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The identification of discrete patterns of altered functional brain
circuitry in preclinical Huntington’s disease (HD) gene carriers is
important to understanding the pathophysiology of this disorder
and could be useful as a biologic disease marker. The purpose of
this study was to use PET imaging of regional cerebral glucose
metabolism to identify abnormal networks of brain regions that are
specifically related to the preclinical phase of HD. Methods: Eigh-
teen presymptomatic HD gene carriers, 13 early-stage HD pa-
tients, and 8 age-matched gene-negative relatives were scanned
using PET with ['8F]FDG to quantify regional glucose utilization. A
network modeling strategy was applied to the FDG PET data to
identify disease-related regional metabolic covariance patterns in
the preclinical HD cohort. The outcome measures were the region
weights defining the metabolic topography of the HD gene carriers
and the subject scores quantifying the expression of the pattern in
individual subjects. Results: Network analysis of the presymptom-
atic carriers and the gene-negative control subjects revealed a
significant metabolic covariance pattern characterized by caudate
and putamenal hypometabolism but also included mediotemporal
metabolic reductions as well as relative metabolic increases in the
occipital cortex. Subject scores for this pattern were abnormally
elevated in the preclinical group compared with those of the con-
trol group (P < 0.005) and in the early symptomatic group com-
pared with those of the presymptomatic group (P < 0.005). Con-
clusion: These findings show that FDG PET with network analysis
can be used to identify specific patterns of abnormal brain function
in preclinical HD. The presence of discrete patterns of metabolic
abnormality in preclinical HD carriers may provide a useful means
of quantifying the rate of disease progression during the earliest
phases of this illness.
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H untington’s disease (HD) is a hereditary neurodege
erative disorder characterized by progressively worseni

tation underlying this condition is an unstable expanded
DNA trinucleotide (cytosine-adenosine-guanoside [CAG])
repeat within the coding region of a 348-kDa protein (hun-
tingtin) on the 4p16.3 segment of chromosome 4. PET has
been used to identify function abnormalities in the brains of
HD gene carriers preclinically and after the onset of symp-
toms. Similarly, [8F][FDG has been used with PET to detect
local abnormalities in regional glucose utilization associated
with HD. FDG PET studies in symptomatic HD patients
have consistently revealed reduced striatal metabolic rates
(1-4). However, in the early symptomatic phases of HD,
only caudate hypometabolism has been reliably identified,
and putamenal metabolism may be norn®l (n contrast,
FDG PET data in presymptomatic individuals at risk have
been inconsistent, with some studies showing normal met-
abolic rates%) and others showing reduced levels of striatal
glucose metabolismb6E9). Thus, although these data indi-
cate that consistent PET abnormalities may be identified in
symptomatic HD patients, this may not be the case in the
preclinical period.

Similarly, PET studies of postsynaptic dopamine,)(D
receptors with TC]raclopride (RAC) have observed re-
duced striatal B binding in symptomatic HD patients
(6,10. However, in the preclinical period, striatal Dind-
ing has been reported variably to be either normal or re-
duced in individual HD gene carrier§,(1).

Imaging markers of disease progression may be helpful in
assessing the efficacy of potential neuroprotective interven-
tions to retard the onset of symptoms in individuals at risk.
Indeed, in HD, the use of reliable imaging markers may be
especially relevant in that the rate of progression may
change after clinical onset?). In this PET investigation of
garly-stage HD, we applied the network modeling strategy

t we developed previously for the study of patients with

abnormalities of movement and cognition. The genetic mgénetically mediated hyperkinetic movement disord&8. (
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In this approach, patterns relating to gene carrier status
independent of symptoms are identified through the network
analysis of FDG PET data from preclinical gene carriers and
gene-negative control subjects. By applying this analytic
method to HD gene carriers, we identified a distinct regional
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metabolic covariance pattern relating to the preclinicaliscriminant analysis on the PC subject scores to identify those
phase of the illness. that can accurately distinguisP (< 0.01) the asymptomatic HD
gene carriers from the age-matched, gene-negative control sub-
jects. In previous network analyses of FDG PET scaBslg, we
MATERIALS AND METHODS found that most often only the first and the second PCs (i.e., those
HD-Positive Gene Carriers with the very highest effect sizes [eigenvalues]) account for suf-
Group A. Eighteen preclinical carriers of the HD mutationficient variance in the subjeck region data to be considered
(mean aget SD, 34.4* 8.8 y; CAG repeat length, 43.2 1.5) meaningful. If subject scores for 1 of these 2 PCs, singly or in
were evaluated and had normal neurologic evaluatiGhsSub- linear combination, are shown to discriminate the 2 groups, then
jects in this group were divided into those with normal RAQhe network analysis is considered to be significant for a disease-
binding (h = 6; RAC—/CLIN—) and those with abnormally re- related effect. On the other hand, if neither of these patterns
duced RAC bindingr{ = 12; RAC+/CLIN —). discriminates the 2 groups, then the network analysis is considered
Group B. Thirteen early-stage symptomatic HD patients wert be negative. To be as conservative as possible in the interpre-
evaluated (mean age, 38#47.1y; CAG repeat length, 46:2 3.1; tation of this exploratory covariance analysis, we did not consider
RAC+/CLIN+). These patients were rated at stage | according the less significant PCs (PC3 or higher).
the Shoulson and Fahn scatB4) and had a disease duration of To identify metabolic topographies that are related to HD mu-

<25y. tation carrier status in the absence of clinical manifestations, we
. analyzed combined rCMRGIc data from the preclinical gene car-
Control Subjects riers and the age-matched, gene-negative control subjects

_ Eight clinically normal, mutation-negative relatives of the Par13,18,19. To reduce the potential confound of local striatal
tients were evaluated (mean age, 2&:43.8 y). These gene- guqnhy we included in the network analysis only those early-stage
negative subjects were matched in age with the preclinical HRojinical HD gene carriers with normal striatal, Dinding
gene carriers. I__|m|_ted_ imaging data for 10 of the 18 presymptorfuRAC_/CUN_)_ This cohort, reported by us), was comprised
atic gene-positive individuals and for 8 of the 13 early symptomy¢ g gpjects with caudate and putamenal RAC binding falling
atic patients have been reporte).(To our knowledge, network ihin 2 SpDs of mean control values. In this SSM/PCA, we
analysis of the FDG PET data has not been reported previouslyegjgnated the covariance pattern whose subject scores maximally
Written informed consent was obtained from all participant§iscriminated these gene carriers from the gene-negative control
under a protocol approved by the institutional review board of t%bjeetsl? < 0.05; F test according to Wilka)) as the HD-related
ethics committee of Zurich University Hospital. pattern (HDRP).
Network region weights were mapped onto standardized Ta-

PET studies were performed using a CTI/Siemens 9::‘»3/011-?69‘3“:'1 MRI sections as describeti}20. This process produces
n image for which the maximum corresponds to the region

scanner (CTI/Siemens, Knoxville, TN). This 4-ring tomogra R . . !
( ) 9 grap ight, and other pixels are modulated by the foreground pixel

records 7 contiguous planes (width, 8 mm) simultaneously with tion. This all for better discriminafi  brain ool
in-plane transaxial resolution of 8 mm full width at half maximumaration. IS allows Tor better discrimination of brain topology
the relative contribution of regional pixel values. Subject

after image reconstruction. Each mutation carrier was scan
with FDG and RAC in separate PET sessions as descrided ( scores for the SSM network wemetransformed and offset to a

On the FDG PET scans, we calculated regional cerebral mefean of 0 for the control group. Thus, individual subject scores
bolic rates for glucose (réMRGIc) on a pixel-by-pixel basis aWvere interpreted relative to an adjusted metabolic baseline defined
described ). Quantitative brain images were transformed into thBy the gene-negative (_:ontrol group. The_ polarities of the covarl-
coordinate system described by Talairach and Tournagx &nd  21C€ patterns were oriented so that subject scores for the patient
28 standardized gray matter regions of interest were placed $#paroup had positive valuesq).

each set of images using an automated routine blind to gene staty/¢ Used topographic profile rating2¥,29 to determine

and clinical designation1f). To reduce intersubject variability, Whether the candidate HDRP topography was expressed in the

rCMRGIc values were ratio-normalized by the global metaboli‘éOhorts tha_t were n_o_t included in the patt_ern identification stage of

rate. the analysis. Specifically, we hypothesized that as a marker of
carrier status, the HDRP should be present in the more advanced

Data Analysis preclinical gene carriers (i.e., those with reduced striajaieldep

We used a network analytic strategy for the identification dpr binding) as well as in the symptomatic HD patients. The

specific metabolic topographies that we applied previously to tikemputed HDRP subject scores for these gene carriers were com-

study of hereditary hyperkinetic movement disordet8).( This pared with those for the early-stage preclinical carriers and the

approach uses the scaled subprofile model (SSIVM) 4nd prin- gene-negative control subjects using ANOVA followed by posthoc

cipal components analysis (PCA) to identify significant patterns @foup comparisons according to Dunnett's meth28).(Subject

regional metabolic covariation in combined rCMRGIc dataseggore differences between groups were considered significant for

from patient and control groups. The SSM/PCA procedure &< 0.05.

conducted blind to clinical and genetic status. It does not impose

a priori assumptions regarding either the contributions of specif§esyLTs

regions to the covariance pattern or the anatomic—functional rela- .

tionships among the contributing regions. Regional Glucose Metabolism _ _

Once individual covariance patterns (principal components ANOVA revealed a significant reduction in normalized
[PCs]) are identified by PCA, we then determine whether 1 ¢faudate and putamenal metabolism across the cohorts
these is relevant to HD. This is accomplished by performinfF3 35 = 36.7;P < 0.0001] and [k 35 = 20.0;P < 0.0001],
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TABLE 1 ject X region variance. Region weights for this pattern are

Region Weights for Metabolic Covariance Pattern presented in Table 1. Its topography (Fig. 1) was character-
Associated with HD (HDRP) ized by relative hypometabolism of the caudate and lenti-
Region Weight form nugle@ and the mesial temp_o_ral cortex, covarying With
metabolic increases in the occipital cortex. These regions
Cerebellum 0.72 had pattern weights with an absolute valuexdf. In each of
Caudate ~1.31 these regions, at least 35% of the variability in normalized
Putamen —1.40 . . . .
Thalamus 032 rCMRGIc was predicted by subject differences in pattern
Mediotemporal —1.47 expression® < 0.01) 0). Subject scores for this pattern
Inferotemporal -0.21 were elevated in the preclinical gene carriers compared with
Anterotemporal —0.98 those of the gene-negative control subjedes<( 0.005)
Insula 0.08 (Fig. 2, left). Subject scores for the PCs of lower effect size
Anterocingulate 1.09 . . . . .. .
Mediofrontal 0.34 (eigenvalue)—that is, PC2 and higher—failed to distinguish
Laterofrontal 0.43 between the 2 groups.
Calcarine 1.53 We next computed subject scores for this pattern on a
gz:ﬁztzfccipital g-gg prospective case basis in the more advanced gene carriers—
| .

that is, those with low striatal fbinding (RAC+/CLIN—),
- clinical symptoms (RAG-/CLIN+), or both. We found an
Covariance patterns were identified by SSM network analysis of  gbnormal increase in the expression of the HDRP in both of
rCMRGIc data from 6 presymptomatic HD gene carriers and 8 these groupsR < 0.005) (Fig. 2, right). HDRP subject
gene-negative healthy volunteers. Positive and negative values in- Scores were eIevatea 0 a rea.ter,de reé in the svmptomatic
dicate regions of relative increases and decreases in metabolism, i g 9 Yy p_ .
respectively. Region weights = 1 are italicized. HD patients compared with those of each of preclinical
subgroups® < 0.005). The 2 presymptomatic groups did
not differ significantly in the expression of this pattern.
respectively). Posthoc testing revealed significant metabolic
reductions in the caudate and the putamen in the symptogiscusSION
atic and the preclinical groups with low RAC binding com- : . . .
, o ; : Reductions in striatal glucose metabolism are a well-
pared with those of the preclinical gene carriers with normal

striatal RACbinding and the gene-negative control groupestabllshed feature of symptomatic HD and, more variably,

The presymptomatic gene carriers with normal striatal [9f _the preclinical gene canier staté~4,9. Our findings

binding did not differ significantly from gene-negative contsing FDG PET with network analysis indicate that striatal

. S licr ion vary with cerebral cortical chan
trol subjects in either caudate or putamenal glucose meté%etabo ¢ reductions covary with cerebral cortical changes

olism.

as part of a distinct metabolic pattern present in the preclin-

ical and early symptomatic phases of disease. Indeed, ab-

Network Analysis normal expression of this pattern in asymptomatic gene
An SSM/PCA was performed on the rCMRGlc data froncarriers may occur when striatal, Peceptor binding is still

the combined group of the 6 early-stage preclinical carrierslatively preserved. Our results also suggest that the tran-

and the 8 healthy control subjects. In this analysis, the firsition to clinical symptomatology appears to involve in-

principal component (PC1) accounted for 34% of the subreased expression of this HDRP.

Huntington Disease

FIGURE 1. Display of region weights of
scaled SSM topography associated with
; " HD overlaid on standardized Talairach MRI
Huntington‘s Disease g sections (73,20). Regional metabolic co-
Covariance Pattern LS variance pattern was identified in PET data
- from combined group comprised of 6 neu-
: rologically normal, presymptomatic HD
! 3 _ . 3 gene carriers with normal striatal D, recep-
i tor binding and 8 age-matched, gene-neg-
ative control subjects. Topography was
characterized by relative decreases in stri-
atal and mediotemporal metabolism cova-
rying with metabolic increases in occipital
z = +4 mm z=-12mm region. We designated this topography as
HDRP.

-1.8 Region Weight 1.6
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] . HDRP covariance topography does not necessarily indicate
Huntington’s Disease Related Pattern (HDRP) functional connectivity with the other brain regions com-
0.25 - p <0.001 prising this pattern. Indeed, the role of the occipital cortex in

— p<0.005—> «p<0.005—p this (_jisea_se-related topogre_lphy re_mains uncertain, and f_ur—

0z . ther imaging and physiologic studies are needed to clarify

’ . the role of this pattern-related metabolic abnormality in the

overall functional pathology of HD.

g 018 ‘ ; The expression of the HDRP was elevated in the sub-
& . . 1 group of asymptomatic gene carriers with normal striatal
8 01 s . RAC binding. This finding raises the possibility that meta-
g : R bolic network abnormalities may be present in preclinical

? 0.05 * ! HD mutation carriers at a time when their striatalflecep

’ . . tor binding is relatively preserved and when there is likely
o . R to be little, if any, brain atrophy. Conceivably, early in the

s presymptomatic phase of HD, derangements in striatal cel-

0.05 ‘ lular energetics produce abnormalities in brain metabolism

N RAC- RAC+ RAC+ and network organization in advance of the appearance of
CLIN- CLIN-  CLIN+ measurable losses in,Beuroreceptor function and volume

_ _ loss. Nonetheless, we cannot exclude the possibility that

FIGURE 2. (Left) Scatter diagram of the HDRP subject scores

for gene-negative control subjects (N) and for presymptomatic
HD gene carriers with normal striatal D, receptor binding
(RAC—/CLIN-). (Right) Scatter diagram of HDRP subject
scores computed prospectively on individual basis for pre-
symptomatic gene carriers with reduced striatal D, receptor
binding (RAC+/CLIN—) and for affected HD patients (RAC+/
CLIN+). HDRP subject scores were abnormally elevated (P <
0.001) in presymptomatic and clinically affected HD patients.
(Subject scores were z-scored and offset to mean value of O for

meaningful losses in striatal,meuroreceptor binding have
already occurred at this stage, although to a degree that is
less than that which can be detected with the RAC or PET
imaging techniques used in this study. Additional FDG PET
studies in presymptomatic gene carriers with normal striatal
D, binding are needed to confirm whether the metabolic
abnormalities precede the loss of striatalr®ceptors during

the earliest preclinical stages of the disease process.

gene-negative control subjects. Error bars indicate subgroup

The contribution of striatal atrophy features critically in
SDs.)

the interpretation of the HDRP covariance pattern as a
potential imaging biomarker of HD. Volume loss in the
caudate and putamen has been revealed by MRI in the
The HDRP topography is associated with striatal met@reclinical period 80,31). Therefore, it is likely that appre-
bolic reductions covarying with metabolic reductions in theiable partial-volume effects from focal striatal atrophy can
temporal cortex. We interpret this finding as indicative of acause reductions in striatal PET measures in presymptom-
early derangement in striatal connectivity. Specifically, pratic carriers. For this reason, to identify a preclinical HDRP,
jections from the ventrocaudal neostriatum (ventral putae specifically chose presymptomatic carriers with normal
men and tail of the caudate) to the inferotemporal cortestriatal D, binding, thus minimizing potential partial-vol
have been described in rhesus monke®4).(Moreover, ume effects associated with focal striatal atrophy. In this
very early pathologic changes in HD have been noted in thiein, we note that this topography involves regional co-
tail of the caudate?b). Thus, a discrete disturbance of theseariation with spatially removed cortical regions that are
striatotemporal projections may underlie aspects of the psassociated with pattern-related metabolic increases as well
chiatric and cognitive abnormalities associated with thes decreases. Although temporal lobe cell loss has been
earliest stages of HD before the onset of motor sigmeported in HD patients at postmorter®2), routine MRI
(26,279). examination in the affected and presymptomatic cohorts
In addition to striatotemporal metabolic decrements, ttailed to disclose discernible cortical atrophy. Moreover,
HDRP topography is associated with relative increases fiocal cortical volume loss, even if present in the preclinical
occipital metabolism. This finding raises the possibility oberiod, would not explain the relative functional increases
active metabolic demand in this region, perhaps througioted in the occipital cortex. Thus, the HDRP topography is
excitotoxic mechanisms. Indeed, glutamate concentratiomslikely to be an artifact of tissue atrophy, although striatal
have been found to be specifically elevated in the occipitalume loss may contribute in part to the relatively higher
cortex of HD patients examined at postmorte28)( More- pattern scores noted in the symptomatic cohort. We recog-
over, in vivo proton magnetic resonance spectroscopy haige that even by limiting the network analysis to presymp-
revealed elevations of brain lactate in the occipital lobes tdmatic gene carriers with normal RAC binding, the con-
HD patients and carrier29). Although relative occipital found of local tissue loss can only be fully addressed
hypermetabolism is identifiable through network analysithrough the implementation of rigorous MRI-based atrophy
we note that this regional contribution to the preclinicatorrections 83). Further PET studies using these routines
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are needed to determine the degree to which our findin@s Mazziotta JC, Phelps ME, Pahl JJ, et al. Reduced cerebral glucose metabolism in
can be explained by structural or metabolic effects or by a asymptomatic subjects at risk for Huntington’s dise&s&ngl J Med1987;316:

€ ex 357-362.
combination of both. 9. Kuwert T, Ganslandt T, Jansen P, et al. Influence of size of regions of interest on

Having identified a discrete HDRP topography in HD PET evaluation of caudate glucose consumptianComput Assist Tomogr.
gene carriers with normal striatal RAC or PET values, we 1992:16:789-794.

. . . . ﬁo. Turjanski N, Weeks R, Dolan R, Harding AE, Brooks DJ. Striatalabd D,
CompUted prospectlvely the expression of this pattem In the receptor binding in patients with Huntington’s disease and other choreas: a PET

other preclinical and symptomatic groups, each with low study.Brain. 1995;118:689-696.
Strlatal Q blndlng We found that Sub]ect scores Of thél Weeks RA, Piccini P, Harding AE, Brooks DJ. StriataI and D dopamine

.. . receptor loss in asymptomatic mutation carriers of Huntington's diseese.
preclinical HDRP were abnormal in both of these groups. Neurol. 1996:40:49 54,

Interestingly, HDRP expression was elevated in the Symy: antonini A, Leenders KL, Eidelberg DY[]Raclopride-PET studies of the
tomatic group relative to the preclinical groups. This finding Huntington’s disease rate of progression: relevance of the trinucleotide repeat

- P i i i length. Ann Neurol.1998;43:253-255.
SqueStS that in addition to belng abnormal in the ear“el%t. Eidelberg D, Moeller JR, Antonini A, et al. Functional brain networks in DYT1

preclinical stages of iliness, HDRP expression may inCrease gysionia Ann Neurol.1998:44:303-312.

with the progression of HD into the early symptomatig4. shoulson I, Fahn S. Huntington disease: clinical care and evaluation [editorial].
period. Therefore, this pattern may have a role as an ima%;—Ne“r_"'ogy-1979?2911—3- _

. . . .15. Talairach J, Tournoux REoplanar Stereotaxic Atlas of the Human Brakew

ing marker to be used as an adjunct for trials of potentia

- - . - York, NY: Thieme Medical; 1988.
neuroprotective agents in presymptomatic gene carriers.16. vollenweider FX, Leenders KL, Scharfetter C, Maguire P, Stadelmann O, Angst
J. Positron emission tomography and fluorodeoxyglucose studies of metabolic
hyperfrontality and psychopathology in the psilocybin model of psychbis-
ropsychopharmacology.997;16:357-372.
Alexander GE, Moeller JR. Application of the scaled subprofile model to func-
tional imaging in neuropsychiatric disorders: a principal component approach to
modeling brain function in diseaselum Brain Mapp.1994;2:1-16.
Moeller JR, Nakamura T, Mentis M, et al. Reproducibility of regional metabolic
covariance patterns: comparison of four populatidrisucl Med.1999;40:1264 —

CONCLUSION

Our findings show that FDG PET with network analysi$”
can be used to identify specific patterns of abnormal brain
function in preclinical HD. These patterns may also b,
abnormally expressed in clinically affected HD patients.
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useful means of quantifying the rate of disease progressimn Eidelberg D, Moeller JR, Kazumata K, et al. Metabolic correlates of pallidal

during the earliest phases of this illness neuronal activity in Parkinson’s disea®rain. 1997;120:1315-1324.
' Eidelberg D, Moeller JR, Ishikawa T, et al. Assessment of disease severity in

parkinsonism with fluorine-18-fluorodeoxyglucose and PENucl Med.1995;
36:378-383.

Moeller JR, Ishikawa T, Dhawan V, et al. The metabolic topography of normal
aging.J Cereb Blood Flow Metahl996;16:385-398.

Winer BJ. Statistical Principles in Experimental DesigiNew York, NY:
McGraw-Hill; 1971.
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