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covanance pattern in ADC patients, in which the basal ganglia
and thalamus were relatively hypermetabolic and for which
individual subject weights were highly correlated with neuro
psychological test scores (9). We hypothesized that this covari
ance pattern represents a network or system of functionally
interconnected brain regions involved in the production and/or
expression of subcortical dementia. Our finding of relative
hypermetabolism in the basal ganglia and thalamus was subse
quently confirmed by van Gorp et al. (10) in an FDG-PET study
of 17 subjects with AIDS. The current study was undertaken in
an effort to extend our previous findings in a larger population
ofHIV-seropositives, both symptomatic and asymptomatic, and
to develop clinically useful metabolic indices of CNS involve
ment in seropositive subjects.

MATERIALS AND METhODS

Subjects
HIV-l seropositive (HIV+) outpatients were recruited from

neuroAlDS clinics at the Minneapolis VA Medical Center and the
University of Minnesota Hospital. Twenty-one HIV+ subjects (20
men, 1 woman; aged 23â€”63yr; mean age 43 Â± 10 yr) were
scanned at the Minneapolis VA Medical Center; 12 had a fol
low-up scan at 6 mo and 4 had a third scan at 12 mo. At the time
of their initial scan, 11 subjects had AIDS. Four subjects were
ADC Stage 0, twelve were Stage 0.5, four were Stage 1 and one
was Stage 2 (1 1); one Stage 1 subject progressed to Stage 2, and
two Stage 0.5 subjects â€œimprovedâ€•to Stage 0. Of the 37 HIV+
scans, 11 were Stage 0, 18 were Stage 0.5 and 8 were Stage >0.5;
there were no significant differences in age (42 Â±6, 43 Â±11, 50
Â±9 yr, respectively) or education (14 Â±2, 13 Â±2 and 15 Â±3 yr,
respectively) across these groups.

All but 1 ofthe 2 1 subjects were male homosexuals or bisexuals.
All but six of the HIV+ scans were performed while the subjects
were taking zidovudine (AlT) and/or other antiviral drugs; eight
subjects were taking tricyclic antidepressants. Subjects with a
history of substance abuse, serious head injury, developmental
disorder, or significant medical or psychiatric illness were specif
ically excluded. Prior to the study and at six-monthly follow-up
visits, all subjects underwent a standardized neurologic and neu

ropsychological examination (12). Studies involving human sub

This study was undertaken in orderto extend our previous finding of
relative basal ganglia hypermetabolism in AIDS dementia complex
(ADC) and to develop clinically useful metabolic indices of CNS
involvement in HIV-seroposftive (HIV+)subjects. Methods Twenty
one HIV+ subjects (11 with AIDS) underwent FDG-PET scanning;
12 had a follow-up scan at 6 mo and 4 had a third scan at 12 mo.
Forty-three age-matched heterosexual volunteers served as con
trols. FDG-PET scanning was performed with arterial blood sam
pling, and scan data were analyzed u@ng the Scaled Subprofile
MOdel (SSM) with principal component analysis. Results SSM/
principal component analysis of the combeied (HIV+ and controls)
FOG-PETdataset extracted two major disease-related metabolk@
components: (a) a nonspecffic indicator of cerebral dysfunction,
which was significanfly correlated with age, cerebral atrophy and
ADC Stage and (b) the striatum, which was hea@ weighted
(relatively hypermetabolic) arid appeared to provide a disease
specific measure of early CNS involvement. Conclusion: FOG-PET
scans provide quantitative measures of abnormal functional con
nectivity in HIV-seropositives---with or without AIDS or ADC. These
measures, which are robust across centers with respect to instru
mentation, scanning technique and disease severity, appearto track
the progression of CNS involvement in patients with subclinical
neurologic or neuropsychologic dysfunction.

Key Words: human immunodeficiency virus; fluorine-i 8-fluorode
oxyglucose; PET; scaled subproflle model
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rL e clinical features of the AIDS dementia complex (ADC)

are included within the definition of subcortical dementia
proposed by Albert et al. (1 ) and elaborated by Cummings and
Benson (2). Inattentiveness, loss of spontaneity, psychomotor
retardation, reduced motor performance and incoordination are
the clinical hallmarks of ADC (3â€”5). Focal collections of
macrophages and multinucleated giant cells in subcortical white
matter and deep gray nuclei, particularly in the putamen,
constitute ADC's neuropathological substrate (4,6â€”8).

In an earlier FDG-PET study, we described a metabolic
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jects were approved by the Human Studies Subcommittee and the
Radioactive Drug Research Committee at the Minneapolis VA
Medical Center and by the Committee on Use of Human Subjects
in Research at the University of Minnesota Hospital.

Forty-three volunteer heterosexual subjects (17 men, 26 women;
age 21â€”80 yr; mean 46 Â± 15 yr) served as normal controls
(HIVâ€”);five subjects were scanned twice at intervals ranging from
2 to 4 mo. Controls did not differ significantly from HIV+ subjects
in age or education. All control subjects underwent a complete
neurologic and standardized neuropsychological examination.

Patients and normal controls were evaluated with a series of
neuropsychological tests sensitive to the characteristic deficits of
ADC (13,14). The raw-score for an individual's performance on a
particular test was converted to a Z-score, and a summary measure,
the Neuropsychological Z-Score (NPZ Score), was derived by
taking an average of the individual Z-scores.

MRIand Atrophy Assessment
For HIV+ subjects, diagnostic MRI [or, in four instances, CT]

scanning was performed at the initial clinic visit to rule out
unsuspected intracranial disease and repeated at 6 or 12 mo
intervals. Ventricular and sulcal size was assessed visually by an
experienced neuroradiologist (MJN) using Tl- and T2-weighted
images. Atrophy was rated on a scale of 0 (normal), 1+ (mild
atrophy), 2 + (moderate atrophy) and 3 + (severe atrophy) with
reference to age-matched normal controls. A composite Atrophy
Score for each subject was calculated by averaging the ventricular
and sulcal scores. The spacing between â€œpairedâ€•PET and MRI
(CT) scans varied from zero (same day) to 51. 1 wk (7.4 Â±11 wk,
mean Â±s.d.). Control subjects did not undergo MRI scanning.

PET

All patients and control subjects fasted overnight prior to
receiving FDG (5 mCi/70 kg). Following the injection of tracer,
serial PET images were acquired with the MVAMC ECAT 953B
positron camera (15). The time course of plasma â€˜8Fradioactivity
was determined by sampling radial arterial blood and counting
aliquots of plasma in a scintillation well-detector. Plasma glucose
concentration was determined just before, during and after the
40-mm dynamic scanning sequence. Reconstructed images cor
rected for random and scatter coincidences, tissue attenuation
(transmission scan) and electronic deadtime effects were stored on
optical disks and analyzed off-line. After reformatting the last
frame of each 3 1-slice acquisition within a three-dimensional
Talairach coordinate system (16, 17), a standard set of 40 volumes
of interest (VOIs)â€”36 ( 18/hemisphere) cortical and subcortical
gray-matter (GM) VOl's, two cerebellar VOIs and two brainstem
VOIsâ€”were defined at specified Talairach coordinates (Table 1).
CMRglc images were created from single 10-mm frames and the
time-course of arterial blood radioactivity using the Brooks mod

ification of the Sokoloff-Phelps operational equation (18â€”20),
individual subjects' GM rate constants k1â€”k3,k4 = 0 and the
lumped constant (LC) set equal to 0.52 (21).

PET Data Analysis
Rate Constants. Individual subjects' compartmental rate con

stants were compared for HIV+ and control groups using two

tailed t-tests.
Volumes oflnterest. Each set of 40 VOIs was â€œreplayedâ€•on its

respective CMRglc image. Peak regional CMRg1c (rCMRglc)
values were derived by averaging the upper 25% of functionalized
VOl voxel values (22). Individual subject metabolic profiles,
formed by plotting rCMRglc against VOl number were combined
to form mean group profiles, which were compared using two-tailed
t-tests and the Bonferrom correction for multiple comparisons.

Image Volumes. A voxel-based analysis (see Appendix) was
performed in addition to the VOl-based analysis in order to
demonstrate that the results obtained using VOIs were not simply
a consequence of analyzing rCMRglc data from a particular subset
of brain regions. The original dataset consisted of 85 image
volumes (37 HIV+ and 48 controls). Of these, ten (six HIV+ and
four controls) were discarded because the head was poorly posi
tioned within the scanner's 10.8-cm axial field of view and the
resulting images generated large-edge artifacts in the voxel-based
analysis. Each of the remaining 75 volumes was converted into
CMRglc units and a corresponding mask volume was created by
thresholding each slice to exclude nonbrain voxels. Intersubject
alignment parameters were then computed for each volume
using a 12-parameter version of the ratio image uniformity
method of Woods et al. (23 ) with a simulated PET volume in
Talairach space serving as reference (1 7). Finally, the volumes
were smoothed, reformatted in Talairach space and masked
prior to Scaled Subprofile Model (SSM)/principal component
analysis (PCA).

Scaled Subproflle Model/Principal Component Analysis. Pre
and post-PCA operations involving a logarithmic transformation
followed by removal and estimation of: ( 1) a region-independent
global scaling factor and (2) a regional pattern [or image volume]
common to all subjects were performed as described by Moeller
and Strother (24). This procedure is based on a variance partition
into subject and region (VOl or voxel) terms and a residual
equivalent to the interaction term of a two-way ANOVA (25, 26
and see Appendix). Singular value decomposition, which yields the
same result as PCA (25), was performed on the data matrix with
one subject's residual VOl or image voxels forming each row. This
decomposed the residual matrix into uncorrelated eigenvectors and
their associated principal component scores [or component imag
es], which correspond to subject scaling factors (SSFs, subject
weights) and offset relative group invariant subprofiles (GISs),
respectively (24 and Appendix).

First- and second-eigenvector subject weights were regressed
against the following independent measures: age, Atrophy Score,
ADC Stage and NPZ Score. To control for Type I errors, we
utilized a significance level of p < 0.01 . In order to ascertain if the
first two principal components were largely determined by one or
a small number of severely affected outliers, a separate SSMIPCA
analysis of the 16 subjects with ADC Stage < 1 and 43 controls
(â€œnonADCâ€•subset) was performed, and the resultant eigenvectors,
SSF1 and SSF2, and their respective principal component VOl
profiles, GIS 1 and GIS2, were regressed against the corresponding
eigenvectors and GISs from the original 64-subject/85-scan anal
ysis. A similar procedure was employed to rule out a significant
effect of antidepressant medication (â€œno-antidepressantsâ€•subset).

Our VA Medical Center along with the Memorial Sloan
Kettering datasetsâ€”acquired more than 6 yr apart in different
institutions with different PET scanners and stimulus conditions
were separately reanalyzed using a common set of 20 VOIs. The
Minneapolis VA Medical Center dataset was also reanalyzed using
the common set of VOIs after removal of the left and right cuneus
(18-VOl analysis), and the SSFs for the first two principal
components were predicted for all 12 ADC patients in the Memo
rial Sloan-Kettering dataset by projecting their VOl values onto the
first and second GISs computed in the Minneapolis VA Medical
Center analysis (27). Correlations with neuropsychological test
scores for the Memorial Sloan-Kettering patients (Grooved Peg

board Dominant (GPD) and Grooved Pegboard Nondominant,
(GPN)) were then obtained using the SSFs predicted for the second
principal component [Fig. 2B in (9)].
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VOl Region Name x y z

1LCerebellumâ€”33.50â€”66.80â€”39.452A
Cerebellum33.50-66.80-39.453Pons0.00â€”25.60â€”27.954Midbrain0.00â€”22.85â€”7.955L

Putamenâ€”23.122.075.746R
Putamen23.122.075.747L
Caudateâ€”10.8918.286.108R

Caudate10.8918.286.109LThalamus-9.88-15.3310.5410A

Thalamus9.88â€”15.3310.541
1L Inferiortemporalgyrusâ€”52.60â€”17.63â€”20.6412R

Inferiortemporalgynis52.60â€”17.63â€”20.6413L
Orbitofrontalgyrus-53.94-38.8016.0014R
Orbftofrontalgyrus53.94-38.8016.0015L

Hippocampusâ€”27.97â€”24.40â€”13.1216A
Hippocampus27.97â€”24.40â€”13.121
7L Inferiorfrontalgyrusâ€”45.2235.361.0218A

Inferiorfrontalgyrus45.2235.361.0219L
Anteriorcingulategyrusâ€”6.7050.546.4720R
Anteriorcingulategyrus6.7050.546.4721L
Operculumâ€”51.423.977.6822R
Operculum51.423.977.6823L

Cuneusâ€”6.20â€”70.808.0524R
Cuneus6.20â€”70.808.0525L

Medialfrontalgyrusâ€”26.9755.208.2326R
Medialfrontalgyrus26.9755.208.2327L
Transversetemporalgymsâ€”44.39â€”23.2012.0328R
Transverse temporalgyrus44.39â€”23.2012.0329L
Superiortemporalgyrusâ€”53.94â€”38.8016.0030A
Superiortemporalgyrus53.94â€”38.8016.0031L
Precentralgymsâ€”53.261.7319.6132R
Precentralgynis53.261.7319.6133L
Postcentralgyrusâ€”57.45â€”14.0319.9834R
Postcentralgyrus57.45â€”14.0319.9835L
Posteriorcingulategyrusâ€”5.86â€”49.4020.4436R
Posteriorcingulategyms5.86â€”49.4020.4437L
Angulargymsâ€”43.72â€”58.6034.5938R
Angulargyrus43.72â€”58.6034.5939L
Supramarginalgyrusâ€”49.92â€”49.6034.8740R
Supramarginalgyrus49.92â€”49.6034.87

VOl = volume of interest; L = left; A = right.

Atrophy Scores ranged from zero (15 subjects) to 3.0 (two
subjects) and averaged 0.90 (median 0.5).

SSM/PCA
The first two principal component VOl profilesâ€”which

account for 23% and 10% of the residual variance, respec
tivelyâ€”and their subject weights are illustrated in Figure 3.
Whereas cortical regions (VOl numbers > 10) are most heavily
weighted in the first-component profile (GIS1), subcortical
structuresâ€”the caudate, putamen and thalamus (VOIs 5â€”10)â€”
are most heavily weighted in the second-component profile
(GIS2, Fig. 3A). Not surprisingly, given the early-disease status
(ADC Stage < 1) of 16 of the 21 HIV+ subjects, HIV+ and
control groups were not well separated along either eigenvector
dimension (Fig. 3B).

In the voxel-based SSM/PCA analysis, only the sixth princi
pal component demonstrated significant group differences at
the p < 0.001 level (see Appendix); the SSFs for this compo
nent were significantly correlated with SSF2 from the VOl
based analysis (r = 0.66, p < 106). The sixth principal

CEREBRAL GLUCOSE METABOLISM [N HIV-SER0PO5ITIvE5 â€¢Rottenberg et al. 1135

TABLE I
Talairach Coordinates (mm) of Standard Volumes of Interest

RESULTS

Rate Constants and rCMRglc Values
GM rate constants k1â€”k3were not significantly different in

HIV+ and control subjects. Although HIV+ VOl means for
caudate and putamen were higher than control means and the
remaining 36 HIV+ VOl means were lower than control means
(Fig. 1), these differences were not statistically significant.

Neuropsychological Testing
The NPZ Score was not correlated with age or education but

declined significantly as a function of ADC Stage [F(3,61) =
13.94; p < 0.0001]. Post hoc (Student-Newman-Keuls) com
parisons revealed that Stage >0.5 subjects performed signifi
cantly worse than each of the other groups and that Stage 0.5
subjects performed significantly worse than controls (p <
0.0005).

MRI and Atrophy Assessment
Aside from generalized cerebral atrophy (Fig. 2), MRI scans

revealed only scattered white-matter lesions (T2 hyperintensi
ties) in the most severely affected individuals. Composite
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FIGURE1. Comparisonof mean regionalmetabolicrates in controls (solid
line)and HIV+subjects (dotted line).Shading indicatesthe 95% confidence
limitson the differencebetween regknal means. None of the HIV+VOl
values that lie outside these confidence limits is significantly different from
controls when the confidence limits are Bonferroni-corrected for multiple
comparisons.VOlCode: 1,2 L/Rcerebellum;3, pons; 4, midbrain;5,6 hR
putamen; 7,8 hR caudate; 9,10 hR thalamus; 11,12 hR inferior temporal
gyrus; 13,14 hR orbitofrontalgyrus; 15,16 hR hippocampus; 17,18 hR
inferiorfrontalgyrus; 19,20 hR anteriorcingulategyrus;21,22 LJRopercu
lum;23,24 hR cuneus; 25,26 L/Rmedialfrontalgyrus;27,28 hR transverse
temporal gyrus; 29,30 hR superior temporal gyrus; 31,32 hR precentral
gyrus; 33,34 IJR postcentral gyrus; 35,36 hR posterior cingulate gyrus;
37,38 hR angulargyrus;39,40 hR supramarginalgyrus.

FIGURE Z Merged display of registered MRI and FDG-PET volumes of a
patient withStage 2 ADC.Noticegeneralizedcerebral atrophy and relative
hypermetabolisminthe putaminaand thalami,the â€œmetabolicsignatureâ€•of
ADC (9). The MRI imageis displayedusinga grayscalecolortable,the
interleaved PET image using a hot-metal color table [dull orange = low
values, white = high values] (32).

-0.5 0.0 0.5

Subject Weights (1st Eigenvector)

component image from the voxel-based SSM/PCA analysis is
illustrated in Figure 4. As in GIS2 from the VOl-based analysis
described above, the most heavily weighted voxels are located
in the striata.

FiGURE3. The first two PC VOlprofilesand their @genvectors(subject
weights)derh,edby applyingSSM/PCAto the combined HIV+and controls
dataset. @A)Scores for the first (solid line)and second (dashed line)PC VOl
profilesare plOttedagainst VOlnumber (see Fig.1).(B)The second @gen
vectorof subject weights is plOttedagainst the firsteigenvector.Noticethat
HW+ and control subjects cannot be separated along either eigenvector
dimension.Thefirstand second eigenvectorsaccount for23% and 10% of
the residual variance, respectively.

The first two principal component VOl profiles from the
separate analyses of the Minneapolis VA Medical Center and
Memorial Sloan-Kettering datasets are compared in Figure 5.
The patterns extracted from the two datasets are remarkably
similar; however, VOIs 17 and 18 (left and right cuneus) are
weighted differently in the Memorial Sloan-Kettering and
Minneapolis VA Medical Center datasets. Correlations between
SSF1, SSF2, GPD and GPN scores for Memorial Sloan
Kettering patients with AIDS Dementia Complex and predicted
values based on the 18-VOl analysis of Minneapolis VA
Medical Center HIV+ subjects are listed in Table 2.

The first and second eigenvectors of subject weights are
plotted against age in Figure 6A, B, respectively. A strong
interaction ofHIV-serostatus with age is apparent in Figure 6A;
the high Atrophy Scores for subjects older than 50 yr suggest
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FiGURE4@The sixth principalcomponent image (see Appendbc@from a
voxel-based SSM/PCAanalysisof 31 HIV+and 44 controlFOG-PEtscans
overisidon a normalMRIscan. Thisprincipalcomponent image illustratesa
m*r area of altered functional connectivity associated with HIV-1seropos
ithiftyand neurologicavneuropsychological dysfunction.

B

that GIS1 reflects disease as well as age-dependent structural
effects. Figure 6B illustrates a quantitatively different age
effect: nearly half of the HIV+ subjects are metabolically
abnormal, i.e., their subject weights are increased with respect
to age-matched normal controls, and there is no obvious
correlation with ADC Stage or Atrophy Score. The Fisher
Discriminant (28), computed using the first two principal
components from the SSMIPCA analysis, is illustrated in
Figure 6C: 73% of HIV+ scans and 83% of control scans were
correctly classified based on their Fisher Scores.

The relationship between NPZ Scores, subject weights for the
first and second principal components from the VOl-based
SSM/PCA analysis (SSFI , SSF2), Fisher Scores and disease
severity (ADC Stage) is illustrated in Fig. 7. NPZ Scores for
Stage 0.5 and >0.5 subjects and SSF1 weights for Stage >0.5
subjects were significantly different from controls (NPZ: p <
0.0005, p < 0.00005; SSF1: p < 0.005). SSF2 weights and
Fisher Scores for Stage 0, Stage 0.5 and Stage >0.5 subjects
differed significantly from controls (SSF2: p < lO_6, p < 0.01
and p = 0.01; Fisher: p < 10_6, p < 0.0005 and p = 0.0006).

First-eigenvector subject weights declined with ADC Stage
(Fig. 7B) and were significantly correlated with age (r = â€”0.69,
p < l0@ for HIV+; r = â€”0.60, p < i0@ for controls),
Atrophy Score (r = â€”0.58,p < 0.0005) and ADC Stage (r =
â€”0.49, p < 0.005). These correlations indicate that reduced
cortical rCMRglc was associated with older age, cerebral
atrophy and neurologic impairment. Second-eigenvector sub
ject weights were uncorrelated with age, Atrophy Score, ADC
Score or NPZ Score.

GIS 1, 5SF 1, GIS2 and SSF2 from the original 64-subject
analysis were highly correlated with the corresponding GISs
and SSFs from the nonADC subset analysis (r > 0.98, p < l0_6
for SSF1 and GIS1 regressions; r > 0.90, p < 106 for SSF2 and
GIS2 regressions). A similar result was obtained from the
no-antidepressants analysis (r > 0.98, p < 10_6 for all four
regressions).

DISCUSSION
The present study demonstrates characteristically altered

patterns of metabolic covariation in HIV-seropositives, repli
cating the results of an earlier Memorial Sloan-Kettering study
with a smaller group of more severely impaired patients. As in

I 3 5 7 9 11 13 15 17 19

voiNumber

FIGURE5. Compatison of SSM/PCAanalyses of MinneapolisVAMedical
Center HIV+ and Memorial Sican-Kettenng ADC datasets based on a
common set of2O VOls (9). The first@ and second (B)ptincipal component
scoresare plOttedagaInStVOInumber solidlinesreferto the MinneapolisVA
Medical Center dataset dashed lines to the MemOIIaISloan-Ketteting
dataset (12ADCpatients, 18 controls).

our previous study, two disease-related principal components
which together accounted for 33% of the residual variance
were identified. GIS1 was most heavily weighted by cortical
regions, and SSF1 was significantly correlated with age, cere

TABLE 2
Correlations Between SSF1 , 55F2, GPD and GPN Scores for

Memonal Sloan-Kettering Patients with ADC and Predicted
Values*

MSKSSF1 vs. Predictedt MSKSSF1
MSKSSF2 vs PredICted@MSKSSF2
MSKGPOscores vs. MSKSSF2
MSKGPOscores vs. Predicted*MSKSSF2
MSKGPNscores vs. MSKSSF2
MSKGPNscores vs. PredK@ted*MSKSSF2

*Based on an 18-VOl analyals of Minneapolis VA Medical Center HIV+
sut@ects.

t@e@ed using GIS1 from the Minneapolis VA Medical Center analyals.

*Predicted using GIS2 from the Minneapolis VAMedical Center analysis.
MSK= MemorislSican-Kettering;MVAMC= MinneapolisVAMedical

Center@SSF = SubjectScalingFactor(seeAppendix);GIS= GroupInvariant
Subprofile (see Appendix); GPO = Grooved Pegboard Dominant Hand;
GPN = Grooved Pegboard NondominantHand.

0.968
0.945
0.849
0.785
0.819
0.762
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bral atrophy and neurological disability. GIS2 was heavily
weighted by those subcortical regions identified as sites of
HIV-1 infection, but SSF2 was not significantly correlated with
independent measures of disease severity. We have previously
shown that the GIS1 VOl profile is not specific for HIV+ and
can be extracted from subjects with a variety of unrelated
neurological disorders, and that different GIS2 VOl profiles are
associated with different diseases (29).

Cross-Center Comparison
The 21 HIV+ subjects described in this report (Minneapolis

series) differ in several important respects from the 12 ADC
patients we reported in 1987 (Memorial Sloan-Kettering series).
As a group, the Memorial Sloan-Kettering patients were
younger than the Minneapolis subjects (37 Â±6 yr versus 43 Â±
10 yr). Secondlyâ€”based on current CDC criteriaâ€”nine of the
12 Memorial Sloan-Ketteringpatients(75%) had AIDS at the
time of study, whereas only 11 of the 21 Minneapolis subjects
(52%) were so classified. Finally, and most importantly, ten of
the 12 Memorial Sloan-Kettering patients were cognitively
impaired, and nine were moderately-to-severely demented; in
contrast, only three Minneapolis subjects were cognitively
impaired at the time of initial study. Thus, in comparison to our
Memorial Sloan-Kettering patients, the Minneapolis cohort
represents an â€œearlydiseaseâ€•group, systemically as well as
neurologically.

SUbcOrtiCaI Hypermetsbollem
In our 1987 paper, we hypothesized that relative subcortical

hypermetabolism was characteristic of early ADC, whereas
cortical and subcortical hypometabolism were the hallmarks of
late-stage disease. The early-disease hypothesis has now been
validated and extended in a larger group of HIV+ subjectsâ€”at
another institution using a different PET scanner, stimulus
condition and data extraction technique (Fig. 5). Moreover, the
principal component VOl profiles and subject weights obtained
from separate SSMIPCA analyses of nonADC and no-antide
pressants subsets were highly correlated with the results of the
original 64-subject analysis, indicating that the Minneapolis
result does not depend upon the inclusion of a few severely
cognitively-impaired outliers or on the use of psychotropic
medication. That most of the younger HIV+ â€œoutliersâ€•are
neurologically normal suggests that positive weights on GIS2,
which reflect relative subcortical hypermetabolism, may pro
vide an indication of subclinical CNS disease.

In contrast to the Memorial Sloan-Kettering result, in which
the eigenvector of subjects weights for the second principal
component (SSF2) was highly correlated with independent
measures of fine motor control, SSF2 from the Minneapolis
analysis correlated poorly with measures of neurological dis
ease severity (ADC Stage), fine motor control and cognitive
impairment (NPZ Score). These poor correlations may reflect
the relatively small number of HIV+ subjects in each ADC
subgroup and/or the variability of our clinical, neuropsycholog
ical and metabolic measures in early disease. They may also
indicate that the NPZ Score is more closely related to the
primary source of systematic metabolic variation in our dataset,
SSF1, a nonspecific marker for â€œneurologicdiseaseâ€•(29), than
to SSF2, a putative marker for early HIV CNS disease. It is
interesting to speculate that SSF2 reflects a restricted patholog
ical process which precedes neurological signs and symptoms
and which acquires a functional correlate when more wide
spread changes occur. While the second principal component
accounted for only 10% of the residual variance, SSF2 and the
SSM-denved global scaling factor, GSF (24), accurately pre
dicted metabolic variation in the striatum: regressing rCMRglc/
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GSF for left and right caudate and left and right putamen
against SSF2 gave: r = 0.87, r = 0.87, r = 0.88 and r = 0.90,
respectively; p < 10_6. This result parallels that obtained from
our Memorial Sloan-Kettering analysis and reinforces the
interpretation of GIS2 as representing the metabolic effects of a
network or system involved in the expression of ADC. Addi
tional evidence for this interpretation derives from the fact that
SSF1, SSF2, GPD and GPN for the Memorial Sloan-Kettering
ADC patients were accurately predicted using GIS1 and GIS2
from the 18-VOl Minneapolis VA Medical Center analysis
even though only 5 of the 21 Minneapolis VA Medical Center
HIV+ subjects had unequivocal ADC. These results provide
further evidence that a disease-related network or system
detected in one group of patients may be used to predict disease
severity and/or progression in another, independent group
across centers (27). That the putamen is so heavily weighted in

the disease-related principal component VOl profile (GIS2, Fig.
3A) is hardly surprising in light of the neuropathology of ADC
and its characteristic neurobehavioral manifestations.

@seP@sion
Our SSM/PCA results cannot be explained by cerebral

atrophy, since focal atrophic lesions were not identified on CT
or MRI scans. Moreover, it is difficult to understand how
reduced basal ganglia volume might explain basal ganglia
hypermetabolism (relative to normal controls). Assuming that
basal ganglia atrophy implies neuronal loss, the presumed
consequence of this loss would be hypometabolism; thus, the
reduction in basal ganglia and thalamic rCMRglc in late disease
(9) may reflect the progression of a focal atrophic process.

The most intriguing result of our analysis is illustrated in
Figure 8, in which serial values of the second eigenvector of
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subject weights (SSF2) are plotted as vectors for the 12 HIV+
subjects who were scanned more than once. Whereas the
near-zero magnitude of the average control vector indicates that
weights for control subjects are relatively constant over time,
the average vector for HIV+ subjects less than 50 yr of age
indicates a tendency for subject weights to increase beyond the
normal range (subcortical hypermetabolism). The result illus
trated in Figure 8 is consistent with the conclusion of Marder et
al. (30) that neurologic impairment becomes increasingly ap
parent over time in HIV-seropositive men. Whether this result
is attributable to neurologic or systemic diseaseâ€”or to antiret
roviral treatment, â€œlifestyleâ€•or other, as-yet-undefined fac
torsâ€”is a subject for future investigation.

CONCLUSION
We replicated and extended the results of our FDG-PET

study of the AIDS dementia complex and have demonstrated
that metabolic principal component VOl profiles and their
individual subject weights provide quantitative measures of
abnormal functional connectivity in HIV+ subjectsâ€”with or
without AIDS or ADC. These measures, which are robust
across centers with respect to instrumentation, scanning tech
nique, VOl definition and disease severity, appear to track the
progression of CNS disease in patients with subclinical neuro
logic or neuropsychologic dysfunction. Additional studies will
be required to assess their usefulness for predicting neurological
deterioration and for monitoring treatment response.

APPENDIX
For a VOl-based analysis, the SSM model may be written as:

(CMRglc)1@= GSF@(GMP1+ SRP@),

where

SRP1@= k=I SSFkJGISkI,

1 2 3 4 5 6 7 8 9 1011 12131415
Principal Component Number

FiGURE9. @A4The distributionof elgenvector subject weights (subject
scalingfactors,SSFs: open squares)forthe first15 principalcomponents of
the residual image volumes from a voxel-based SSM/PCA PtInCIpaIcom
ponentvanance Isplottedas a percentage ofthetotal subject residualimage
variance(solid line,nght-hand ordinate). (B)p values obtained from two-tailed
t-tests applied to the HIV+ and control group SSF distributions.

and j = subjects, i VOIs, GSF = global scaling factor, GMP =
group mean profile, SRP = subject residual profile (containing
subject-region interactions and inherent error), 5SF = subject
scaling factor, GIS = group invariant subprofile and N =
min(# subjects, # VOIs) (24). For a voxel-based analysis, replace
the word profile above with the words image volume, and VOIs
with voxels. A logarithmic (ln) transformation is applied to the
(CMRglc)1@data, which, using the small signal approximation
ln(l + x) x for x << 1, provides a two-way randomized blocks
ANOVA decomposition (31 ) with the interaction and error terms
represented by (SRP@/GMP)1:

I SRP@\
ln(CMRglc)1@ ln(GSF)@+ ln(GMP)1 +@ . Eq. 2

After double centering ofthe ln(CMRglc)1@data matrix (subtraction
of row means followed by subtraction of column means of the
row-subtracted data) to remove subject and region main effects, the
resulting offset relative residual term (left side of Eq. 3) is
decomposed into eigenvectors of subject weights (SSFs) and
principal component scoresâ€”offset-relative VOl profiles or image
volumesâ€”<right side of Eq. 3) using SVD (25). Double centering

Eq. 1 of Equation 2 followed by substitution of SRP from Equation 1
gives the following formula:
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I SRP@\ I SPJ@.\ K@ GISk\ IGIS@
@ â€”@ = k=l SSFk@@ â€”@

+ e1@(@:SRP1.= 0),

where K = (number of retained principal components) <<
min(# subjects, # voxels or VOIs) and the error term, e@, is
represented by the N â€”K remaining principal components.
Multiple regression of 1n(CMRglc).@against the K X SSFkJ's
(substitute SRP from Eq. 1 into Eq. 2) provides estimates of the
K X (GISk/GMP). offsets (regression coefficients) and the ln(GSF)@
(residuals). The GSFs are then used to estimate GMP1, which,
together with the K offsets, is used to estimate the K X GIS@'s
(24).

For both the 85-scan VOl analysis and the voxel-based analysis
of 75 image volumes (see Materials and Methods), K was chosen
to include all PCs (from the first fifteen) up to the PC for which the
groups ofHIV+ and normal SSFs were significantly different (j' <
0.05, two-tailed t-test). This gave K = 6 and K = 10 for VOIs and

voxels, respectively. Figure 9 illustrates the eigenspectrum of the
first 15 components and their associated group difference p values
for the voxel-based analysis. Only Component 6 exhibits signifi
cant group differences (j' < 0.00 1).

Features of the â€œstriatalpatternâ€•in Component 2 of the VOI
based analysis have migrated to Component 6 of the voxel-based
analysis as a result of additional sources of intersubject variability
from uncorrelated structural and functional components introduced
by the much larger number of regional measurementsâ€”22,682

voxels versus 40 VOIs. The relationship between VOl and voxel
based patterns is an important area for future research.
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