). Cluster 1 (orange) had higher GMV and higher FA for each region whereas 
cluster 2 (green) had lower GMV and lower FA for each region. HIV-infected individuals were more likely to be members of the lower GMV and lower FA cluster (odds ratio, 
2.74; 95% confidence interval, 1.53–4.98).
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as MNC [33], in comparison with a demographically compara-
ble control group and sustained suppression of viremia in the 
patient group, is likely to have contributed to the relatively low 
prevalence of HIV-associated cognitive impairment.

Total gray matter volume was lower in the HIV-infected 
group with reductions occurring primarily in the intracalcar-
ine and supracalcarine cortices. Previous studies in populations 
with variable suppression of HIV replication have described 
more widespread gray matter volume reductions [8, 10, 12]. 
However, the locations where we observed abnormalities are 
consistent with regions of greatest neuronal [34] and gray matter 
volume [11] loss observed in untreated HIV infection. Together 
with the trend for those with prior AIDS to have the lowest gray 
matter volume, our findings suggest these regions are the earli-
est affected during the course of HIV infection and that further 
atrophy may be prevented with successful treatment.

Diffusion-weighted imaging showed widespread evidence 
of HIV-associated white matter microstructural injury, with 
the disparity in radial but not axial diffusivity suggestive of 
white matter demyelination [35]. The characteristics and 
location of this injury are consistent with histopathological 
reports from the pre-ART era, where myelin damage was 
found in the central white matter [36]. The decoupling of dif-
fusion abnormalities and white matter atrophy is interesting 
and has been reported previously in HIV-infected individuals 
with relatively preserved immunity (mean CD4+ count, 613 

cells/uL) [17]. Together with the trend for the most severe 
abnormalities to occur in patients with prior AIDS, our find-
ings suggest that diffusion abnormalities may reflect historical 
damage prior to ART initiation and that progression to white 
matter atrophy may be aborted with sustained suppression of 
HIV replication. Although cardiovascular disease may also 
be implicated in well-treated patients [37], this is unlikely to 
explain the observed group differences, given the similarity in 
measured cardiovascular risk factors between groups. As we 
report cross-sectional data, we are unable to resolve the issue 
of whether these imaging changes reflect historical damage or 
an ongoing pathological process.

The HIV-associated microstructural injury occurred in white 
matter tracts correlated with cognitive function. In contrast, the 
HIV-associated gray matter volume reduction generally did 
not occur in brain regions correlated with cognitive function. 
Although this could reflect the cognitive battery we employed, 
these data suggest that white matter abnormalities may be a 
more important determinant of cognitive impairment in treated 
HIV disease. White matter abnormalities of this type correlate 
with cognitive function in other disease states [38], and are 
thought to disrupt the synchronized functioning of large-scale, 
distributed brain networks that cognition depends on.

Using a multivariate approach to examine individual dif-
ferences in volumetric and diffusion data simultaneously, we 
identified a brain phenotype that was associated with aging, 

Figure 5.  K-means cluster analysis and cognitive function by human immunodeficiency virus (HIV) status. Jitterplot of cognitive domain T-scores grouped by k-means 
cluster analysis. Cluster 1 represents the cluster with higher total gray matter volume (GMV) and higher mean white matter skeleton fractional anisotropy (FA) in each region, 
whereas cluster 2 represents the cluster with lower total GMV and lower mean white matter skeleton FA in each region. Black lines represent medians for each cluster with 
P values calculated using the Wilcoxon rank-sum test.
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cognitive dysfunction, and HIV status. Furthermore, this 
phenotype was associated with lower CD4+:CD8+ ratios. This 
biomarker of immune activation has previously been asso-
ciated with other age-related comorbidities in well-treated 
cohorts [39]. Our findings suggest that persistent immune 
activation may also be associated with brain injury, which 
may reflect the legacy of prolonged untreated infection as 
normalization of this ratio has been associated with earlier 
ART initiation [40].

Our study benefits from comprehensive neuropsycho-
logical, volumetric, and diffusion assessments in patients 
and demographically appropriate controls. However, our 
study has a number of limitations. Although our cohort is 
not representative of the entire HIV-infected population, 
it is representative of older HIV-infected adults receiving 
care in a Northern European setting where >90% are suc-
cessfully treated [7]. Cohort studies are potentially limited 
by unmeasured differences confounding group comparisons. 
This is particularly an issue when studying HIV-infected 
populations and age-related comorbidities given high rates 
of smoking, alcohol, and recreational drug use. We limited 
this by recruiting a comparable control population, but 
unmeasured differences between the 2 groups may remain. 
One previous study of virally suppressed patients [41], which 
used different MRI modalities, may have had a less compara-
ble control group (81% of the HIV-infected group vs 47% of 
the HIV-uninfected group was male), which may lead to an 
overstatement of the HIV association. Differences in scan-
ner and head coil parameters between sites may potentially 
confound multisite neuroimaging studies; however, bias 
was minimized by adjusting for these factors in our mod-
els. Furthermore, restricting the analyses to data acquired 
in London only resulted in HIV associations of a similar 
magnitude and direction as the entire study population 
(Supplementary Table 3), giving confidence that scanner dif-
ferences did not bias our main findings. Cluster analysis may 
split the participants into potentially arbitrary groups and the 
“good”/“bad” brain phenotype may, in reality, be more of a 
continuum. Although exploratory, we found excellent inter-
nal validity by demonstrating a high level of cluster stability 
with resampling and good external validity by the associa-
tions of cluster membership with age, HIV status, cognitive 
function, and markers of systemic immune activation.

To conclude, HIV infection was associated with both 
lower gray matter volume and white matter microstructural 
injury. Cognitive impairment, present in approximately 
20% of cases, was most clearly associated with white matter 
abnormalities. Gray and white matter abnormalities tended 
to occur together, suggesting a common etiology for HIV-
associated brain injury, which may be related to prolonged 
untreated infection and immune activation, in common with 
other non-AIDS comorbidities.
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