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ORIGINAL CONTRIBUTION

Progressive Cerebral Volume Loss in Human
Immunodeficiency Virus Infection

A Longitudinal Volumetric Magnetic Resonance Imaging Study

Julie C. Stout, PhD; Ronald J. Ellis, MD, PhD; Terry L. Jernigan, PhD; Sarah L. Archibald, MA;
Ian Abramson, PhD; Tanya Wolfson; J. Allen McCutchan, MD; Mark R. Wallace, MD;
J. Hampton Atkinson, MD; Igor Grant, MD; and the HIV Neurobehavioral Research Center group

Objective: To compare rates and anatomical patterns
of brain atrophy during 3 stages of human immunode-
ficiency virus (HIV) disease.

Design: Comparisons of multiple serial brain magnetic
resonance images in men without HIV infection and HIV-
infected men in Centers for Disease Control and Preven-
tion (CDC, Atlanta, Ga) stages A, B, and C.

Setting: Longitudinal cohort study of the San Diego HIV
Neurobehavioral Research Center, San Diego, Calif.

Participants: Eighty-six HIV-1-positive (HIV-
positive) and 23 HIV-negative men who were similar in
age and risk group. The number of HIV-positive men in
each CDC stage was as follows: A, 33; B, 19; C, 34. All
HIV-positive men were free of clinically detectable op-
portunistic neurologic illness.

Main Outcome Measures: Regional volumes of serial
magnetic resonance images converted to standardized slope
estimates of change in regional volumes of interest.

Results: Medically asymptomatic men (CDC stage A) and
medically symptomatic men (CDC stage C) had more rapid
loss of cortical tissues than did HIV-negative men as mani-
fested by higher slopes (Tukey honestly significant differ-

ence test, P=.02 and P=.001, respectively) for cortical fluid
volume. Accelerated ventricular volume enlargement oc-
curred only in men with CDC stage C disease. Reduction
in the volume of white matter was accelerated in partici-
pants with CDC stage C disease compared with partici-
pants with CDC stage A disease. Of the gray matter re-
gions, only the caudate nucleus sustained accelerated
volume loss during CDC stage C disease. Participants whose
systemic disease progressed to a higher CDC stage had sig-
nificantly accelerated ventricular volume increases and cau-
date atrophy. Rates of cortical and subcortical fluid vol-
ume increases and reductions in the volumes of white matter
and the caudate nucleus were significantly related to the
rate of decline in the CD4* lymphocyte count.

Conclusions: In the absence of cerebral opportunistic
disease, HIV infection causes progressive atrophy within
the gray and white matter in the brain. These changes
were most severe in the most advanced stage of disease
but were evident even in medically asymptomatic HIV-
positive persons. Within the gray matter, the caudate
nucleus exhibited progressive volume loss linked to dis-
ease stage and the rate of decline of the CD4* cell count.
Structural brain changes can begin in the early stages of
HIV infection and accelerate during advanced illness.

Arch Neurol. 1998;55:161-168

EUROCOGNITIVE disor-
ders in human immuno-
deficiency virus (HIV)
disease range in severity
from incapacitating HIV-

In cross-sectional studies, computed
tomography and magnetic resonance im-
aging (MRI) have revealed increased ven-
tricular and sulcal spaces, reduced vol-
umes of gray matter and white matter, and

The affiliations of the authors
appear in the acknowledgment
section at the end of the article.

associated dementia to milder but symp-
tomatic HIV-associated minor cognitive-
motor disorders to asymptomatic subtle
cognitive impairments revealed as defi-
cits only by detailed neuropsychological
testing. These neurocognitive disorders
seem to be directly caused by HIV in the
brain.'® Because the neurons are not in-
fected by HIV, the neuronal damage re-
sponsible for these conditions is prob-
ably due to the neurotoxic products of
HIV-infected lymphocytes, macro-
phages, and microglia.™

—
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magnetic resonance signal abnormalities in
subcortical and cortical regions.'™'® Gen-
erally, more abnormalities are found in pa-
tients with late-stage HIV disease''"*!® or
with HIV-associated dementia.'®"" In the ear-
lier stages of the disease, abnormalities have
been found less consistently. Most studies
that have used clinical readings of brain im-
ages have detected abnormalities in only a
few people with advanced disease.'**' More
sensitive and reliable image analysis meth-
ods may be required to detect earlier, more
subtle changes.
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PARTICIPANTS AND METHODS

PARTICIPANTS

We studied 86 HIV-1—-positive (HIV-positive) and 23
HIV-negative men participating in the HIV Neurobehav-
ioral Research Center at the University of California, San
Diego. The primary risk factor for HIV infection in all
civilian participants was homosexuality; HIV risk factors
for military participants were sexual behavior or
unknown. Participants were excluded if they had a his-
tory of a non-HIV-related major medical, neurologic, or
psychiatric disorder such as stroke, complicated head
injury (ie, loss of consciousness for more than 30 min-
utes, hospitalization for treatment of neurologic compli-
cations, or both), active psychosis, mental retardation,
or current alcohol or other substance abuse. The demo-
graphic and clinical characteristics of the HIV Neurobe-
havioral Research Center cohort have been described
previously.?* Participants were selected for the current
study if they had undergone 2 or more MRI examina-
tions (range, 2-5) at intervals of at least 6 months and
had no evidence of opportunistic infections or neo-
plasms of the central nervous system at any time based
on comprehensive medical and neurologic examinations
and MRI examinations of the brain. Characteristics of
the study participants at their last MRI time point are
summarized in Table 1. The study was approved by the
institutional review boards of the University of Califor-
nia, San Diego, and the Department of Veterans Affairs
Medical Center, San Diego.

PROCEDURES

All participants underwent comprehensive baseline and
follow-up medical and neurologic examinations. Partici-
pants with AIDS were examined semiannually and oth-
ers, annually. General physical and standardized neuro-
logic examinations** were conducted by a neurologist or
by a specially trained clinical research nurse under the
supervision of subspecialists in the Neurology and Infec-
tious Disease departments. In addition, a general medi-
cal history was taken, and current and past medications
were recorded on standardized forms. Blood specimens
were obtained for hematologic and immunologic studies,
including T-cell subsets and B,-microglobulin (3,M).
Based on the clinical history, the stage of HIV infection
was classified according to 1993 criteria of the Centers for
Disease Control and Prevention (CDC, Atlanta, Ga).?® The
stages are as follows: A, asymptomatic; B, history of oppor-
tunistic infections not classically associated with AIDS or
not life threatening; and C, history of opportunistic infec-
tions that are AIDS defining.

In addition to examining participants as classified
by CDC stages, a secondary set of analyses was per-
formed on HIV-positive participants according to
whether their HIV disease progressed during the study.
Participants whose CDC clinical stage changed during
the MRI study period as a result of additional HIV-
related illnesses (eg, from CDC stage A to CDC stage C)
were designated as progressors. Participants with no
change in the CDC classification during the study were
designated as nonprogressors. Participants classified in
CDC stage C at the first MRI examination were excluded
from this comparison because their disease could not
progress to a more advanced stage.

Serum CD4* lymphocyte counts were measured by flow
cytometry.” The levels of ,M in milligrams per liter were
determined using a commercially available enzyme immu-
noassay (Pharmacia Diagnostics, Fairfield, NJ). B,-
Microglobulin is a low molecular weight protein present
in the plasma membrane of all nucleated cells, with the ex-
ception of neurons, and is noncovalently bound to class I
(self-recognition) major histocompatibility complex mol-
ecules. The serum level of B,M has been shown to be a
marker of disease stage and a predictor of subsequent dis-
ease progression.*®?

MRI PROTOCOL

Magnetic resonance imaging examinations were per-
formed as part of the annual or semiannual medical and
neurologic examinations. The MRIs were obtained using
a 1.5-T superconducting magnet (Signa, General Electric,
Milwaukee, Wis). An asymmetrical multiple echo-spin-
echo pulse sequence was used to obtain axial images of the
entire brain (TR [repetition time], 2000 ms; TE [echo time],
25 and 70 ms). This imaging protocol was used in a stan-
dardized fashion for all participants at all time points.
Samples were 5-mm sections centered at 7.5-mm inter-
vals. Two registered image sets were obtained, each high-
lighting different tissue characteristics; the proton density—
weighted image effectively discriminated gray and white
matter, and T,-weighted images discriminated brain and
CSF. Figure 1 (A and B) shows sample images from a par-
ticipant in the study.

IMAGE ANALYSIS

Image processing was performed in the Brain Image Analy-
sis Laboratory, University of California, San Diego. To re-
duce potential bias in the anatomical analyses, images for
this study were interspersed with image sets from other stud-
ies after elimination of identifying information. Details of
the image-analysis approach used in this study are pub-
lished'®** and are briefly summarized in the following para-
graphs.

In a previous study using volumetric analysis of brain
MRISs, Jernigan et al'® reported cerebral volume loss in medi-
cally symptomatic HIV-positive persons. These volume
losses were regional, primarily in the temporal limbic cor-
tex, the cerebral white matter, and the caudate nucleus and
were consistent with those identified by other groups.'®*!/
Heindel et al*? also showed that regional volume loss evi-

dent on postmortem MRI correlated with the regional se-
verity of HIV infection. Specifically, volume losses in the
striatum and cerebral cortex and increased signal abnor-
mality in the white matter were related to higher brain vi-
ral burden as measured by intensity of immunostaining for
HIV envelope protein.?* This regional distribution of ce-
rebral damage is consistent with the subcortical pattern of
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The digital images were processed by trained image
analysts using software developed in the Brain Image
Analysis Laboratory on a DOS-based platform. Briefly,
each pixel location within a brain section image was
classified into 1 of 4 categories, including gray matter,
white matter, CSF, and T,-signal hyperintensity (Figure
1, C). This was accomplished in 2 steps. First, 2 new lin-
ear combinations of pixel values were computed to opti-
mize distinctions between gray and white matter
and between CSF and brain, respectively. Second, classi-
fication criteria, which were adjusted section by section
based on white matter signal values (from samples
chosen by image analysts), were applied to individual
images. Image analysts then designated anatomical
regions on all sections. Images were transformed
spatially into a standard plane of section using the
corpus callosum and interhemispheric fissure as land-
marks.

Pixel counts for each anatomical measure were cor-
rected for age and cranium size by using estimates derived
from a large group of healthy control participants studied
at the Brain Image Analysis Laboratory. Volumes were ex-
pressed as z scores computed as the deviation of values for
each participant from the values for age- and cranium size—
matched healthy control subjects.'®

Volumetric measures of interest were CSF, total cor-
tical gray matter, white matter, and subcortical gray mat-
ter regions. Within the CSF, separate measures of cortical
(sulcal) CSF and subcortical (ventricular) CSF volumes
were made. In addition to total cortical gray matter, 2
measures subdividing the limbic cortex (the mesial tem-
poral lobe) from the remaining cortex (other than the
mesial temporal lobe) were obtained. The mesial temporal
lobe included the uncus, amygdala, hippocampus, and
parahippocampal gyrus. The subcortical gray matter
regions, which were all separately measured, included the
caudate nuclei, lenticular nuclei, anterior diencephalon
(including hypothalamic and septal structures), and pos-
terior diencephalon (thalamus). Also measured were the
total and abnormal white matter. Abnormal white matter
was defined as areas within the deep white matter or peri-
ventricular white matter that were categorized by the tis-
sue classification algorithm as frank signal hyperintensi-
ties (ie, that had high signal values outside the ranges of
gray matter, white matter, and CSF) or were categorized
by the tissue classification algorithm as gray matter but
were located in areas in which the presence of gray matter
could be ruled out. This method classified all frank signal
hyperintensities observable on proton density— or T,-
weighted images as abnormal white matter and included
additional pixels not obviously abnormal on the filmed
images. Figure 2 shows a series of 3 fully processed
brain sections across 2 time points in an HIV-positive
study participant.

COMPUTATION OF STANDARDIZED
SLOPE ESTIMATES

Estimates of the rate of change for each of the MRI mea-
sures, the CD4* lymphocyte count, and the levels of 3,M
were derived using a flexible collection of routines in the
S-Plus (StatSci, Seattle, Wash) language.” These routines
were based on an empirical Bayesian treatment of a set of
statistics from a preliminary least-squares analysis of the
data and were performed recursively. Such a procedure is
necessary because a least-squares approach is insufficient
to estimate slopes that originate from variable numbers of
samples obtained over variable periods. This method al-
lows variance components to be estimated using re-
stricted maximum likelihood and uses error estimates to
determine the shrinkage of individual slopes toward a com-
mon mean such that values that potentially contain more
error (fewer time points sampled) are shrunk more than
estimates containing less error (more time points sampled).
These slopes have the mathematical optimality property of
best linear unbiased prediction.

To aid interpretation of the slopes data, they were stan-
dardized based on the HIV-negative group. Thus, by defi-
nition, for each of the standardized slope measures, the HIV-
negative group had a mean of 0 and an SD of 1, while for
the HIV-positive participants, individual slopes indicated
deviations from the HIV-negative group.

DATA ANALYSIS

The primary goal of the study was to evaluate the rate of
cerebral atrophy at different stages of HIV infection. Thus,
we first studied the relationship of CDC stage at the last
imaging time point to the longitudinal estimates of cere-
bral volumes (standardized slopes) of cortical sulcal CSF,
ventricular CSF, and white matter using 1-way analysis of
variance. When significant effects of the CDC stage were
obtained, planned comparisons between all groups were
made using the Tukey honestly significant difference test.
When these analyses indicated significant effects, we stud-
ied the additional MRI measures of individual gray matter
regions and abnormal white matter to characterize the re-
gional pattern of progressive loss of brain volume.

In a secondary set of analyses, the volumetric brain
MRI slopes of the progressors and nonprogressors were com-
pared. To reduce type I errors from multiple comparisons,
a level of significance of .01 was used for this secondary
set of analyses.

Finally, to evaluate possible relationships between the
longitudinal changes in brain volumes and the cellular and
biochemical markers of the disease state in the HIV-
positive participants, Pearson correlations between brain
volumetric slopes and the slopes of CD4* lymphocyte counts
and ;M levels were computed.

neurocognitive dysfunction observed in many HIV-
positive persons.”**" This pattern consists of declines in
attention, executive functions, psychomotor speed,
learning, and memory retrieval and resembles the neuro-
cognitive changes in Huntington disease.

To date, no investigators have reported the longi-
tudinal effects of HIV on the brain using volumetric

MRI techniques. We hypothesized that HIV-infected
persons would lose cerebral volume and have corre-
sponding increases in cerebrospinal fluid (CSF) vol-
ume compared with an HIV-negative control group.
Furthermore, we predicted that greater rates of loss
would occur in participants with acquired immunode-
ficiency syndrome (AIDS) compared with participants
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Table 1. Demographic and Immunologic Characteristics of Study Participants*
HIV-Positive Participants by CDC Stage
HIV-Negative I 0
Control Participants A B G
Characteristics (n=23) (n=33) (n=19) (n=34) P
Demographic
Age at first visit, y 36.9+8.2 34.1+5.9 35.3+6.8 34.6+4.9 .23
Education, y 14.7+2.6 15.2+2.5 14.122.0 14.9+1.9 .88
White, % 82.6 90.9 89.5 88.2 A7
Duration of follow-up, y 1.6+0.6 1.70.7 1.7£0.7 1.6£0.9 .96
Clinical
CD4* lymphocytes/x10%L 0.83+0.17 0.50£0.23 0.42+0.20 0.28+0.27 <.001t
CD4* standardized slopes 0.00£1.0 -2.7¢1.8 -3.8+1.9 -41+1.4 <.001
B,-Microglobulin, mg/L 1.5+0.6 (n=23) 2.9+1.2 (n=28) 3.2+2.1 (n=18) 2.2+0.4 (n=30) <.001%
B.-Microglobulin standardized slopes -0.0+1.0 (n=23) 1.3+1.7 (n=31) 1.6+2.3 (n=19) 3.2:2.1 (n=32) <.001§

*Unless otherwise noted, values are given as mean=SD. P values were calculated by analysis of variance unless otherwise indicated. HIV indicates human
immunodeficiency virus; CDC, Centers for Disease Control and Prevention. For definitions of stages, see the “Procedures” section of the “Patients and Methods”
section of the text.

tFor the CD4* lymphocyte count, planned pairwise comparisons using the Tukey honestly significant difference indicated the HIV-negative group differed
significantly from each of the other groups and that the CDC stage A group differed significantly from the CDC stage C group.

tFor the B,-microglobulin level, planned pairwise comparisons using the Tukey honestly significant difference indicated that the CDC stage C group differed
from each of the other groups, the HIV-negative group differed from each of the other groups, but the CDC stage A group and the CDC stage B group did not differ
from each other.

§For the B,-microglobulin standardized slopes, planned pairwise comparisons using the Tukey honestly significant difference indicated that the CDC stage C

group differed significantly from each of the other groups and that the CDC stage B group differed significantly from the HIV-negative group.

Figure 1. The standard protocol used in all magnetic resonance
examinations included in the study. Each image shown is from the same
section of the same participant. A, Proton density—weighted image; B,
T,-weighted image; and C, segmented image.

with asymptomatic HIV infection. Finally, based on
findings from cross-sectional studies, we expected that
the most substantial parenchymal losses would be evi-
dent in the caudate and lentiform nuclei and the sub-
cortical white matter.

— T

EFFECTS OF DISEASE STAGE
Volume of Cerebrospinal Fluid Spaces

Group comparisons of standardized slopes for cortical
sulcal and ventricular CSF-filled spaces are given in
Table 2 and Figure 3. The overall analyses of vari-
ance were statistically significant (P=.001) for both CSF
volumetric measures. These results are consistent with
progression of cortical and central atrophy in HIV-
infected patients.

Planned pairwise comparisons showed that the rate
of progression of cortical atrophy was significantly greater
in participants with CDC stage A disease and those with
CDC stage C disease than in HIV-negative control par-
ticipants. A similar tendency was noted for subcortical
atrophy, but in this analysis, a statistically significant dif-

Figure 2. Three matched axial sections through the ventral cerebrum at each
of 2 time points in a human immunodeficiency virus—positive participant with
medically symptomatic (Centers for Disease Control and Prevention stage C)
disease. A, Results of the baseline examination. B, Results of an examination
18 months after baseline. The z scores for volumes at baseline vs 18 months,
respectively, were as follows: ventricular cerebrospinal fluid, -0.53 vs 1.87;
cortical sulcal cerebrospinal fluid, 0.19 vs 3.02; white matter, -0.10 vs -1.42;
abnormal white matter, 1.23 vs 0.58; and caudate nuclei, -2.01 vs -2.95. Blue
indicates gray matter; gray, white matter; black, cerebrospinal fluid; yellow,
abnormal white matter; and green, the caudate nucleus.

ference in slope was found only between participants with
CDC stage C disease and HIV-negative control partici-
pants (Table 2 and Figure 3).

White Matter

Comparisons of the white matter slopes between groups
indicated that the white matter group difference was due
to accelerated atrophy in the participants with CDC stage
C disease compared with the participants with CDC stage
A disease (Table 2 and Figure 3). No other group com-
parisons of white matter volume were statistically sig-
nificant.

ARCH NEUROL/VOL 55, FEB 1998
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Table 2. Standardized Slopes for CSF and White Matter Volumes for HIV-Positive Participants™*
CDC Stage
I 1
A B C
Brain Area (n=33) (n=19) (n=34) Group Differences
Cortical sulcal CSFf 0.93+1.33 0.46+1.12 1.70£1.38 C greater change than HIV-negative or B; A greater change than HIV-negative
Ventricular CSFt 0.83+1.42 0.61+0.96 2.20+2.14 C greater change than HIV-negative, A, or B
White matterf 0.21£1.09 0.27+1.25 -0.49+0.88 C greater change than A

*Values are given as mean+SD. Positive slope values indicate increasing volumes (cortical sulcal and ventricular CSF). Negative slope values indicate
decreasing volumes (white matter). All slopes are normalized to the HIV-negative group slope of 0. CSF indicates cerebrospinal fluid; HIV, human
immunodeficiency virus; and CDC, Centers for Disease Control and Prevention. For definitions of stages, see the “Procedures” section of the text.

tP<.001 by analysis of variance.

$P<<.05 by analysis of variance.
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Figure 3. Mean slopes for the volumes are as follows: A, cortical sulcal cerebrospinal fluid (CSF); B, ventricular CSF; C, white matter; and D, caudate nucleus for
human immunodeficiency virus (HIV)-positive participants, standardized to slopes for the HIV-negative control participants. The slopes for the HIV-negative
participants are not shown because, by definition, this group had a mean of 0 and an SD of 1. For the cortical sulcal CSF volume, the results for participants with
Centers for Disease Control and Prevention stage C disease, 1993 criteria (CDC93 C) differed from those for HIV-negative participants (not shown; by definition, z
score of 0) and those with CDC stage B disease (ie, a history of opportunistic infections not classically associated with acquired immunodeficiency syndrome
[AIDS] or not life threatening); the results for participants with medically asymptomatic (CDC stage A) disease differed from those for HIV-negative participants.
For the ventricular CSF volume, the results for participants with medically symptomatic disease (CDC stage C) differed from the results for all other groups. For
the white matter volume, the results for those with CDC stage C disease differed from the results for those with CDC stage A disease. For the caudate nucleus
volume, there was a significant effect of group (P =.05),; however, no 2 groups differed significantly from each other. MRI indicates magnetic resonance imaging.

Gray Matter and Abnormal White Matter PROGRESSORS VS NONPROGRESSORS
To characterize losses in the gray matter that may have con- Progressors showed significantly faster declines in cau-
tributed to the increases in CSF volume, a set of second- date volume and faster increases in ventricular volumes
ary analyses of gray matter volume slopes was computed than did nonprogressors (Table 4).
(Table 3). Analysis of variance was significant for loss of
volume in the caudate nucleus (Figure 3), but separate post RELATIONSHIP OF CEREBRAL VOLUME
hoc t tests failed to reveal significant differences between CHANGES TO MARKERS OF
participants at various clinical stages. The results of all other IMMUNOSUPPRESSION AND PROGNOSIS
analyses of variance for gray matter regions were nonsig-
nificant. Similarly, the result of the analysis of variance for Using the results for all HIV-positive participants, lon-
abnormal white matter was nonsignificant. gitudinal changes in brain volumes and the cellular and
ARCH NEUROL/VOL 55, FEB 1998
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Table 3. Gray Matter and Abnormal White Matter Slopes
for HIV-Positive Participants (Standardized Scores)*

CDC Stage
I A B C I
Brain Area (n=33) (n=19) (n=34)

-0.21+1.16  0.31+1.17 0.09+1.44
-0.34+0.83 -0.24+1.02 -0.18+1.08
-0.13+0.74 -0.15+0.85 -0.55+0.64
0.13+1.35 -0.43+0.86 -0.02+0.98
-0.01+1.25 -0.01+1.41 -0.29+1.05
0.06+1.18 0.63+1.04 0.43+1.53
-0.17+2.20 -0.01+2.17 1.34+4.88

Non-mesial temporal lobe cortext
Temporal limbic cortext

Caudate nucleust

Lenticular nucleus

Anterior diencephalon

Thalamus

Abnormal white matter

*Values are given as mean+SD. No paired comparisons were statistically
significant. HIV indicates human immunodeficiency virus, CDC, Centers for
Disease Control and Prevention. For definitions of stages, see the
“Procedures” section of the “Patients and Methods” section of the text.

tNon-mesial temporal lobe cortex and temporal limbic cortex contain only
31 cases in CDC stage A.

$P<.05, analysis of variance.

Table 4. CSF, Gray Matter, and White Matter Slopes
by Status of Disease Progression (Standardized Scores)*

Nonprogressors  Progressors
Brain Area (n=43) (n=28)
Cortical sulcal CSF 0.86+1.33 1.36+1.41
Ventricular CSFt 0.72+1.39 1.761.76
White matter 0.15+1.03 -0.06+1.12
Non-mesial temporal lobe cortex -0.02+1.22% 0.11£1.20
Temporal limbic cortex -0.27+0.86% -0.35+0.93
Caudate nucleust -0.05+0.78 -0.58+0.70
Lenticular nucleus 0.08+1.21 -0.29+1.01
Anterior diencephalon -0.02+1.28 -0.03+1.07
Thalamus 0.20£1.17 -0.48+1.11
Abnormal white matter -0.18+2.11 -0.06+2.21

*Values are given as mean+SD. CSF indicates cerebrospinal fluid. For
definitions of nonprogressors and progressors, see the “Procedures” section
of the text.

tP<.07, t test.

tIncluded only 41 participants.

biochemical markers of disease state were correlated. Only
the brain areas that showed significant relations to CDC
stage (Tables 2 and 3) were included in this analysis. Re-
sults indicated that the rate of CD4* lymphocyte loss was
significantly related to the rate of atrophy in each of the
4 brain regions. Specifically, more rapid decreases in the
CD#4* lymphocyte count were associated with rapid in-
creases in the volumes of ventricular and sulcal CSF (rg,=
-0.31, P=.006; r5,=—0.33, P=.003, respectively). Rapid de-
creases in the CD4* lymphocyte count were also associ-
ated with rapid decreases in white matter and caudate
volumes (rg,=0.24, P=.03; 13,=0.28, P=.01, respec-
tively).

For serum $3,M levels, trends suggested possible as-
sociations of more rapid increases in (3,M levels with more
rapid decreases in caudate volume (rg;=-0.22, P=.05) and
more rapid increases in (3,M levels with more rapid in-
creases in sulcal volume (rg,=0.19, P=.09). Thus, the slopes
for the CD4* lymphocyte count had a more consistent
and stronger relationship to the slopes for brain volume

than did the levels for B,M. In summary, rapid
declines in the CD4* lymphocyte count were associated
with rapid progression of brain atrophy in the most
damaged regions. The data suggest similar, although
less robust, relationships between brain atrophy and
higher levels of 3,M.

B COMMENT

In this study, longitudinal volumetric analyses of brain
MRISs revealed progressive atrophic changes linked to the
progression of HIV disease. Although the most dra-
matic progression of structural brain abnormalities was
noted in men with CDC stage C disease, significant pro-
gression in cortical atrophy was also demonstrated in men
with CDC stage A disease. A similar pattern of results was
noted for central atrophy, although the rates of increase
in the ventricular volume among participants with CDC
stage A disease compared with HIV-negative control par-
ticipants did not differ statistically.

These results are consistent with the observations
that HIV often enters the central nervous system during
primary HIV infection and that increased rates of neu-
rocognitive dysfunction are detectable in patients with
CDC stage A disease.”* Both findings suggest that neu-
ropathologic changes commence during the asymptom-
atic phase of HIV infection. The specific mediators of these
changes in brain volume may be virus-encoded proteins
(eg, gp120) or, alternatively, neurotoxic products of HIV-
infected lymphocytes, macrophages, and microglia.”®

The rate of these anatomical changes correlates with
absolute levels and changes in the clinical and immuno-
logic markers of the stage of HIV infection. Participants
with CDC stage C disease had more rapid increases in
ventricular volume than all other participants. For cor-
tical atrophy as evidenced by an increased volume of sul-
cal CSF, the participants with CDC stage C and partici-
pants with CDC stage A disease had more rapid losses
than did HIV-negative participants. The participants with
CDC stage C disease also had more rapid cortical loss
than did those with CDC stage B disease. This suggests
that cortical atrophy may be biphasic, having larger ef-
fects in early and late, rather than middle, disease stages.
Alternatively, a larger sample may be necessary to de-
tect changes in the middle stage more reliably. The par-
ticipants with CDC stage C disease also had more rapid
loss of white matter volume than did participants with
CDC stage A disease, but the rate of loss was not signifi-
cantly different from the rates for HIV-negative partici-
pants or those with CDC stage B disease. One possible
reason that the white matter findings were less robust than
the CSF findings is that the presence and extent of ab-
normal signal in the white matter seemed to fluctuate over
time, suggesting the possibility of alternating processes
of inflammation and atrophy. Of the 2 cortical and 5 sub-
cortical gray matter regions that we examined, only 1,
the caudate, showed significant volume loss related to
disease progression. Thus, while the loss of gray matter
may be generalized, only in the caudate region is this loss
of sufficient magnitude to be detected relative to mea-
surement error in a sample of this size. White matter at-
rophy also makes a major contribution to the overall loss
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of cerebral volume, and this may obscure smaller re-
gional changes in gray matter structures.

Several previous cross-sectional studies have sug-
gested that the caudate nucleus is selectively vulnerable
in HIV disease.'™'®!" A longitudinal study used the bi-
caudate ratio as a measure of caudate atrophy and indi-
cated a significant relationship between a decreased
bicaudate ratio and the possible progression of neuro-
cognitive impairment as manifested indirectly by fail-
ure to show expected improvements (related to prac-
tice) on repeated testing.*® This association was present
for asymptomatic and symptomatic participants but was
stronger in the symptomatic group. In addition, studies
of neuropathologic effects have shown higher levels of
HIV-associated proteins in the basal ganglia than in other
gray matter regions.’”®

We were surprised that we did not find progressive
increases in abnormal white matter volume, because many
of the patients in our study had elevated levels of abnor-
mal white matter. Abnormal white matter volumes were
highly variable even in the HIV-negative participants. Such
high variability would reduce the detectability of a rela-
tionship between abnormal white matter and disease stage
if a relationship indeed exists. In addition, we have ob-
served fluctuations over time in the amount of abnor-
mal white matter in some HIV-infected persons; such fluc-
tuations could make detection of reliable linear
components in abnormal white matter slopes difficult.
For example, the participant whose images are shown in
Figure 2 had fluctuating z scores for abnormal white mat-
ter volume (Figure 2 legend). While such fluctuations
may indicate acute processes occurring in the central ner-
vous system, our slopes were not computed so as to re-
veal such nonlinear trends.

Given the findings of the effects of disease stage on
the volumes of CSF, white matter, and caudate, but not
on other gray matter regions, we compared participants
in whom the disease progressed with those in whom the
disease did not progress. Only rates of ventricular ex-
pansion and caudate loss differed significantly between
progressors and nonprogressors. Because ventricular CSF
surrounds the basal ganglia, losses in volume of the cau-
date nucleus are probably important to ventricular ex-
pansion during disease progression. Whether this accel-
eration of caudate atrophy is linked to increasing cerebral
viral burden or to other HIV-related immunopathologic
processes that coincide with disease progression re-
mains to be determined.

Declining CD4* lymphocyte counts are strong pre-
dictors of vulnerability to opportunistic infections and
of mortality. We found that rapid CD4* cell depletion cor-
related with accelerated cerebral volume loss in each of
the 4 volumetric measures that had been shown to be
linked to disease stage.

Several types of selection bias probably occurred in
this study. For example, participants in whom more
severe or incapacitating disease developed may have
dropped out of the study, and those with opportunistic
infections of the central nervous system were excluded.
Because the remaining participants may represent per-
sons with generally less severe disease, we may have
underestimated the rates of atrophy in the men with

AIDS. Also, because our participants were men whose
mode of HIV acquisition was predominantly sexual, our
findings may not apply to intravenous drug users or to
women.

The results of our study indicate that HIV is asso-
ciated with progressive brain atrophy. Some of these atro-
phic changes are noted to progress even in persons with
CDC stage A disease, and atrophy is accelerated in ad-
vanced HIV disease. The gray matter of the caudate nu-
clei, the region previously reported to be the most heavily
infected by HIV, shows the most dramatic volume loss,
suggesting the possibility that the degree of regional vi-
ral burden may be associated with corresponding atro-
phic change.

Accepted for publication July 28, 1997.

From the Departments of Psychiatry (Drs Stout, Jerni-
gan, Atkinson, and Grant and Mss Archibald and Wolf-
son), Neurosciences (Dr Ellis), Mathematics (Dr Abram-
son), and Medicine (Dr McCutchan), University of
California, San Diego; the Department of Veterans Affairs
Medical Center, San Diego, Calif (Drs Jernigan, Atkinson,
and Grant); and the US Naval Medical Center, San Diego,
Calif (Dr Wallace). Dr Stout is now with the Department
of Psychology, Indiana University, Bloomington. Members
of the HIV Neurobehavioral Research Center (HNRC) group
are listed below.

The HNRC is supported by Center award P50-MH
45294 from the National Institute of Mental Health, Rock-
ville, Md.

The views expressed in this article are those of the au-
thors and do not reflect the official policy or position of the
Department of the Navy, Department of Defense, or the US
Government.

We thank Reena Deutsch, PhD, Tom Marcotte, PhD,
and Julie Nelson for their contributions to the study and the
preparation of the manuscript.

The HNRC group, daffiliated with the University of Cali-
fornia, San Diego, the US Naval Medical Center, San Diego,
and the San Diego Veterans Affairs Medical Center, in-
cludes Igor Grant, MD, director; J. Hampton Atkinson, MD,
codirector; Thomas D. Marcotte, PhD, center managet; James
L. Chandler, MD, and Mark R. Wallace, MD, coinvestiga-
tors (Naval Medical Center, San Diego); and the following
principal investigators of the HNRC components: J. Allen
McCutchan, MD (neuromedical); Stephen A. Spector, MD
(virology); Leon Thal, MD (neurology); Robert K. Heaton,
PhD (neurobehavioral); John Hesselink, MD, and Terry Jerni-
gan, PhD (imaging); Eliezer Masliah, MD, and Clayton A.
Wiley, MD, PhD (neuropathology); Ian Abramson, PhD (bio-
statistics); and Dan Masys, MD (data management).

Reprints: Julie C. Stout, PhD, Department of Psychol-
ogy, Indiana University, Bloomington, IN 47405-1301 (e-
mail: jstout@indiana.edu).

D mmmmEs

1. Price R, Brew B. The AIDS dementia complex. J Infect Dis. 1988;158:1079-
1083.

2. Grant |, Heaton R, Atkinson J, and the HNRC Group. Neurocognitive disorders
in HIV-1 infection. Curr Top Microbiol Immunol. 1995;202:11-32.

3. Navia B, Jordan B, Price R. The AIDS dementia complex, I: clinical features. Ann
Neurol. 1986;19:517-524.

ARCH NEUROL/VOL 55, FEB 1998

167

©1998 American Medical Association. All rights reserved.

Downloaded From: http://archneur .jamanetwor k.com/ by a University of California - San Diego User on 04/22/2016



20.

. Ho D, Rota T, Schooley R, et al. Isolation of HTLV-III from cerebrospinal fluid

and neural tissues of patients with neurologic syndromes related to the ac-
quired immunodeficiency syndrome. N Engl J Med. 1985;313:1493-1497.

. Levy J, Shimabukuro J, Hollander H, Mills J, Kaminsky L. Isolation of AIDS-

associated retroviruses from cerebrospinal fluid and brain of patients with neu-
rological symptoms. Lancet. 1985;2:586-588.

. Ellis R, Deutsch R, Heaton R, et al. Neurocognitive impairment is an indepen-

dent risk factor for death in HIV infection. Arch Neurol. 1997;54:416-424.

. Spencer D. Human immunodeficiency virus type-1 and tuberculosis in an ur-

banized, hospitalised community in Johannesburg, South Africa. Nursing RSA.
1992;7:39.

. Price R. Understanding the AIDS dementia complex (ADC): the challenge of HIV

and its effects on the central nervous system. Res Publ Assoc Res Nerv Ment
Dis. 1994;72:1-45.

. Lipton S, Gendelman H. Dementia associated with the acquired immunodefi-

ciency syndrome. N Engl J Med. 1995;665:934-940.

. Dal Pan G, McArthur J, Aylward E, et al. Patterns of cerebral atrophy in HIV-1-

infected individuals: results of a quantitative MRI analysis. Neurology. 1992;42:
2125-2130.

. Raininko R, Elovaara |, Virta A, Valanne L, Haltia M, Valle S. Radiological study

of the brain at various stages of human immunodeficiency virus infection: early
development of brain atrophy. Neuroradiology. 1992;34:190-196.

. Post M, Berge J, Quence R. Asymptomatic and neurologically symptomatic HIV-

seropositive individuals: prospective evaluation with cranial MR imaging. Radi-
ology. 1991;178:131-139.

. Moeller A, Backmund H. Ventricle brain ratio in the clinical course of HIV infec-

tion. Acta Neurol Scand. 1990;81:512-515.

. Jakobsen J, Gyldensted C, Brun B, Bruhn P, Helweg-Larsen S, Arlien-Soborg P.

Cerebral ventricular enlargement relates to neuropsychological measures in un-
selected AIDS patients. Acta Neurol Scand. 1989;79:59-62.

. Elovaara |, Poutiainen E, Raininko R, et al. Mild brain atrophy in early HIV infec-

tion: the lack of association with cognitive deficits and HIV-specific intrathecal
immune response. J Neurol Sci. 1990;99:121-136.

. Aylward E, Henderer J, McArthur J, et al. Reduced basal ganglia volume in HIV-

1-associated dementia: results from quantitative neuroimaging. Neurology. 1993;
43:2099-2104.

. Aylward E, Brettschneider P, McArthur J, et al. Magnetic resonance imaging mea-

surement of gray matter volume reductions in HIV dementia. Am J Psychiatry.
1995;152:987-994.

. Jernigan T, Archibald S, Hesselink J, et al. Magnetic resonance imaging mor-

phometric analysis of cerebral volume loss in human immunodeficiency virus
infection. Arch Neurol. 1993;50:250-255.

. Bornstein R, Chakeres D, Brogan M, et al. Magnetic resonance imaging of white

matter lesions in HIV infection. J Neuropsychiatry Clin Neurosci. 1992;4:174-
178.

Grant |, Atkinson J, Hesselink J, et al. Evidence for early central nervous system
involvement in the acquired immunodeficiency syndrome (AIDS) and other human
immunodeficiency virus (HIV) infections. Ann Intern Med. 1987;107:828-836.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

ARCH NEUROL/VOL 55, FEB 1998

168

Hesselink J, Jernigan T, Heindel W. Structural brain imaging of HIV infection. In:
Grant I, Martin A, eds. Neuropsychology of HIV Infection. New York, NY: Oxford
University Press Inc; 1994:108-130.

Heindel W, Jernigan T, Archibald S, Achim C, Masliah E, Wiley C. The relation-
ship of quantitative brain magnetic resonance imaging measures to neuropatho-
logic indexes of human immunodeficiency virus infection. Arch Neurol. 1994;
51:1129-1135.

Navia BA. The AIDS dementia complex. In: Cummings JL, ed. Subcortical De-
mentia. New York, NY: Oxford University Press Inc; 1990:181-198.

Heaton R, Grant |, Butters N, et al. The HRNC 500: neuropsychology of HIV in-
fection at different disease stages. J Int Neuropsychol Soc. 1995;1:231-251.
Peavy G, Jacobs D, Salmon D, et al. Verbal memory performance of patients with
human immunodeficiency virus infection: evidence of subcortical dysfunction.
J Clin Exp Neuropsychol. 1994;16:508-523.

Stout J, Salmon D, Butters N, et al. Decline in working memory associated with
HIV infection. Psychol Med. 1995;25:1221-1232.

Martin A. HIV, cognition, and the basal ganglia. In: Grant |, Martin A, eds. Neu-
ropsychology of HIV Infection. New York, NY: Oxford University Press Inc; 1994:
234-259.

Centers for Disease Control. 1993 revised classification system for HIV infec-
tion and expanded surveillance case definition for AIDS among adolescents and
adults. MMWR Morb Mortal Wkly Rep. 1992;41:1-19.

Giorgi J. Characterization of T lymphocyte subset alterations by flow cytometry
in HIV disease. Ann N'Y Acad Sci. 1993;677:126-137.

Cavalli G, Lopez S, Franzetti F, et al. Diagnostic and prognostic significance of
beta 2-microglobulin during HIV infection. Ric Clin Lab. 1990;20:105-111.
Phillips A, Sabin C, Elford J, et al. Serum beta 2-microglobulin at HIV-1 sero-
conversion as a predictor of severe immunodeficiency during 10 years of fol-
lowup. J Acquir Immune Defic Syndr Hum Retrovirol. 1996;13:262-266.
Collier A, Coombs R, Schoenfeld D, et al. Treatment of human immunodefi-
ciency virus infection with saquinavir, zidovudine, and zalcitabine. N Engl J Med.
1996;334:1011-1017.

Jacobson M, De Gruttola V, Reddy M, et al. The predictive value of changes in
serologic and cell markers of HIV activity for subsequent clinical outcome in pa-
tients with asymptomatic HIV disease treated with zidovudine. A/DS. 1995;9:
727-734.

Jernigan T, Hesselink J, Sowell E, Tallal P. Cerebral structure on magnetic reso-
nance imaging in language- and learning-impaired children. Arch Neurol. 1991;
48:539-545.

Abramson |. A recursive regression for high-dimensional models, with applications
to growth curves and repeated measures. J Am Stat Assoc. 1988;83:1073-1077.
Hall M, Whaley R, Robertson K, Hamby S, Wilkins J, Hall C. The correlation be-
tween neuropsychological and neuroanatomic changes over time in asymptomatic
and symptomatic HIV-1-infected individuals. Neurology. 1996;46:1697-1702.
Wiley C, Masliah E, Achim C. Measurement of CNS HIV burden and its associa-
tion with neurologic damage. Adv Neuroimmunol. 1994;4:319-325.

Brew B, Rosenblum M, Cronin K, Price R. AIDS dementia complex and HIV-1
brain infection: clinical-virological correlations. Ann Neurol. 1995;38:563-570.

©1998 American Medical Association. All rights reserved.
Downloaded From: http://archneur .jamanetwor k.com/ by a University of California - San Diego User on 04/22/2016





