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Treatment with antiretroviral therapy (ART) has greatly reduced the
incidence of dementia. The goal of this longitudinal study was to determine
if there are ongoing macrostructural brain changes in human immunodefi-
ciency virus�positive (HIV�) individuals treated with ART. To quantify brain
structure, three-dimensional T1-weighted magnetic resonance imaging (MRI)
scans were performed at baseline and again after 24 months in 39 HIV�
patients on ARTand 30 HIV� controls. Longitudinal changes in brain volume
were measured using tissue segmentation within regions of interest and
deformation morphometry. Measured by tissue segmentation, HIV� patients
on ART had significantly (all PB.05) greater rates of white matter volume loss
than HIV� control individuals. Compared with controls, the subgroup of
HIV� individuals on ART with viral suppression also had significantly
greater rates of white matter volume loss. Deformation morphometry
confirmed these results with more specific spatial localization. Deformation
morphometry also detected greater rates of gray matter and white matter loss
in the subgroup of HIV� individuals with detectable viral loads. These results
provide evidence of ongoing brain volume loss in HIV� individuals on stable
ART, possibly suggesting ongoing cerebral injury. The presence of continuing
injury raises the possibility that HIV� individuals*even in the presence of
viral suppression in the periphery*are at greater risk for future cognitive
impairments and dementia and possibly faster cognitive decline. Therefore,
HIV� individuals on ART should be monitored for cognitive decline, and
treatments that reduce ongoing neurological injury should be considered. -
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Introduction

The human immunodeficiency virus (HIV) attacks
the immune system, resulting in acquired immuno-
deficiency syndrome (AIDS) associated with high
susceptibility to infections, weight loss, and high
rates of mortality (Gallo and Montagnier, 2003).
Prior to the introduction of effective antiretroviral
therapy (ART), severe cognitive impairment, termed
HIV-associated dementia (HAD) or AIDS dementia
complex (ADC) was commonly observed. Magnetic
resonance imaging (MRI) was used to detect HIV-
associated changes, worsening with disease severity,
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in the global brain, basal ganglia, white matter
(WM), and gray matter (GM) (Aylward et al, 1993;
Di Sclafani et al, 1997; Hestad et al, 1993; Jernigan
et al, 1993; Meyerhoff, 2001a; 2001b; Osborne, 1994;
Pan et al, 1992; Thompson et al, 2005, 2006; Tucker
et al, 2004). Progressive cerebral volume loss due to
HIV was also observed, as indexed by cerebrospinal
fluid (CSF) volume increases and WM volume
decreases over time (Stout et al, 1998). Since the
introduction of ART, HAD is rarely seen in patients
who adhere to prescribed medication schedules.
However, there continue to be reports suggest-
ing central nervous system (CNS) involvement in
patients treated with ART. These include evidence
of neuropsychological impairments (Rothlind et al,
2005; Tozzi et al, 2007), abnormal brain electrical
activity related to cognition (Chao et al, 2003), brain
changes detected by MRI (Ances et al, 2006) or MR
spectroscopy (Chang et al, 2003; Schweinsburg et al,
2005; Roc et al, 2007), alterations in CSF markers of
monocyte activation (Neuenburg et al, 2005) and
CNS injury, and brain pathology detected at autopsy
(Neuenburg et al, 2002). Previous research has not
elucidated the extent to which these observations
reflect brain alterations due to HIV infection before
commencement of ART, or ongoing brain injury
due to HIV despite ART. These questions become
more pressing as the proportion of HIV� people
living long with ART increases. Even though ART is
formidable in keeping the virus in check, its toxi-
city may burden the immune system and organs
already compromised by HIV. Alternatively, because
many antiretroviral medications do not cross the
blood-brain barrier, ongoing brain injury due to HIV
may be present despite virus suppression in the
periphery. Thus, brain injury may contribute to the
constellation of symptoms now seen in long-term
survivors of HIV/AIDS.
Our goal was to determine whether there are

ongoing brain volume changes in HIV� individuals
receiving ART, extending previous work (Meyerhoff
et al, 2003b). We used two complementary methods
to quantify brain volumes: (1) tissue segmentation to
measure volumes of GM and WM within regions of
interest (ROIs), and (2) deformation morphometry.
Deformation morphometry is a technique that is
sensitive to detection of disease effects on localized
brain anatomy, such as the hippocampus, that might
be obscured when looking at measures of tissue
volume over large ROIs that include those smaller
structures. Deformation morphometry is also useful
for examining local tissue volume changes without a
priori hypotheses, as it compares tissue volume
changes at every location in the image. ROI tissue
volumes are more sensitive than deformation mor-
phometry to detecting structural changes that are
not spatially consistent. Unlike deformation mor-
phometry, ROI analysis can detect frontal lobe
changes even if there are individual variations in

location of HIV-related tissue atrophy within the
frontal lobe.
Our specific aim was to compare a group of HIV�

patients on ART to a group of HIV�controls to
determine the effect of HIV infection, and also to
examine whether ongoing brain volume loss was
slower in patients who achieved viral suppression
compared to patients with detectable viral loads, to
examine the presumed protective effects of success-
ful ART. We quantified brain volumes from T1-
weighted MRIs and tested the a priori hypothesis of
greater rates of GM and WM losses in HIV� patients
compared to HIV� controls. A final aim was to
determine whether ongoing tissue loss was related
to immune response, by correlating rate of tissue
loss with CD4 count or viral load.

Results

Table 1 shows group demographics, including viral
loads, CD4 counts, and substance abuse/depen-
dence history. The 39 HIV� individuals were stable
on ART for at least 3 months at both assessments. Of
the subjects, 13/39 had detectable viral loads and
21/39 were virally suppressed at both time points.
Five individuals did not have viral load testing at
one or both time points.
Of the 21 HIV� participants for whom we have

detailed medication history, 7 individuals were on
medication regimens that consisted of nucleoside
reverse transcriptase inhibitors (NRTIs) and pro-
tease inhibitors (PIs) over the entire study period.
Five individuals were on NRTI and non-nucleoside
reverse transcriptase inhibitor (NNRTI) regimens,
and three individuals were on regimens including
NRTIs, PIs, and NNRTIs. One individual was taking
an NRTI-only regimen. The five remaining indivi-
duals had regimens that varied over the study period
(all remained on NRTI drugs, but were on and off PIs
and NNRTIs). Medication regimens were not com-
pared because of the small numbers of patients in
each subgroup.

ROI analyses
Table 2 shows the rates of WM and GM loss, with
positive numbers indicating loss and negative num-
bers gain in cm3/year.
The HIV� group on ART (N�28) showed sig-

nificantly greater loss of WM from the entire brain as
well as WM of the frontal, temporal, and parietal
lobes, compared to HIV� (N�26). Compared to the
HIV�, the subgroup of virally supresssed HIV�
patients (N�14) showed significantly higher rates
of WM loss in all these ROIs. Because ROI volume
estimates were available on only nine patients with
detectable viral loads, comparisons with this sub-
group are prone to type II error and the reported
results considered preliminary. The patients with
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detectable viral loads (N�9) did not show signifi-
cantly greater longitudinal volume loss compared to
HIV�. Longitudinal volume loss did not differ
significantly between the patients with detectable
virus (N�9) and virally suppressed patients (N�
14). GM volume changes were not significant over
time. Although the HIV� group showed a gain in
WM volume over time, these gains were not sig-
nificantly different from zero.
Within all HIV�, lower CD4 counts correlated

significantly (all r].46, all PB.03) with greater rates
of volume loss in cerebellum, brainstem, thalamus,
and caudate, implying that patients with poorer
immune function were losing tissue faster. Because
these structures did not differ significantly in group
comparisons, this suggests that the variability in
immune function within HIV� obscured acceler-
ated tissue loss within these structures, and that
future studies should consider recruiting a popula-
tion with very low CD4 counts to see if ongoing
volume loss occurs in these structures. Within all
HIV�, lower CD4 counts also correlated signifi-
cantly (all r5�.43, all PB.008) with greater rates of
CSF gain (implying greater global tissue loss). For
correlations with log viral load, only patients with
detectable virus were used (as floor levels will skew
results): higher log viral loads were correlated with
greater volume loss in total GM, and individually
within frontal, and parietal GM regions (all rB�
.45, all PB.03).

Deformation-based morphometry (DBM) analyses
Figure 1A shows T-statistic maps from 28 HIV�
versus 38 HIV�, thresholded at jTj]2. These
maps reveal faster rates of tissue volume loss in
HIV� patients over 2 years in parietal, occipital,
and cerebellar regions. Cluster analysis revealed a
trend in the posterior part of the medial temporal
lobe (cluster encompassed by the red contour), with

corrected P�.09, where tissue loss was 3.2% faster
in HIV� compared to HIV�.
T-statistic maps comparing 28 HIV� versus 21

virally suppressed HIV� individuals revealed on-
going tissue volume loss in suppressed patients,
although no region survived corrections for multiple
comparisons. Figure 1B shows accelerated tissue
loss in 13 patients with detectable virus compared to
virally suppressed individuals. Cluster analyses
revealed a significant cluster (red contour) with
corrected PB.001, and tissue loss 2.5% faster in
detectable versus suppressed. This suggested that
individuals with detectable virus were driving the
observed accelerated tissue loss in HIV� versus
HIV� participants; therefore, we then compared
HIV� to HIV� patients with detectable virus.
Figure 1C shows many regions of accelerated tissue
loss in patients with detectable virus, particularly
GM deep in the brain that extends into the cerebel-
lum and corpus callosum. Many individual voxels
in Figure 1C exceed the permutation testing P�.05
corrected threshold of jTj�5.1, and cluster analysis
revealed two significant clusters of voxels showing
accelerated tissue loss located deep in the bilateral
temporal lobe. Both the red and yellow clusters had
corrected PB.001 and tissue loss 4.0% faster in
patients with detectable virus versus HIV�. The
black cluster in the WM of the corpus callosum had
corrected P�.06, and a trend toward 4.1% faster
tissue loss.
Correlation analysis showed that HIV� indivi-

duals with greater CD4 counts had significantly
slower tissue loss, most prominently in the superior
frontal lobe and deep WM (Figure 2A). Two sig-
nificant clusters had corrected PB.001, whereas the
cluster outlined in red had tissue loss 1.0% slower
and the green cluster 1.3% slower for each 100-
count increase in CD4. The relationship between
longitudinal tissue loss and log viral load was

Table 1 Participant characteristics

N Baseline age
Baseline log
viral load

Baseline
CD4

Baseline current
drinks/month* Substance abuse or dependence

HIV� 30 42.399.1 090 7659255 10911 Past marijuana abuse (N�1)
HIV� 39** 45.096.7 2.5991.37 3969205 11917 Past methamphetamine dependence (N�3)

Current methamphetamine abuse (N�1)
Past marijuana dependence (N�2)
Past cocaine dependence (N�2)
Past poppers dependence (N�1)

Suppressed 21 44.297.6 1.7090.42 4329208 10913 Past methamphetamine dependence (N�1)
Past marijuana dependence (N�1)
Past cocaine dependence (N�1)
Past poppers dependence (N�1)

Viremic 13 46.495.7 4.1091.03 3399195 13924 Past methamphetamine dependence (N�1)
Current methamphetamine abuse (N�1)
Past marijuana dependence (N�1)
Past cocaine dependence (N�1)

*Standard drinks/month, standard drink�13.6 g alcohol.

**Five had no viral load measured.
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examined in patients with detectable virus only.
Those with greater viral burden had significantly
faster tissue loss, most prominently in the GM and
WM of the parietal and occipital lobes (Figure 2B).
Three clusters had corrected PB.001; the cluster
outlined in red showed tissue loss 4.3% faster for
each unit increase in log viral load, the black cluster
2.8% faster, and a superior frontal lobe cluster (not
shown) 4.3% faster. The yellow cluster had cor-
rected P�.02, indicating tissue loss at 4.5% faster
per unit increase in log viral load.

Discussion

The major finding is that HIV� individuals on ART
had significantly higher rates of WM atrophy in
most brain regions compared to HIV� controls.
Virally suppressed patients (by ROI analyses) and
patients with detectable peripheral virus (by DBM)
also had greater rates of WM atrophy compared to
HIV�. DBM also detected greater rates of GM
volume loss in HIV� individuals on ART, in both
virally suppressed and those with detectable viral
loads. Rates of WM loss in the frontal lobe (by DBM),
cerebellum, brainstem, thalamus, and caudate (by
ROI) correlated with the CD4 count, so that indivi-
duals with low CD4 counts had higher rates of WM
loss. Furthermore, higher viral load correlated with
higher rates of GM (by ROI and DBM) and WM loss
(by DBM). The most likely explanation for these
research findings is ongoing progressive brain in-
jury, where the rate of WM volume loss within all
HIV� patients on ART is accelerated compared to
normal aging, and the rate of subcortical and cortical
GM loss is accelerated in those with the poorest
immune status. If this is indeed so, and if acceler-
ated WM and GM volume loss underlie accelerated
cognitive impairment, then HIV� individuals on
ART may be at greater risk for future cognitive
decline and possibly dementia than normally aging
HIV� controls.

Prior to the introduction of ART, accelerated
global white matter loss and concomitant CSF
volume increase was observed in HIV� patients
longitudinally compared to HIV� controls, with
more rapid changes among those with lower CD4
counts (Stout et al, 1998). Accelerated volume loss
was not observed in GM regions except for caudate.
Our observation of significantly higher rates of WM
atrophy in most brain regions in the absence of
global GM atrophy, and the association between
greater tissue volume loss (or CSF gain) with poor
immune status, is consistent with this report. Our
results suggest that the introduction of ART has not
altered the characteristic progression of cerebral
volume loss in HIV as reported in 1998 (i.e.,
predominantly WM atrophy) (Stout et al, 1998),
although ART may have lessened the severity and
rapidity of ongoing atrophy compared to pre-ART.
Ongoing brain volume decreases may be indicat-

ing ongoing brain injury directly associated with
HIV, such as loss or contraction of axons or support-
ing glial cells. Ongoing brain injury in turn may
reflect continued viral infection in the brain, despite
effective viral suppression in the periphery. Because
of the limited permeability of the blood-brain barrier
to many antiretroviral drugs, it has been hypothe-
sized that the brain could serve as a reservoir for HIV
(Ellis et al, 2007). Ongoing brain injury might also
arise from continued neuronal damage secondary to
macrophage activation, in the absence of virus, that
might have begun prior to ART (Raposo et al, 2002).
However, it is also possible that progressive

reductions of brain volume do not represent ongoing
injury directly related to HIV. The continued brain
tissue loss observed in this study may be a side
effect of ART, either directly through CNS toxicity or
indirectly through side effects on other organ sys-
tems that impact the brain. In particular, the NNRTI
efavirenz is associated with CNS side effects (Fortin
and Joly, 2004; Shibuyama et al, 2006), with possible
consequent brain tissue loss. PIs are associated with
cardiovascular disease (Hsue et al, 2004), which
is in turn associated with the presence of lacunar

Table 2 ROI analyses: rates of tissue volume change

Region HIV� (N�26) HIV� (N�28) Suppressed (N�14) Detectable (N�9)

Total white matter �2.292.3 5.292.2* 7.693.4* 4.793.1
Frontal white matter �0.390.9 3.190.9* 3.791.4* 3.291.7
Temporal white matter �0.790.6 1.090.5* 2.090.8* 0.590.6
Parietal white matter �0.790.6 1.090.5* 1.690.8* 1.190.7
Occipital white matter �0.690.3 0.190.3 0.490.4 �0.190.4

Total gray matter 4.892.6 2.194.0 �3.794.5 11.199.2
Frontal gray matter 1.791.1 1.091.7 �1.592.0 4.693.6
Temporal gray matter 1.490.6 0.691.0 �1.291.1 2.992.5
Parietal gray matter 1.090.6 0.590.9 �0.791.0 2.692.0
Occipital gray matter 0.690.3 0.390.4 �0.390.4 1.190.9

Note. Rates are in cc/year. Positive numbers denote rate of tissue loss over time, negative numbers denote rate of tissue gain over time.

Significant results are denoted by * (PB.05) and refer to group comparisons with the HIV� control group.
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infarcts and abnormal WM in the brain (Chui, 2000).
Arguing against this interpretation, we found that
higher CD4 counts were associated with less tissue
loss over time. Because more effective therapy tends
to increase CD4 counts, we infer that ART is
associated with less brain tissue loss. Our finding
that smaller log viral loads were associated with less
tissue loss over time also argues against a damaging
effect of ART. In addition, the images of our HIV�
patients did not show evidence of more advanced
WM contrast changes or lacunes associated with
brain injury due to cardiovascular disease, as com-
pared to the HIV� controls, arguing against PI-
associated cardiovascular disease as the mechanism
behind accelerated WM loss. According to the
neuroradiological MRI reads, only 4/30 HIV� par-
ticipants and 3/39 HIV� patients showed abnormal
white matter inconsistent with age, and in these 7
participants the amount of abnormal white matter
was rated 1 on a 4-point scale (0�absent, 1�

punctate foci, 2�early confluence, 3�large con-
fluent areas). Lacunes were observed in one HIV�
patient and one HIV� participant. A longitudinal
comparison between HIV� patients on ART and
HIV� patients on no ARTwould determine whether
progressive reductions of brain volumes were a side-
effect of ART, due to HIV alone, or both. The vast
majority of HIV� patients recruited for this study
was on ART, however, so this comparison could not
be made.
Taken together, we believe that our findings reflect

ongoing brain injury due to HIV infection, despite
stable ART. However, another interpretation is that
loss of WM volume over time represents a loss of
brain edema present at the beginning of the study.
We find this explanation less likely, though, because
regional WM volumes did not differ significantly
between these same HIV� and HIV� patients at
baseline (Meyerhoff et al, 2003a).

Figure 1 The T-statistic map is overlaid on the spatially normalized average MRI. (A) Blue voxels show regions where HIV� ART
patients show greater rate of tissue loss over time compared to HIV� controls, with the red contour delineating a significant cluster
(above P�.001) encompassing the posterior temporal region. (B) The red contour delineates a cluster of voxels where HIV� patients
with detectable viral load show greater rate of tissue loss compared to HIV� suppressed. (C) The red and yellow contours delineate
clusters of blue voxels where HIV� patients with detectable viral load show significantly greater rate of tissue loss compared to HIV�,
and the black contour delineates a cluster with a trend to greater rate of tissue loss.
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Cross-sectional studies have shown structural
abnormalities associated with cocaine, marijuana,
and methamphetamine use (Berman et al, 2008; Fein
et al, 2002; Lim et al, 2008; Matochik et al, 2005;
O’Neill et al, 2001). As there was a greater burden of
substance abuse and dependence in the HIV�
group (9/39 with current or past abuse or past
dependence) compared to the HIV� (1/30), this
may also contribute to greater rates of WM volume
decrease over time. However, brain tissue volume
recovery during abstinence from substances has
been reported extensively (Agartz et al, 2003; Car-
denas et al, 2007; Pfefferbaum et al, 1995), and the
rather long duration since dependence among our
participants (range 30 to 336 months) argues that
ongoing tissue volume recovery is more likely than
ongoing loss due to past substance use. Moreover, a
recent cross-sectional study (Tanabe et al, 2009)
using voxel-wise analysis reported differences only
in orbitofrontal cortex after prolonged abstinence
from illicit substances (including cocaine, alcohol,
amphetamines, opiates, and marijuana). This sug-
gests that the orbitofrontal cortex may be the only
brain region affected by substances in the long term.
This region, however, was unaffected in our results,
adding further evidence that the greater burden
of substance use in the HIV� group was too little
to affect our outcomes. Furthermore, we did not
observe baseline volume differences between our
groups, suggesting that the level of substance abuse/
dependence did not have adverse effects on brain

volumes (Meyerhoff et al, 2003a). Only one HIV�
patient was a current substance abuser (metham-
phetamine), and because methamphetamine abuse
has been associated with WM increases (Thompson
et al, 2004), our observation of WM decreases over
time in the HIV� group cannot be attributed to that
patient. Current substance use was minimal during
the course of the study (marijuana use was reported
by one HIV� and four HIV� participants). Because
there is not strong evidence for brain structural
abnormalities due to marijuana use (Quickfall and
Crockford, 2006), the most likely explanation of the
ongoing volume change was HIV status, not sub-
stance dependence in the distant past.
Several HIV� participants had obvious ventricu-

lar enlargement over time, although we did not
observe significant rates of CSF increase in HIV�
patients as a group. Such HIV associated ventricular
enlargement may cause compression of deep WM
underlying the frontal, parietal, and temporal lobes
and no actual cellular loss. Unfortunately, the
integrity of WM cannot be assessed using T1-
weighted MRI; future studies may be able to address
this using diffusion-weighted imaging.
The increased rate of brain tissue loss in HIV�

patients on ART compared to controls was more
pronounced in the WM than cortical GM, consistent
with HIV initially affecting the subcortex and basal
ganglia (Tucker et al, 2004). The ongoing brain loss
suggests that the incidence of HAD may increase
with the increased life span of these treated HIV�

Figure 2 The T-statistic map is overlaid on the spatially normalized average MRI. (A) Red/yellow voxels show regions where greater
rates of tissue loss over time were associated with lower CD4 counts within HIV� patients, with the green and red contours delineating
significant clusters (above P�.001). (B) The red, yellow, and black contours delineate clusters of blue voxels where greater rates of tissue
loss over time were associated with higher log viral loads within HIV� patients with detectable viral load.
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ART patients. CNS reserves may also decrease over
time and increase the risk that these patients will
develop Alzheimer’s disease (AD) or vascular de-
mentia, perhaps at an earlier age than their HIV�
counterparts.
Except for being HIV�, this was a healthy sample

of ART patients, with few cognitive deficits at
baseline compared to the HIV� group (Rothlind
et al, 2005). Cognitive impairment may eventually
emerge, but we lack continued follow-up to detect it.
Baseline studies for these patients occurred between
January 1999 and February 2002, relatively early in
the ART era, and it is possible that newer medica-
tion regimens are more effective at preventing CNS
injury.
The greatest strength of this work is the long-

itudinal design. Aside from HIV, many factors
influence brain volume (e.g., age, education, pre-
natal exposure to alcohol, traumatic stress, and
more), resulting in highly variable regional brain
volumes even among healthy nonimpaired subjects.
Because it is impossible to control for everything,
the most feasible approach to addressing the pro-
blem is to examine the course of HIV longitudinally
in a sample matched on as many factors as possible.
Here we examined an age- and education-matched
sample of men free of chronic substance abuse. In
this way, we have fewer confounding factors that
might contribute to the observed ongoing injury.
Another strength of this work is the use of two

different but complementary methods that both
point to ongoing injury due to HIV infection.
Although both methods derive tissue volumes from
T1-weighted MRIs, the ROI analysis is better suited
to detecting changes that occur over a large region,
whereas DBM is better suited to detecting spatially
localized changes. For example, the ROI analysis
revealed ongoing WM but not GM volume loss in the
frontal, temporal, and parietal lobes of the brain
when comparing HIV� and HIV�. In contrast, DBM
revealed a small region of GM loss but no WM loss
in HIV� versus HIV�. These differing results
suggest that HIV-associated WM volume loss is
distributed throughout the lobes and does not
localize to particular WM tracts, and is thus not
detectable using DBM. HIV-associated GM loss
appears to be highly localized, and is thus obscured
when looking at GM volume at the lobar level in the
ROI analysis. Moreover, DBM was more robust to
imaging artifact, so more subjects were retained for
the DBM analysis. This particularly affected com-
parisons with the HIV� ART group with detectable
viral loads (N�13 for DBM, N�9 for ROI). Small
groups may lead to type II errors, where statistical
power is not sufficient to detect a true group
difference, and this may in part explain why we
unexpectedly observed no significant differences
between HIV� and patients with detectable viral

load using lobar measures of tissue volume, but
observed differences using DBM. Using both meth-
ods enabled us to maximize the information used in
our group comparisons, and reveal both distributed
and localized brain volume changes over time due to
HIV infection.
In conclusion, these results provide evidence of

ongoing tissue loss, primarily in the WM, that may
indicate ongoing brain injury in HIV� patients on
ART. This raises the possibility that these patients
will be at greater risk for future cognitive impair-
ments and dementia. It may explain the constella-
tion of neurological symptoms seen in HIV�
patients living long on ART. Our findings suggest
that HIV� patients on successful ART should be
observed long term, and further development of
treatments that reduce the virus within the CNS is
needed, including neuroprotective treatments, and
formal studies on the relationship between aging,
HIV infection, and ART treatment are warranted. We
also demonstrated that MRI is sensitive to detection
of brain changes over a scan interval of about 2
years, and thus shows promise as a tool for monitor-
ing disease progression longitudinally. As such,
quantitative MRI may be important for assessing
the brain effects of HIV treatment that includes CNS-
penetrating drugs.

Materials and methods

Participants
All participants provided informed consent to a
protocol approved by the review boards of both
University of California San Francisco (UCSF) and
the San Francisco VA Medical Center. Participants
were recruited from the community for a study on
the effects of HIV infection and chronic alcohol
consumption on HIV disease progression. Study
procedures included multiple neuropsychological
testing and MRI scanning; all tests were performed
between January 1999 and May 2004. Participants
met the following basic inclusion criteria: 21 to 55
years of age; lifetime consumption of B30 alcoholic
drinks/month, with no history of alcohol consump-
tion at �45 drinks /month; HIV� patients were
included if they had been on stable ART for at least
3 months. Exclusion criteria at baseline were delir-
ium, dementia, and amnestic disorders, current
substance dependence disorders, schizophrenia or
other psychotic disorders, lifetime or current bipolar
disorder, current manic, mixed, or hypomanic epi-
sodes, current post-traumatic stress disorder (PTSD)
or obsessive-compulsive disorder, significant his-
tory of head trauma, history of diabetes, stroke, or
hypertension, hepatic disease, lack of fluency in
English, current opportunistic CNS infection, and
recent change in ART (B3 months). Past substance
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dependence and current or past substance abuse
(other than alcohol) were allowed. Patients and
controls were studied twice, once after enrollment
(baseline) and again after approximately 24 months,
during which time the patients were not required
to stay on therapy taken at baseline. Plasma viral
RNA levels (viral load) were measured at both
timepoints using reverse transcriptase�polymerase
chain reaction (RT-PCR) (Roche Diagnostics). Ultra-
sensitive and standard assays were used, having
lower limits of quantitation of 50 and 400 copies/
ml, respectively. Patients were classified as virally
suppressed (viral loads less than 400 on either
assay) or detectable (�400). All male participants
from this study who met these criteria and had
complete MRI datasets were included in this
analysis, yielding 39 HIV� patients on ART and
30 HIV� controls.
Participants were classified as cognitively im-

paired if any neuropsychological testing z-score
was5�1.5 in two or more separate cognitive
‘‘domains.’’ Domains were motor dexterity and
speed, learning/memory, processing speed, working
memory/executive function, and motor balance.
Using this definition, 8/39 HIV� patients on ART
and 7/30 HIV� controls were classified as cogni-
tively impaired. Because the proportion of partici-
pants with cognitive impairment is similar in both
groups, we could not identify a subgroup of indivi-
duals with HIV-associated neurocognitive impair-
ment at baseline.

MRI acquisition and processing
Coronal T1-weighted images were acquired on a
clinical 1.5-tesla MR scanner (Vision; Siemens
Medical Systems, Iselin, NJ) using magnetization
prepared rapid acquisition gradient echo (TR/TI/
TE�9/300/4 ms, 1�1-mm2 in-plane resolution, 1.5-
mm slabs); images were acquired orthogonal to the
long axis of the hippocampus.

ROI analyses

Three-tissue intensity�based segmentation was ap-
plied to images to assign to each voxel a set of
probability of WM, GM, or CSF and membership to a
ROI, as described in detail in (Cardenas et al, 2005).
One or both scans from 15 participants had unac-
ceptable tissue or ROI segmentation and were
excluded, leaving 26 HIV� and 28 HIV� indivi-
duals for longitudinal ROI analyses. Total brain
ROIs were estimated by summing the individual
ROI volumes for each tissue type. This method
yielded tissue volumes at each time point, which
were used as dependent variables in the statistical
analyses, and from which rate of tissue atrophy was
estimated. For group comparisons, a range of mixed

effects models were fit in R (Pinheiro and Bates,
2000) to the individual ROI volumes from the two
time points using maximum-likelihood estimation
and compared via likelihood-ratio testing. The final
model was optimal for most regions and incorpo-
rated age, intracranial volume (ICV), and years from
initial scan as covariates. To estimate the effect of
HIV, grouping by HIV status (HIV�, HIV�) was
incorporated as a fixed effect. In a separate analysis
to estimate the protective effect of successful ART,
grouping by viral level (suppressed, detectable) was
incorporated as a fixed effect. Within group residual
variances were homogeneous within groups but
heterogeneous across groups. Participant-specific
random intercept terms were included and the final
model was re-fit using restricted maximum like-
lihood. Significant results were determined via
conditional t tests for the ROI volume by time
interaction within the final fitted model. To deter-
mine the relationship between rate of brain tissue
loss and immune response (CD4 count or viral load),
Pearson’s correlation analyses were performed in
HIV� after partialling out age and ICV.

Deformation-based morphometry (DBM) analyses

Robust fluid registration was used to nonlinearly
register baseline and 24-month follow-up scans of
each participant (Studholme et al, 2006). One or
both scans from three individuals were unaccepta-
bly noisy and excluded, leaving 38 HIV� and 28
HIV� individuals for DBM. Maps of longitudinal
atrophy in common space were created and filtered
as described in (Cardenas et al, 2007). Analysis of
covariance (ANCOVA) at each voxel was used to test
our first hypothesis that HIV status was associated
with greater tissue atrophy rates; the maps of long-
itudinal change were the dependent variable, group
status (i.e., HIV� or HIV�) was the categorical
predictor, and age was a covariate. Subsequent
analyses compared HIV� versus viral suppressed,
viral suppressed versus detectable, and HIV� ver-
sus detectable, in order to determine the effect of
successful ART on longitudinal brain loss. Within
HIV�, linear regression with baseline CD4 or log
viral load was also fit at each voxel, covarying for
age, in order to determine the relationship between
rate of tissue atrophy and immune response. Permu-
tation testing (Nichols and Holmes, 2002) and
nonstationary random field theory (Worsley et al,
2002) were used to correct the statistical maps for
multiple comparisons.
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