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Few studies have described the metabolic sub- creatine, a reference marker, were measured in the
strates underlying neuropsychological perfor- basal ganglia, frontal white matter, and parietal
mance in HIV infection or examined the specific- cortex. The neuropsychological evaluation con-
ity of these relationships. The authors performed sisted of tests that measured gross and fine motor
magnetic resonance spectroscopic and neuropsy- skills, psychomotor function, information process-
chological evaluations on 61 patients with AIDS ing speed, and verbal memory. The authors exam-
dementia complex (stages 1-3) and 39 HIV-posi- ined performance on individual subtests and an
tive neurologically asymptomatic individuals. N- aggregate Z score based on eight subtests (NPZ-
acetylaspartate, a marker of mature neurons, cho-  8), adjusted for age and education. The NPZ-8

line and myoinositol, both markers of gliosis, and was significantly higher in subjects with greater
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N-acetylaspartate/creatine in the frontal white
matter and was lower in subjects with higher
myoinositol/creatine in the basal ganglia. Particu-
larly strong associations were found between mea-
sures of gross and fine motor function, which cor-
related positively with N-acetylaspartate/creatine
in the frontal white matter and negatively with
myoinositol/creatine in the basal ganglia. Simi-
larly, cognitive processing speed was negatively
correlated with myoinositol/creatine in the basal
ganglia. In contrast, there were no statistically
significant relationships between brain metabolite
levels in the parietal cortex and neuropsychologi-
cal function. This study provides convincing evi-
dence that neuropsychological impairment is asso-
ciated with reduced markers of mature neurons
and increased markers of gliosis in the basal gan-
glia and frontal white matter. Neural changes as
reflected by these metabolite levels may prove use-
ful in identifying individuals at risk for neuropsy-
chological impairment. Prospective studies are
needed to elucidate the evolution of these changes
in the setting of antiretroviral therapy.

(The Journal of Neuropsychiatry and Clinical
Neurosciences 2007; 19:283-292)
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he effects of HIV infection on brain function range

from subtle cognitive impairment to frank demen-
tia, the latter referred to as the AIDS dementia complex.'
The neuropsychological profile of patients with AIDS
dementia complex (ADC) is generally consistent with a
“frontal-subcortical” pattern of impairment. As such, af-
fected cognitive domains include fine motor coordina-
tion and speed, sustained attention, processing speed,
executive function, learning efficiency, and working
memory.”'° By contrast, functional cortical impairment
(e.g., aphasia, apraxia, anomia) is not characteristic of
HIV-related brain dysfunction, at least among patients
with relatively mild to moderate symptoms.

Consistent with the clinical expression of cognitive
symptoms, pathological abnormalities associated with
HIV are usually confined to the deep gray and white
matter, but as discussed below, may also be seen in the
cortex. The severity of clinical disease generally corre-
lates most strongly with structural and functional ab-
normalities in the basal ganglia and white matter and is
influenced by the expression of a variety of host and
viral factors in these regions.'"™'* Structural and func-
tional neuroimaging studies have shown that alterations
in subcortical volume or metabolism, particularly in the
basal ganglia, are strongly related to cognitive dysfunc-
tion.'

Despite the converging evidence in support of a sub-
cortical profile associated with HIV, there is neuropath-
ological evidence that cortical abnormalities also exist
among infected patients.">” Reductions in cortical syn-
aptic density have been reported at different stages of
HIV infection,®® and cortical dendritic branching is re-
duced among individuals with mild HIV-associated
cognitive motor disorder.”' These findings question the
specificity of subcortical abnormalities in HIV as they
relate to cognitive function.

Studies show that infiltration of the brain by infected
macrophages is associated with an inflammatory cas-
cade mediated by the release of host- (e.g., cytokines,
oxygen free radicals) and viral-related factors (e.g., tat,
gp120) that disrupt neural function.”*® This neuro-
chemical cascade is associated with metabolic abnor-
malities that can be detected and directly measured in
brain tissue by proton magnetic resonance spectroscopy
(MRS). Proton MRS provides a robust method to ex-
amine such neurochemical changes at the regional and
cellular level. Previous studies using MRS have focused
on several specific brain metabolites including choline,
myoinositol, and N-acetylaspartate. Choline and myo-
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inositol are believed to represent markers of gliosis,
whereas N-acetylaspartate is a putative marker of mature
neurons.” Studies of HIV patients have revealed signifi-
cant elevations in choline and myoinositol in subjects
with mild cognitive impairment and significant reduc-
tions in N-acetylaspartate in the cortex of individuals
with more severe neuropsychological impairment.**>*

We formed an HIV MRS consortium to further assess
the in vivo effects of HIV infection on regional brain
function. The consortium developed a multicenter pro-
tocol that can reliably generate metabolite data at a short
echo time, allowing for measurement of the myoinositol
peak from three brain regions, specifically, the basal gan-
glia, frontal white matter, and parietal cortex. Initial out-
comes from the consortium revealed that ADC patients
exhibited significantly lower levels of N-acetylaspar-
tate/creatine in the frontal white matter compared with
the nondemented HIV-positive individuals and signifi-
cantly increased levels of choline/creatine and myoino-
sitol/creatine in the basal ganglia and frontal white
matter compared with HIV seronegative subjects.®®
By contrast, nondemented HIV-positive individuals
showed a significantly elevated myoinositol/creatine in
the frontal white matter compared to seronegative sub-
jects, and this was the sole metabolite abnormality.

The purpose of the present study was to examine re-
lationships between metabolite abnormalities in the
basal ganglia and frontal white matter and neuropsy-
chological performance in patients with HIV in the con-
text of antiretroviral therapy. We examined the specific-
ity of relationships between MRS indices obtained from
the basal ganglia and frontal white matter and neuro-
psychological performance by determining whether
neuropsychological performance correlated with MRS
indices obtained in the cortex. The parietal cortex was
selected as a nonspecific cortical site, since, based on
previous studies,® this site is believed to be less in-
volved in HIV and therefore would serve as a general
index of cortical health. We predicted that neuropsycho-
logical function would correlate strongly with levels of
specific metabolites in the basal ganglia, subcortical
white matter, or both. In contrast, we hypothesized that
neuropsychological function would not strongly corre-
late with metabolite levels in the parietal cortex.

METHOD

We recruited participants as part of the AIDS Clinical
Trials Group (ACTG) study 301, a phase II trial of me-
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mantine for ADC and peripheral neuropathy and its
proton MRS substudy, ACTG 700. They were enrolled
between December 1997 and December 1999 at eight
sites in the United States (Massachusetts General Hos-
pital; University of California, Los Angeles; University
of Pennsylvania; University of Washington, University
of Rochester, Mt. Sinai Medical Center; University of
Texas; and University of California, San Francisco). The
study cohort comprised 61 participants diagnosed with
ADC and 39 HIV positive neurologically asymptomatic
subjects (Table 1). The entry criteria for the ADC group
included clinical diagnosis of ADC (Memorial Sloan
Kettering Classification [MSKC] Stage I or greater) and
performance on the cognitive battery that was at least 1
SD point below age- and education-specific normative
data on two independent tests, or more than 2 SDs in at
least one test (see below). Individuals who received an
MSKC stage score of 0 were classified as neurologically
asymptomatic. The majority of the participants at entry
were receiving highly active antiretroviral therapy
(HAART), consisting of at least one protease inhibitor.
All information we report in the present study was ob-
tained at the baseline assessment.

Neuropsychological Assessment
A 40-minute neuropsychological test battery was ad-
ministered to all participants. The battery included the
Rey Auditory Verbal Learning Test;” Timed Gait;
Grooved Pegboard, dominant and nondominant
hands;* Symbol Digit Modalities Test;*' Trail-Making
Test;** Stroop Color Interference Test;** and the CalCAP,
simple and sequential reaction time.** These measures
have been used extensively since 1986 in the longitudi-
nal Multicenter AIDS Cohort Study (MACS).* In addi-
tion, the measures are sensitive to the key cognitive
signs of ADC (e.g., gross and fine motor slowing, slowed
information processing) and are known to discriminate
AIDS from nonAIDS cases and HIV-associated cognitive
impairment from nonimpairment.*>>°

A composite score composed of eight neuropsycho-
logical test scores (NPZ-8) was derived by aggregating
eight age- and education-adjusted individual neuropsy-
chological scores from the above tests. Standardization
of the scores was based on normative data from the
MACS, which are available from over 1,000 HIV-nega-
tive comparison subjects. The standard scores were de-
fined so that positive values indicate better performance
compared with the corresponding age- and education-
adjusted norm, while negative values indicate poorer
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performance. Scores close to zero indicate average per-
formance. The utility of the NPZ-8 index score in the
assessment of cognitive impairment at baseline has been
documented in several clinical trials of ADC, and a close
correlation has been found with the ADC stage as de-
fined by the MSKC classification.*>*7#®

To further examine the relationship of specific do-
mains of neuropsychological test performance (e.g., pro-
cessing speed, fine motor coordination, psychomotor
speed) to regional levels of brain metabolites, we cate-
gorized all of the neuropsychological tests into func-
tional groupings based on previously reported factor
analyses.*” The six categories included: gross motor
functioning (Timed Gait), fine motor functioning
(Grooved Pegboard, dominant and nondominant
hands), psychomotor functioning (Trail-Making Test
and Symbol Digit), speed of cognitive processing
(CalCAP Reaction Time tests), frontal systems function-
ing (Stroop Color Interference Test), and verbal memory
(Auditory Verbal Learning Test, sum of trials 1 to 5).

Proton Magnetic Resonance Spectroscopy (*H-MRS)

To ensure that data were acquired uniformly across all
sites, all MRS/MRI exams were performed on Signa 1.5T
MR imagers (GE Medical Systems, Milwaukee, Wisc.),
operating with system 5.6 or higher and using the stan-
dard GE quadrature head coil. The imaging study pro-
tocol, detailing all parameter settings under operator
control, was prepared and distributed by the central site.
Spectra were localized in the parietal cortex, frontal
white matter and basal ganglia. Images, raw spectro-
scopic data, and films showing voxel placement were

transferred electronically to Massachusetts General
Hospital. Raw data sets were analyzed using the com-
mercial software package SagelDL (GE Medical Sys-
tems, Milwaukee). Intersite reliability was established in

a multicenter validation study as described by Lee et
al.®

Statistical Procedures

We compared neuropsychological test performance be-
tween subgroups by the Wilcoxon-Mann-Whitney
(WMW) rank sum test and assessed correlation between
pairs of variables via the Spearman correlation coeffi-
cient and the partial Spearman correlation with an ad-
justment made for the age of each subject. We reported
p values below 0.05 and between 0.05 and 0.10. In ad-
dition, we performed a Bonferroni adjustment to correct
for multiple comparisons. Generally, five metabolite ra-
tios were measured in the three brain regions, resulting
in 15 comparisons. After adjustment, p values below
0.0033 (0.05/15) were considered significant at the 5%
level, while p values between 0.003 and 0.0067 (0.10/15)
were considered significant between the 5% and 10%
level.

RESULTS

Demographics (age, education, race/ethnicity) as well
as HIV-related characteristics (CD4 count, type of anti-
viral therapy) are shown in Table 1. Of note is the rela-
tively high median CD4 count among all HIV-positive
patients. Further, the median plasma viral load was sig-

TABLE 1. Participant Characteristics

Asymptomatic (NAS) (N =39) ADC stage 1 (N=61) ADC stages 2/3 (N=14) p Value

Gender (% male) 40 (89%) 55 (89%) 13 (93%) >0.999"
Race/ethnicity (% Caucasian) 25 (56%) 45 (73%) 10 (71%) 0.193
IV-drug use (% nonuser) 40 (89%) 54 (87%) 8 (57%) 0.023
Education (% up to high school) 9 (20%) 14 (23%) 6 (43%) 0.217
Antiviral therapy (% PP 35 (78%) 57 (92%) 14 (100%) 0.039
Age (years)

Median (95% CI°) 37 (27-51) 44 (31-63) 41 (33-58) <0.001*
CD4 (cells/ml)

Median (95% CI) 284 (24-791) 296 (25-847) 330 (23-1035) 0.711*
NPZ-8

Median (95% CI) —0.05 (—0.74-1.04) —1.21 (-2.91- —-0.13) —2.21 (=5.02- —2.21) <0.001*
HIV load in plasma (log;, copies/ml)

Median (95% CI) 3.94 (1.7-4.88) 2.26 (1.7-4.88) 1.7 (1.7-4.88) 0.036°

Fisher’s exact test

*Proportion receiving at least one protease inhibitor (PI) within antiviral regimen
*Nonparametric 95% confidence interval: the lower and upper bounds are respectively the 25" and 95" percentiles in each group.

#Kruskal-Wallis test
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nificantly higher among cognitively intact individuals,
possibly reflecting less frequent use of combined thera-
pies in this group. Median NPZ-8 scores are presented
in Table 1. As expected, more severely impaired partic-
ipants (ADC stages 2 and 3) scored lower than individ-
uals with mild ADC (ADC stage 1) (WMW p<0.001).
The most impaired group (ADC Stages 2 and 3) showed
an NPZ-8 mean more than 2 SDs below the norm (below
the third percentile).

Association Between NPZ-8 and Cerebral Metabolites

To identify the metabolic substrates that underlie neu-
ropsychological performance (Table 2), we examined as-
sociations between NPZ-8 and specific regional metab-
olite ratios. Individuals with higher scores on the NPZ-8
exhibited significantly higher levels of N-acetylaspar-
tate/creatine in the frontal white matter. Conversely, in-
dividuals with lower scores on the NPZ-8 exhibited
higher levels of myoinositol/creatine in the basal gan-
glia. Significant associations between the NPZ-8 score
and N-acetylaspartate/choline, and N-acetylaspartate/
myoinositol were also observed, a finding likely due to
the relationships between the NPZ-8 and both N-ace-
tylaspartate and myoinositol levels. Associations be-
tween metabolites in the parietal cortex and the NPZ-8
battery were not statistically significant. After adjusting
for the age of the subject (Table 2, numbers in parenthe-
ses) the results were the same as described above with
one notable exception: adjusting for age attenuated the
correlation between NPZ-8 and levels of N-acetylaspar-
tate/creatine in the frontal white matter.

Associations Between Individual Neuropsychological
Measures and Cerebral Metabolites

As shown in Table 3, poorer performance on Timed Gait
and Grooved Pegboard with dominant and nondomi-
nant hands was associated with higher levels of myo-
inositol/creatine in the basal ganglia, and lower levels
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of N-acetylaspartate/myoinositol in the basal ganglia.
Poorer performances on Timed Gait and Grooved Peg-
board dominant hand were also associated with lower
levels of N-acetylaspartate/creatine, N-acetylaspartate/
choline, and N-acetylaspartate/myoinositol in the fron-
tal white matter. Further, individuals with lower scores
on the Trail-Making Test, Part B, exhibited lower levels
of N-acetylaspartate/choline in the frontal white matter,
while poorer performances on Simple Reaction Time
correlated with higher levels of myoinositol/creatine in
the basal ganglia. Finally, poorer performance on Sym-
bol Digit correlated with lower levels of N-acetylaspar-
tate/creatine in the frontal white matter. No significant
correlations were found between MRS indices and per-
formances on the Trail-Making Test, Part A, or the Se-
quential Reaction Time test. Adjustment for age through
partial correlations (Table 3) produced similar results
with the analysis as described above, though a few cor-
relations were weakened.

Associations Between Functional Domains and Cerebral
Metabolites

To further understand the associations between specific
cognitive functions and brain metabolites, we catego-
rized each of the neuropsychological tests into func-
tional domains based on a factor analysis of the test bat-
tery (Table 4). Poorer performance in the gross motor
function domain was associated with higher levels of
myoinositol/creatine in the basal ganglia and lower lev-
els of N-acetylaspartate/myoinositol in the basal gan-
glia. In addition, poorer performance in this domain was
associated with lower levels of N-acetylaspartate /crea-
tine, N-acetylaspartate/choline, and N-acetylaspartate/
myoinositol in the frontal white matter. Poorer perfor-
mance in the fine motor domain was correlated with
higher levels of myoinositol/creatine in the basal gan-
glia and lower levels of N-acetylaspartate/myoinositol
in the basal ganglia. Poorer performance in this domain

TABLE 2. Spearman Correlation Coefficients Between NPZ-8 and Regional Brain Metabolism

NAA/Cr Cho/Cr MI/Cr NAA/Cho NAA/MI
(N=93 to 98) + (N=93 to 98) (N=75 to 97) (N=93 to 98) (N=75 to 97)
Brain Region r (partial r) r (partial r) r (partial r) r (partial r) r (partial r)
Basal ganglia 0.07 (0.06) —0.25 (=0.20) —0.43* (—0.35%) 0.30* (0.24) 0.43* (0.33)
White matter 0.32* (0.25) —0.22 (-0.14) —0.25 (-0.20) 0.34* (0.25) 0.34* (0.26)
Parietal cortex 0.18 (0.17) —0.02 (0.02) —0.12 (—0.08) 0.14 (0.10) 0.16 (0.14)

*Statistically significant at the 5% level, otherwise significant only at the 5% to 10% level

NAA = N-acetylaspartate; Cr = creatine; Cho = choline; MI=myoinositol

N reflects range of sample size included in each correlation; adjustment for multiple comparisons has been made within each domain
(p<<0.0033 is considered statistically significant and is highlighted in bold).
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was also significantly correlated with lower levels of
N-acetylaspartate/creatine, N-acetylaspartate/choline,
and N-acetylaspartate/myoinositol in the frontal white
matter. Psychomotor function was associated with N-
acetylaspartate /myoinositol in the basal ganglia and N-
acetylaspartate/choline in the frontal white matter and
reduced processing speed was associated with higher
levels of myoinositol/creatine in the basal ganglia. No
significant relationships were evident between the fron-
tal systems and verbal memory domains and MRS in-
dices. In addition, as described above, there were no sig-
nificant correlations between functional domains and
individual metabolites measured in the parietal cortex.
After adjustment for age through partial correlations
(Table 4, numbers in parentheses), the relationships be-

tween myoinositol/creatine in the basal ganglia and
Timed Gait were reduced, but other relationships be-
tween myoinositol/creatine in the basal ganglia and
N-acetylaspartate/creatine in the frontal white matter
remained significantly associated with neuropsycholog-
ical performance.

DISCUSSION

We undertook this study to examine the relationship be-
tween in vivo brain metabolism as measured by MRS
and neuropsychological domains of cognitive function
previously shown to be affected among HIV-infected
patients. Strong relationships were found between neu-

TABLE 3. Correlations Between Individual Neuropsychological Measures and Metabolite Levels

NAA/Cr Cho/Cr MI/Cr NAA/Cho NAA/MI
(N=93-99) (N=93-98) (N=75-97) (N=93-98) (N=75-97)
r (partial r) r (partial r) r (partial r) r (partial r) r (partial r)
Timed gait
Basal ganglia 0.03 (0.02) —0.18 (-0.13) —0.33* (—0.27) 0.20 (0.14) 0.35* (0.26)
Frontal white matter 0.34* (0.30%) —0.20 (-0.15) —0.26 (—0.23) 0.37* (0.31%) 0.37* (0.32%)
Parietal 0.13 (0.12) —0.05 (-0.03) —0.23 (-0.21) 0.11 (0.07) 0.24 (0.23)
Grooved pegboard (dominant)
Basal ganglia 0.06 (0.05) —0.24 (-0.18) —0.44* (—0.37%) 0.29 (0.22) 0.45* (0.36%)
Frontal white matter 0.37* (0.30%) —0.17 (=0.07) —0.22 (—0.17) 0.33* (0.21) 0.39* (0.32%)
Parietal 0.18 (0.16) —0.06 (—0.01) —0.13 (—0.09) 0.17 (0.12) 0.18 (0.15)
Grooved pegboard (nondominant)
Basal ganglia 0.09 (0.08) —0.19 (-0.12) —0.41* (—0.33) 0.26 (0.18) 0.47* (0.38*)
Frontal white matter 0.34* (0.26) —0.18 (—0.08) —0.19 (—0,13) 0.34* (0.22) 0.35 (0.26)
Parietal 0.15 (0.12) —0.11 (—0.06) —0.20 (—0.16) 0.18 (0.13) 0.19 (0.16)
Symbol digit substitution
Basal ganglia 0.09 (0.07) —0.21 (-0.17) —0.30 (—0.23) 0.22 (0.17) 0.30 (0.21)
Frontal white matter 0.28 (0.24) —0.10 (—0.04) —-0.15 (—0.11) 0.23 (0.17) 0.26 (0.21)
Parietal 0.22 (0.21) 0.04 (0.07) 0.05 (0.08) 0.13 (0.10) 0.05 (0.03)
NAA/Cr Cho/Cr MI/Cr NAA/Cho NAA/MI
(N=93-98) (N=93-98) (N=75-97) (N=93-98) (N=75-97)

r (partial r)

r (partial r)

r (partial r) r (partial r) r (partial r)

Trail-making Part A

Basal ganglia 0.21 (0.21) —0.05 (=0.00) —0.19 (-0.11) 0.20 (0.15) 0.29 (0.20)

Frontal white matter 0.23 (0.19) —0.14 (-0.09) —0.08 (—0.05) 0.23 (0.17) 0.17 (0.12)

Parietal 0.16 (0.15) 0.00 (0.02) —0.02 (-0.00) 0.13 (0.10) 0.08 (0.06)
Trail-making Part B

Basal ganglia 0.01 (—0.00) —0.21 (-0.16) —0.26 (—0.16) 0.21 (0.15) 0.28 (0.17)

Frontal white matter 0.17 (0.10) —0.27 (—0.20) —0.18 (—0.13) 0.32* (0.24) 0.21 (0.13)

Parietal 0.15 (0.13) —0.10 (—0.06) —0.10 (—0.07) 0.20 (0.16) 0.14 (0.11)
Simple reaction time

Basal ganglia —0.02 (—0.03) —0.21 (-0.17) —0.34* (—0.27) 0.22 (0.17) 0.31 (0.22)

Frontal white matter 0.22 (0.16) —0.22 (—0.16) —0.14 (-0.10) 0.25 (0.18) 0.21 (0.14)

Parietal 0.10 (0.08) 0.08 (0.11) —0.06 (—0.03) 0.02 (-0.03) 0.08 (0.06)
Sequential reaction time

Basal ganglia —0.05 (-0.07) —0.25 (-0.19) —0.29 (-0.19) 0.19 (0.10) 0.24 (0.11)

Frontal white matter 0.16 (0.06) —0.20 (—0.09) —0.13 (—0.07) 0.24 (0.09) 0.16 (0.04)

Parietal 0.09 (0.06) —0.04 (0.01) —0.01 (0.04) 0.10 (0.03) 0.03 (—0.02)

NAA =N-acetylaspartate; Cr = creatine; Cho = choline; MI=myoinositol

*Statistically significant at the 5% level, otherwise significant only at the 5% to 10% level; adjustment for multiple comparisons has been
made within each domain (p<<0.0033 is considered statistically significant and is highlighted in bold).
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ropsychological performance and MRS indices of in-
creased gliosis and reduced mature neurons in the sub-
cortical regions, whereas no significant relationships
were identified between these measures in the parietal
cortex.

A number of previous studies have reported signifi-
cant relationships between brain metabolite levels and
cognitive performance in HIV. Rottenberg et al.”!
showed that decreases in glucose metabolism in the sub-
cortical regions as measured by positron emission to-
mography correlated with measures of motor function,
such as the Grooved Pegboard, while cortical metabolic
abnormalities predicted performance on tests of execu-
tive function. Lépez-Villegas et al.*® applied high-reso-
lution spectroscopy in the frontal gray and white matter
in 15 HIV-positive subjects and found significant corre-
lations between an aggregate MRS score based on an
increase in myoinositol/creatine and a decrease in N-
acetylaspartate/creatine and performance on Grooved
Pegboard, finger tapping, Trail-Making Test, Part A, and

PAUL et al.

Digit Symbol. Using a multivoxel imaging approach,
Meyerhoff et al.** reported elevated choline in subcor-
tical brain regions among cognitively intact individuals,
and reduced N-acetylaspartate in subcortical brain re-
gions among individuals with severe cognitive impair-
ments. Specific relationships were observed between N-
acetylaspartate levels in the subcortical brain regions
and performances on measures of abstraction, immedi-
ate and delayed memory, verbal fluency, and fine motor
dexterity. Finally, Chang et al.”® reported significant re-
lationships between elevated myoinositol to creatine
levels in the frontal white matter and performance on
executive tasks among HIV-positive individuals naive
to HAART.

The present study extends the above findings by iden-
tifying the specificity of MRS/cognitive relationships
across brain regions. In our study, impaired gross motor
and fine motor skills were associated with increases in
myoinositol/creatine, a presumed marker of gliosis, in
the basal ganglia and with decreases in N-acetylaspar-

TABLE 4. Correlation Between Functional Domains and Metabolite Levels

NAA/Cr
(N=95)
r (partial r)

Cho/Cr
(N=95)
r (partial r)

MI/Cr
(N=77)
r (partial r)

NAA/Cho
(N=95)
r (partial r)

NAA/MI
(N=77)
r (partial r)

Gross-motor function (TIG)

Basal ganglia 0.03 (0.02) —0.18 (—0.13) —0.33 (—0.27) 0.20 (0.14) 0.3* (0.26)
Frontal white matter 0.34 (0.30) —0.20 (—0.15) —0.26 (—0.23) 0.37* (0.31%) 0.37 (0.32)
Parietal 0.13 (0.12) —0.05 (—0.03) —-0.23 (—-0.21) 0.11 (0.07) 0.24 (0.23)
Fine-motor function (GPD + GPN)
Basal ganglia 0.09 (0.10) —0.21 (-0.13) —0.47 (—0.40) 0.29 (0.22) 0.53 (0.47)
Frontal white matter 0.37 (0.29) —0.19 (—0.07) —-0.22 (—-0.19) 0.36 (0.23) 0.39 (0.31)
Parietal 0.19 (0.15) —0.09 (—0.03) —0.17 (—0.11) 0.19 (0.12) 0.20 (0.15)
Psychomotor function (TMB+SYD")
Basal ganglia 0.12 (0.10) —0.16 (—0.12) —-0.27 (—-0.19) 0.23 (0.18) 0.32 (0.22)
Frontal white matter 0.24 (0.19) —0.19 (-0.12) —0.16 (-0.12) 0.28 (0.21) 0.23 (0.16)
Parietal 0.19 (0.18) —0.01 (—0.02) —0.00 (—0.03) 0.16 (0.13) 0.08 (0.06)
NAA/Cr Cho/Cr MI/Cr NAA/Cho NAA/MI
(N=95) (N=95) N=77) (N=95) N=77)

r (partial r)

r (partial r)

r (partial r) r (partial r) r (partial r)

Processing speed (CRT + QRT)

Basal ganglia —0.06 (—0.04) —0.27 (-0.19) —0.38 (—0.29) 0.22 (0.16) 0.33 (0.24)

Frontal white matter 0.21 (0.12) —0.23 (-0.15) —0.17 (-0.14) 0.27 (0.15) 0.21 (0.13)

Parietal 0.12 (0.07) 0.03 (0.08) —0.06 (—0.02) 0.06 (—0.01) 0.09 (0.04)
Frontal systems (Stroop test)?

Basal ganglia —0.08 (—0.06) —0.25 (—0.18) —0.29 (-0.21) 0.19 (0.13) 0.27 (0.18)

Frontal white matter 0.19 (0.12) —0.19 (-0.10) —0.23 (-0.21) 0.26 (0.15) 0.26 (0.20)

Parietal 0.08 (0.04) —0.03 (—0.02) —0.10 (—0.06) 0.13 (0.07) 0.09 (0.05)
Verbal memory (RAVLT)

Basal ganglia 0.10 (—0.10) —0.24 (-0.19) —0.18 (—0.07) 0.18 (0.13) 0.17 (0.06)

Frontal white matter 0.08 (0.02) —0.21 (=0.16) —0.28 (—-0.23) 0.20 (0.13) 0.24 (0.18)

Parietal —0.05 (—0.08) —0.11 (-0.08) —0.11 (-0.10) 0.11 (0.08) 0.05 (0.03)

*Statistically significant at the 5% level; otherwise significant only at the 5% to 10% level. Adjustment for multiple comparisons has been
made within each domain (p<<0.0056 is considered significant and is highlighted in bold)

NAA =N-acetylaspartate; Cr = creatine; Cho = choline; MI=myoinositol

!Symbol-digit test scores were multiplied by (—1) so that large scores implied poor performance

ZStroop test scores were multiplied by (—1) so that large values imply poor performance
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tate/creatine, a marker of mature neurons, in the frontal
white matter. It is of interest that we did not observe
significant relationships between N-acetylaspartate /cre-
atine levels in the basal ganglia and neuropsychological
function. Studies conducted prior to the widespread use
of HAART reported reduced N-acetylaspartate/creatine
levels in the frontal gray matter among patients with
ADC,* and one might expect similar results in the basal
ganglia given the anatomical connections between these
regions of the brain. However, N-acetylaspartate mea-
sured in the subcortical gray matter appears relatively
intact in the earliest stages of neuropsychological com-
promise associated with HIV. For example, Chang et
al.*® reported no significant alterations in N-acetylas-
partate in the basal ganglia among patients with mild
neuropsychological dysfunction, and Meyerhoff et al.*
observed significant reductions in N-acetylaspartate in
the subcortical gray matter only among patients with
severe neuropsychological impairments.

Most patients in the current study received an ADC
stage score of 1, consistent with mild to moderate neu-
ropsychological impairment. As such, our findings sug-
gest that increasing inflammatory change or membrane
damage in the basal ganglia contributes to neuropsy-
chological impairment independent of the effects of a
decrease in N-acetylaspartate/creatine, at least among
patients with less severe ADC who are on stable treat-
ment. Future studies will be needed to examine these
MRS indices in multiple subcortical and cortical regions
(including the frontal lobe gray matter) in order to de-
lineate the relationships between changes in metabolite
ratios and neuropsychological function across these de-
fined brain circuits. In addition, examination of metab-
olite concentrations in these brain regions may be useful
as previous work has demonstrated alterations in mul-
tiple metabolites in patients with HIV, including the ref-
erence metabolite creatine, and these alterations could
influence the ratio values and possibly mask the effects
of changes in individual metabolites (e.g., reductions in
N-acetylaspartate).**>*

Surprisingly, as both choline and myoinositol are
markers of glial cell function and choline/creatine is in-
creased in HIV-infected individuals, we found only
weak associations with choline/creatine in the frontal
white matter and basal ganglia and neuropsychological
performance. Changes in myoinositol may thus reflect
metabolic events not measured by choline. Together
these findings suggest that abnormalities in myoinosi-
tol/creatine and N-acetylaspartate/creatine may pro-
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vide the primary metabolic substrates underlying neu-
ropsychological ~dysfunction among HIV-infected
individuals. The observation that correlations were gen-
erally higher with measures of pure motor function and
processing speed as opposed to psychomotor function
and verbal memory further support earlier observations
that impairment in these domains comprises one of the
more salient manifestations of ADC.*"!

The current findings support the hypothesis that HIV-
associated cognitive impairment is associated with dys-
function of subcortical brain structures and white mat-
ter”"" Assuming that any disruption of subcortical
function results in concomitant disruption of frontal-
subcortical circuits, it is reasonable to conclude that
frontal measures, including measures of psychomotor
function, would tend to correlate both with basal gan-
glia dysfunction (the presumed site of damage) as well
as interconnected white matter. In fact, psychomotor
function as measured by Symbol Digit and Trail-Making
Test, Part B correlated with metabolites in the basal gan-
glia and frontal white matter.

The relative lack of correlations between neuropsy-
chological function and MRS indices in the parietal cor-
tex is consistent with models of HIV-related brain in-
jury.!*!®> The most parsimonious explanation for this
observation is that cortical abnormalities may be most
significant among individuals with more advanced cog-
nitive impairment. Alternatively, certain functional re-
lationships may be localized to cortical regions other
than the parietal cortex. The neuropsychological battery
administered in the present study was not particularly
sensitive to cognitive functions mediated by the parietal
cortex, and therefore the lack of significant associations
between the MRS indices from the parietal cortex and
neuropsychological performance may reflect this bias.
However, the parietal cortex is involved in attentional
processes, among other tasks, and there is evidence of
disrupted attentional networks among patients with
HIV.>* Future studies that employ more selective mea-
sures of attention will be required to define these rela-
tionships with greater certainty. Nevertheless, to the ex-
tent that brain metabolite abnormalities in the parietal
cortex represent general cortical disease involvement,
the absence of a significant relationship between MRS
indices in the parietal cortex and neuropsychological
performance emphasize the specificity of subcortical
brain regions to neuropsychological impairment in HIV.
As noted previously, this issue will be clarified with
greater certainty in future studies that examine MRS in-
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dices in multiple brain regions, including the frontal
gray matter.

Previous studies have revealed that the expression of
host factors (inducible nitric oxide synthase, TNF-a) and
viral proteins in the basal ganglia are predictive of ear-
lier stages of ADC, while increasing expression of these
factors in both the basal ganglia and white matter cor-
relate with more advanced stages of cognitive impair-
ment.'*'® It is of interest then that performance in only
three domains of function, fine motor (Grooved Peg-
board), gross motor function (Timed Gait) and infor-
mation processing speed (CalCAP), was strongly asso-
ciated with myoinositol/creatine in the basal ganglia,
whereas fine and gross motor function in addition to
psychomotor function (Trail-Making Test, Part B and
Symbol Digit) correlated with metabolite changes in the
frontal white matter. Metabolite changes in the basal
ganglia may thus provide a sensitive marker of early
neuropsychological impairment, while the subtests re-
lated to these changes may prove useful in its assess-
ment.

Overall, our results reinforce the notion that HIV-as-
sociated neuropsychological impairment is associated
with region-specific changes in the brain. Future studies
will need to determine the long-term benefits of HAART
on cerebral and cognitive function in the setting of
chronic HIV infection. Additional studies are needed to
elucidate the mechanisms that underlie the evolution of
these neural changes in the setting of HAART and ad-

PAUL et al.

vanced disease, as well as the possibility to improve cog-
nitive function with adjunctive pharmacological agents.
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