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SUMMARY

In 23 patients with moderate to severe Huntington's disease (HD) and 21 normal volunteers, the regional
cerebral metabolic rate of glucose consumption (rCMRGlc) was measured in the cerebellum, thalamus,
striatum, and cortex using positron emission tomography and the 18F-deoxyglucose method. In contrast
to previous reports, rCMRGlc was reduced not only in the striatum, but also in the cerebral cortex of
patients with HD as compared with normal subjects. No significant difference between HD patients and
normal subjects was found for thalamic and cerebellar rCMRGlc. To investigate the relationship between
the clinical status and rCMRGlc, correlation coefficients for the clinical data were calculated for absolute
values of rCMRGlc and for cerebellar ratios (CR) of rCMRGlc. The duration of chorea correlated
significantly only with the absolute values of frontoparietal and temporo-occipital rCMRGlc and with the
CRs of most cortical regions evaluated. The severity of chorea correlated significantly only with lentiform
nucleus rCMRGlc. The severity of dementia correlated significantly only with the frontoparietal and temporo-
occipital rCMRGlc, the CRs of most cortical regions, and the CR for the caudate nucleus. The degree
of disability correlated significantly with the CRs of all regions evaluated except the occipital and the superior
frontal cortex. It appears from this study that there is a reduction not only for the striatum but also for
cortical rCMRGlc in patients with manifest HD, and that the cortical reduction of rCMRGlc contributes
to the severity of clinical symptoms in these patients. This challenges the concept that dementia in HD
is of purely subcortical origin.

INTRODUCTION

Huntington's disease (HD) is a rare disorder characterized by autosomal dominant
inheritance, chorea and progressive dementia (for a review, see Martin and Gusella,
1986; Penney and Young, 1988). As a clinical entity it was first described by Huntington
in 1872. At the end of the nineteenth century, two publications independently showed
that gross degeneration occurs in the striatum of HD patients (Anton, 1896; Lannois
and Paviot, 1897). Since then, numerous reports investigating the neuropathological
substrate of HD have been published (for references, see McCaughey, 1961; Lange et al.,
1976; Vonsattel et al., 1985). In all these, degeneration of the striatum has been described
as the most pronounced and typical change in HD. Some authors, however, have clearly
stated that, in addition to striatal degeneration, degenerative changes can be found
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1406 T. KUWERT AND OTHERS

in the cerebral cortex (Alzheimer, 1911; McCaughey, 1961; Lange, 1981). Studies using
computerized x-ray tomography (CT) have lent further support to the hypothesis that
moderate cortical atrophy can accompany the more pronounced striatal changes in HD
(Sax and Menzer, 1977; Terrence et al., 1977; Oepen and Ostertag, 1981; Lange and
Aulich, 1986). As cortical involvement in HD is not as pronounced as that of the striatum,
and as cortical degeneration has been reported to vary markedly (McCaughey, 1961),
its relevance in HD has been questioned (Penney and Young, 1988) and little investigated.

With the advent of positron emission tomography (PET) several authors have measured
the regional cerebral metabolic rates for glucose (rCMRGlc) and oxygen (rCMRO^)
in HD (Kuhl etal, 1982, 1984a; Garnett etal, 1984; Hayden etal, 1986, 1987;
Leenders et al., 1986; Young et al., 1986; Hosokawa et al., 1987; Mazziotta et al.,
1987; De Voider et al., 1988). Some of these studies have focused on the clinically
important issue of early diagnosis of HD and have shown that hypometabolism in the
caudate nucleus precedes the onset of clinically overt chorea in persons at risk of HD
(Hayden et al., 1986, 1987; Mazziotta et al., 1987). All studies on patients with manifest
HD have demonstrated prominent decreases of striatal rCMRGlc and rCMRC>2, in
agreement with the above-cited neuropathological and CT studies.

So far, only scarce and controversial evidence has existed concerning cortical energy
metabolism in HD. Kuhl et al. (1982, 1984a) did not find a significant decrease of cortical
rCMRGlc in their group of 13 patients, although they observed a significant decrease
of an anteroposterior ratio of cortical rCMRGlc in a subgroup of 5 patients with a disease
duration of more than 6 yrs. Young et al. (1986) and Berent et al. (1988) stated that
in their studies, mainly aimed at investigating the relationship between rCMRGlc and
the severity of symptoms in HD, cortical rCMRGlc was normal in their group of 15
patients with early to midstage HD. They related the severity of symptoms exclusively
to indices of striatal rCMRGlc. Leenders et al. (1986), however, reported a decrease
in absolute values of cerebral blood flow, rCMRO2, and rCMRGlc in the frontal cortex
of 1 patient with HD. Recently, in a preliminary publication, we described a decrease
of cortical rCMRGlc in a group of 13 patients with manifest HD and 5 patients at risk
of HD with psychiatric symptoms (Kuwert et al., 1989). This study reports measurements
of rCMRGlc in 23 HD patients and 21 normal volunteers using a new-generation high
resolution PET scanner. The aims of this study were to compare cortical and subcortical
rCMRGlc in patients with manifest HD with the rCMRGlc of normal subjects, and to
clarify further the relationship between rCMRGlc and clinical symptoms of this disease
with special attention to cortical rCMRGlc.

SUBJECTS AND METHODS

Subjects

Twenty-three patients (mean age 42.7 ± 10 yrs; 12 males, 11 females) with manifest HD and 21 normal
subjects (mean age 41.1 ± 12.5 yrs; 15 males, 6 females) entered the study. Both patients and normal subjects
were scanned during the same period of time from October 1987 to November 1988. The blood glucose
levels at the time of PET examination did not differ significantly between patients and control subjects
(4.95 ±0.67 vs 4.81 ±0.63 mmol/1 glucose). Written and informed consent was obtained from all subjects.
The control group consisted of healthy volunteers. None of these individuals had a history of alcoholism,
neurological disease, myocardial infarction, or diabetes mellitus and neurological examination was normal.
All control subjects were not taking medications.
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CEREBRAL GLUCOSE CONSUMPTION IN HD 1407

In the patient group, the diagnosis of manifest HD was made on the basis of a family history of HD
and a clinical diagnosis of chorea. Blood tests were performed in these patients to exclude such other extra-
pyramidal disorders as Wilson's disease and neuroacanthocytosis. Scales ranging from 0 (normal) to 3
(severely disturbed) were employed for grading the severity of clinical symptoms. The severity of chorea
was assessed on a clinical rating scale with 0 indicating absence of chorea and 3 indicating the presence
of constant or frequent gross choreiform movements (Lange et al., 1983). The degree of dementia was
determined using a score derived from a psychometric test battery. Psychometric testing included the
vocabulary recognition test MWT-B (Merz et al., 1975; Lehrl, 1977), an abbreviated German version
of the WAIS (WIP; Dahl, 1972), a test of visuomotor performance (d2-test; Brickenkamp, 1972), a test
measuring attention, concentration, general intelligence and cognitive flexibility (syndrome short test SKT;
Erzigkeit, 1977), Benton's test (Benton, 1981), and a German version of Raven's matrices (Raven, 1938;
Kratzmeier and Horn, 1980). All single test results were converted into scores ranging from 0 to 3. The
average of these scores was defined as the overall degree of dementia. The degree of disability was rated
analogously to the Shoulson-Fahn scale (Shoulson and Fahn, 1979; Lange et al., 1983) according to the
patients' ability to cope with everyday tasks. Although it was not the aim of this study to correlate rCMRGlc
with the type and severity of psychiatric symptoms encountered in HD, it is evident that the presence of
severe psychiatric symptoms such as psychosis or depression greatly influences the patient's ability to cope
with everyday tasks and that the impact of these symptoms on the patient's condition is also evaluated
by the above-described scale.

Table I shows detailed clinical data on the HD patients in this study. The duration of chorea in these
patients ranged from 1 to 15 yrs with a mean duration of 6.1 ±4.1 yrs. The mean severity of chorea was
1.5 ±0.6, the mean severity of dementia 1.6 ±0.9, and the mean disability severity 1.4 ±0.8. Thus patients
with both mild and advanced disease were included in this study.

TABLE I. CLINICAL AND X-RAY CT DATA IN THE GROUP OF PATIENTS WITH
HUNTINGTON'S DISEASE

Case

1 (A.B.)
2 (S.B.)
3 (H.B.)
4 (D.B.)
5 (M.E.)
6 (W.F.)
7 (K.G.)
8 (R.H.)
9 (A.K.)

10 (F.K.)
11 (U.K.)
12 (A.L.)
13 (I.M.)
14 (E.M.)
15 (I.O.)
16 (H.P.)
17 (G.P.)
18 (He.P.)
19 (K.S.)
20 (H.S.)
21 (W.S.)
22 (G.S.)
23 (A.W.)

Age
(yrs)

36
41
56
48
31
32
35
46
47
31
46
45
54
60
47
42
33
53
32
35
62
27
42

Sex

M
F
F
F
M
M
M
F
M
M
F
M
F
F
F
M
F
F
M
M
M
M
F

DUR
(yrs)

6
4
7

15
2
1
8
8
5
5
5
1
1

10
5

10
8

15
1
5
1
9
9

CHOR

1.5
1.5
2.0
1.5
2.0
1.0
0.5
2.0
1.5
2.0
1.5
1.0
1.0
2.0
1.0
1.5
1.5
2.5
0.5
2.5
0.5
2.0
1.5

DEM

2.0
2.0
1.9
2.8
1.1
0.4
1.7
2.6
1.0
1.8
2.5
2.6
0.6
2.5
0.4
2.1
0.7
2.3
0.2
1.6
0

1.0
2.4

DIS

1.7
1.8
1.4
2.9
2.0
0.4
1.0
1.8
0.5
2.0
1.8
2.0
0.2
2.4
0.2
1.0
0.7
2.0
0.7
1.0
0.7
1.3
2.0

Drugs

BZ.BA
0

BA
0

PH,BU
0

BZ
BA
0

PH.BU.BZ
BA
BA
0

PH,BU,BA
0
0
0

PH
0
0
0
0

BZ.PH

CC/OT

0.21
0.21
0.3
0.3
0.15
0.14
0.1
0.18
0.16
0.13
0.19
0.16
0.17
0.19
0.15
0.18
0.1
0.19
0.12
0.14
0.13
0.12
0.16

Atrophy

1.8
1.5
1.8
2
1.2
0.8
0
1
1.3
0
1.8
1.7
1.5
1.5
1.2
1.7
1.2
1.7
1
2
0.8
1
1.7

DUR = duration of chorea; CHOR = severity of chorea; DEM = severity of dementia; DIS = degree of
disability; BZ = benzodiazepines; PH = phenothiazines, BU = buryrophenones; BA = substituted benzamides
(sulpiride or tiapride); CC/OT = shortest distance between caudate heads/distance between the outer tables of
the skull at the CC line; atrophy = cortical atrophy evaluated on CT.
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1408 T. KUWERT AND OTHERS

In all patients CT was performed using a CGR ND 8000 head scanner in the same year as the PET
study. The control subjects did not have a CT scan. The CT scans were evaluated by a neuroradiologist
(A. A.) independently of the clinical and PET data. In order to evaluate caudate atrophy the intercaudate
distance (CC) and the distance between the outer tables of the skull (OT) along the CC line were measured
(Stober et al., 1984). An index of caudate atrophy was calculated by dividing CC by OT. The mean CC/OT
was 0.17 ±0.05, indicative of caudate atrophy and comparing well with published results for symptomatic
HD patients (Stober et al., 1984). Cortical atrophy was evaluated by measuring the width of the three
widest sulci in the frontal, parietal, and occipital cortex. Cortical atrophy was then graded from 0 (mean
sulcal width < 2 mm) to 3 (mean sulcal width > 5 mm) as reported elsewhere (Lange and Aulich, 1986).
The average degree of cortical atrophy thus evaluated was 1.3 ±0.6, the degree of parietal atrophy 1.4 ±0.6.
Although no age-matched control group was available for the CT scans, it was concluded that the indices
of cortical atrophy given above indicate moderate cortical atrophy in view of the relatively young age
of the patients and the fact that postmortem examinations of normal cadavers revealed that no atrophy
of the parietal cortex occurs before the age of 60 yrs (Eggers et al., 1984). This interpretation is in good
agreement with previous CT studies reporting on moderate cortical atrophy in patients with manifest HD
(Sax and Manzer, 1977; Terrence et al., 1977; Oepen and Ostertag, 1981).

Twelve of the 23 HD patients were not receiving medication and 11 were medicated as listed in Table 1.
No patient was sedated for the purpose of this study. All patients of this group had refrained from using
alcohol at least 1 yr before the PET study.

Positron emission tomography

PET scanning was performed using the Scanditronix PET PC-4096 with a maximal spatial resolution
of 4.8 mm in the centre of the field of view and 6 mm in the z axis (full width at half maximum; FWHM).
Images were reconstituted by filtered back-projection using a filter width of 5 mm leading to an actual
resolution of 7.1 mm in the x and y axes and of 6 mm in the z axis (FWHM). Attenuation-correction
was performed using 68Ga/68Ge derived transmission scans. The scanning took place in a quiet and dimly
lit room, with the subject's eyes open and his ears unplugged. Arterialized blood was drawn through a
fine-gauge intravenous cannula. 18F-fluoro-deoxyglucose (FDG) was provided by the Institute of Nuclear
Chemistry of the KFA Julich and synthesized according to the procedure of Hamacher et al. (1986), which
avoids contamination of FDG with l8F-fluoro-deoxymannose. Cerebral glucose consumption was measured
after injection of 5 - 8 mCi FDG (185 — 296 MBq) according to the standard procedure described by Reivich
et al. (1979). rCMRGlc was calculated according to the standard procedure described by Reivich et al.
(1979) using Sokoloffs model equation (Sokoloff et al, 1977), the kinetic rate constants published by
Reivich et al. (1985) and a lumped constant of 0.52 (Reivich et al., 1985). In each subject rCMRGlc was
measured in 15 orbitomeatal parallel slices (OM slices) simultaneously. The most inferior OM slice was
2.5 cm above the orbitomeatal line.

Data analysis

In order to evaluate cerebellar, thalamic, and cortical rCMRGlc, 21 regions of interest (ROT) were drawn
manually by an examiner blind to diagnosis and symptoms of the examined subject {see fig. 1). Using
a range-setting program provided by the manufacturer of the PET machine, the lowest 20% of the rCMRGlc
values were not displayed on the screen allowing the partial volume effect to be minimized by drawing
the ROIs close to the peak rCMRGlc of each structure evaluated. The cerebellar, thalamic, and cortical
ROIs were identified by comparing the OM-parallel PET slices with anatomical sections of horizontal brain
slices (Duara etai, 1983) displayed in a neuroanatomical atlas (Talairach and Tournoux, 1988); the
horizontal slices in this atlas can be considered approximately parallel to the OM plane (Szikla et al., 1977).
This method takes into account the fact that PET slices obtained at identical levels above an externally
defined OM line do not always include corresponding brain regions due to considerable variation between
individuals in the size and shape of the head and brain (Talairach and Tournoux, 1988; Duara et al., 1983).
As the identification of a single gyms was thought to be difficult in patients with cortical atrophy, cortical
ROIs encompassed several adjacent gyri as described below.

Cortical ROIs were placed on the three following OM-parallel slices. (1) An OM slice corresponding
to slice 10 of Talairach's atlas (.see fig. 1B). On this slice 2 cortical ROIs were drawn on each hemisphere:
(a) one on the inferior frontal cortex encompassing the lower parts of the superior, medial and inferior
frontal gyri; (b) a second on the inferior (and lateral) temporal cortex encompassing parts of the superior,
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CEREBRAL GLUCOSE CONSUMPTION IN HD 1409

FIG. 1. Regions of interest drawn on orbitomeatal parallel PET slices of rCMRGlc in a normal subject (for description,
see text).

medial and inferior temporal gyri. (2) An OM slice corresponding to slice 7_8 of Talairach's atlas. On
this slice 4 cortical ROIs were drawn on each hemisphere (see fig. lc): (a) one on the intermediate frontal
cortex including parts of the superior, medial and inferior frontal gyri; (b) a second on the frontoparietal
cortex including parts of the frontoparietal operculum, the insular cortex and a small part of the superior
temporal gyms; (c) a third on the temporo-occipital cortex including parts of the superior and medial temporal
gyri, and parts of the medial occipital gyms; (d) a fourth on the occipital cortex including parts of the
medial occipital gyms, the cuneus and the striate area. (3) An OM slice corresponding to slice 4 of Talairach's
atlas. On this slice 2 cortical ROIs were drawn on each hemisphere (see fig. ID): (a) 1 ROI on the superior
frontal cortex corresponding approximately to the anterior half of the cortical rim displayed on this slice;
(b) 1 ROI on the superior parietal cortex corresponding approximately to the posterior half of the cortical
rim displayed on this slice.

Thalamic rCMRGlc was measured by placing a ROI on the thalamus displayed on the PET slice
corresponding to Talairach's slices 7_8 (see fig. lc). Cerebellar rCMRGlc was evaluated by placing a
ROI on the convolutions of the cerebellar cortex on the PET scan corresponding to Talairach's slices 10_ 11
(see fig. 1A).

An additional ROI comprised the whole brain slice on the OM slice corresponding to Talairach's
slices 7_8 . Its size can be taken as a relative estimate of the size of the whole brain (Hatazawa et al.,
1987a).
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FIG. 2. Cross-sectional histograms were obtained through the caudate heads (upper) and through the lentiform nuclei

(lower), allowing the measurement of caudate (C) and lentiform rCMRGlc (L) (Young et al., 1986).

In addition to the values of rCMRGlc, the ROI sizes were provided by the ROI software of the PET
manufacturer. The total cortical ROI area was calculated as the sum of all cortical ROI sizes.

Since in advanced HD, striatal rCMRGlc is low (Kuhl et al., 1982) and the striatum grossly atrophic,
visually-guided ROI measurements cannot be considered a precise method for measuring striatal rCMRGlc
(Young et al., 1986). In order to overcome this difficulty the method described by Young et al. was used
to quantify caudate and lentiform rCMRGlc. The principle of this method is that peak values of rCMRGlc
are measured on cross-sectional histograms (see fig. 2). Using differential range settings, the atrophic caudate
nuclei in HD patients were identifiable visually in 21 of 23 cases; in the remaining 2 patients the cross-
sectional histograms were placed 1 cm anterior to the anterior tip of the thalamus. The peak value of caudate
rCMRGlc was then determined at the shoulder or inflection of the curve, as described by Young et al.
(1986) and Berent et al. (1988). The peak value of the lentiform nucleus was determined analogously on
a cross-sectional histogram placed0.5 cm anterior to the thalamus on the OM-parallel slice corresponding
to Talairach's slice 8.

The means of rCMRGlc in the left and right regions (weighted for their cross-sectional area for cortical,
thalamic, and cerebellar ROIs) were calculated and used in the further analysis. The arithmetic mean of
all cortical regions weighted for their cross-sectional area was calculated as an estimate of the mean cortical
glucose consumption of each subject. In order to test Kuhl's hypothesis of hypofrontality in HD patients,
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CEREBRAL GLUCOSE CONSUMPTION IN HD 1411

ratios were calculated between the weighted mean of all frontal regions (FRO) and the occipital cortex,
between FRO and the weighted mean of the frontoparietal and the superior parietal cortex, and between
FRO and the weighted mean of the inferior temporal and the temporo-occipital cortex.

In order to normalize the PET data, cerebellar ratios (CR) were calculated between the value of each
region and the cerebellar rCMRGlc in each subject. In order to allow a comparison between this study
and the studies by Young et al. (1986) and Berent et al. (1988), ratios between striatal rCMRGlc and
mean cortical rCMRGlc were also calculated (cortical ratios). In addition to an analysis of correlation
between the absolute values of rCMRGlc and the clinical data, these cerebellar and cortical ratios were
used to correlate PET data with the severity of clinical symptoms because of the great variation of absolute
values of rCMRGlc (Kuhl el al, 1982; Tyler et al, 1988).

Statistical analysis was performed using the statistical software package SAS (Statistical Analysis Systems).
The difference of group means was tested using Student's t test after correction of the significance level
using Bonferroni's correction for each sample. The correlation between PET data and clinical data was
performed using Spearman's nonparametric rank correlation coefficients. The level of significance was
set at P < 0.05.

RESULTS

The surface of the whole slice measured on the PET slice corresponding to Talairach's
slices 7_8 was significantly smaller in HD patients than in normal subjects (149 ± 12.5
cm2 vs 164 ±8.2 cm2, P < 0.01, Student's t test). Cortical ROI sizes were smaller
in HD patients than in control subjects (see Table 2); these differences were significant
for parts of the frontal and the temporo-occipital cortex.

There was no significant correlation between the total cortical ROI area and rCMRGlc
in normal subjects (r = 0.25, P > 0.05). In HD patients, the correlation coefficient
between the total cortical ROI area and rCMRGlc was positive and significant (r = 0.6,
P < 0.01) implying that in those patients in whom larger ROIs were drawn rCMRGlc
tended to be higher. The total cortical ROI area correlated negatively with cortical atrophy
as determined on CT scan (r = -0 .43 , P < 0.05). Mean cortical rCMRGlc correlated
negatively with the degree of atrophy as determined on CT scan (r = —0.58, P < 0.01).

The mean cortical rCMRGlc was significantly reduced in HD patients (see Table 3),
as was that of caudate and lentiform rCMRGlc. Thalamic rCMRGlc was approximately

TABLE 2. SIZES OF REGIONS OF INTEREST IN PATIENTS WITH
HUNTINGTON'S DISEASE (n = 23) AND NORMAL SUBJECTS (n = 21)

Cerebellum
Thalamus
Inferior frontal cortex
Intermediate frontal cortex
Superior frontal cortex
Inferior temporal cortex
Temporo-occipital cortex
Frontoparietal cortex
Superior parietal cortex
Occipital cortex

HD
ROI size

(cm2)

5.4±0.8'
2.3±0.3
5.9±0.7
4.8±0.6
9.0± 1.3
4.7±0.9
4 ±0.8

11 ±2
9.3±1
6.0±0.8

Normal
ROI size

(cm2)

5.6±0.9
2.4±0.4
6.9±0.9
5.7±0.9

10.2±1.5
5.1 ± 1.2
5 ±0.8

12.7±1.8
10.2±1.5
6.4±1

P2

n.s.3

n.s.
P < 0.01
P < 0.01

n.s.
n.s.

P < 0.01
n.s.
n.s.
n.s.

1 Mean ± SD; 2 Two-tailed Student's t test using Bonferroni's correction; 3 Not
significant (P > 0.05).
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1412 T. KUWERT AND OTHERS

TABLE 3. MEAN CORTICAL, SUBCORTICAL AND CEREBELLAR
rCMRGlc IN PATIENTS WITH HUNTINGTON'S DISEASE (n = 23) AND

NORMAL SUBJECTS (n = 21)

Cerebellum
Thalamus
Caudate nucleus
Lentiform nucleus
Mean cortex

HD
rCMRGlc

(nmol/100 g/min)

38.2 ± 61

44.5± 8.1
21 ± 9.6
28 ±12.2
38.9 ± 6.6

Normal
rCMRGlc

(pnol/100 g/min)

40.3 ± 8
51.7±10.6
55.2 ±10.3
63.7 ±10.9
46.8± 8.6

P
P
P

P2

n.s.3

n.s.
< 0.001
< 0.001
< 0.01

1 Mean±SD; 2 Two-tailed Student's t test using Bonferroni's correction; 3 Not
significant (P > 0.05).

TABLE 4. CORTICAL rCMRGlc IN PATIENTS WITH HUNTINGTON'S
DISEASE (n = 23) AND NORMAL SUBJECTS (n = 21)

Inferior frontal cortex
Intermediate frontal cortex
Superior frontal cortex
Inferior temporal cortex
Temporo-occipital cortex
Frontoparietal cortex
Superior parietal cortex
Occipital cortex

HD
rCMRGlc

(limol/100 g/min)

38.5±6.4'
39 ±7.2
39.6±8.2
37 ±7
36.3±6.1
38.3±7.6
38.8±6.6
45.5±6.2

Normal
rCMRGlc

(lxmol/100 g/min)

47.6±9.5
48.1 ±9.9
48.7 ±9.5
43 ±8.3
42.8±7.5
46.4±8.7
45.1 ±8
50.8±9.4

P2

P < 0.01
P < 0.01
P < 0.02

n.s.3

P < 0.05
P < 0.05

n.s.
n.s.

Mean±SD; 2 Two-tailed Student's t test using Bonferroni's correction; 3 P > 0.05.

14% smaller in HD patients than in normal subjects; this difference, however, did not
reach the required level of significance when Bonferroni's correction was applied.
Cerebellar rCMRGlc was only about 5% smaller in HD patients than in normal subjects;
the cerebellum thus seemed least affected in this group of HD patients. Significant
differences between HD patients and normal subjects were found for rCMRGlc measured
in all parts of the frontal cortex, the temporo-occipital cortex, and the frontoparietal
cortex (see Table 4).

There was no significant difference in rCMRGlc of any brain region between the
12 unmedicated and the 11 medicated patients, implying that the mean cortical rCMRGlc
measured in the unmedicated group (38.5 ±7.3 /imol/100 g/min) also differed significantly
from the mean cortical rCMRGlc measured in the control subjects (46.8 ±8.6
/anol/100 g/min; P < 0.01 using the two-tailed Student's t test). This difference between
HD patients and normal subjects was also found concerning rCMRGlc measured in the
frontal regions: in the 12 unmedicated patients, rCMRGlc was 38.7 ±7.2 junol/100 g/min
in the inferior frontal cortex (compared with 47.6 ±9.5 /tmol/100 g/min in the control
subjects), 39.6 ±8.6 /tmol/100 g/min in the intermediate frontal cortex (compared with
48.1 ±9.9 /xmol/100 g/min in the control subjects), and 38.9 ±8.5 /miol/100 g/min in
the superior frontal cortex (compared with 48.7 ±9.5 /imol/100 g/min in the normal
subjects).
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CEREBRAL GLUCOSE CONSUMPTION IN HD 1413

TABLE 5. CORRELATION OF CEREBELLAR, SUBCORTICAL, AND
MEAN CORTICAL rCMRGlc WITH THE SEVERITY OF SYMPTOMS IN

PATIENTS WITH HUNTINGTON'S DISEASE (n = 23)

Duration of Severity Severity Degree of
chorea of chorea of dementia disability

Cerebellum 01 0 0.08 0.26
Thalamus -0.32 -0 .3 -0 .18 -0.08
Caudate nucleus -0.11 -0.31 - 0 . 3 -0 .29
Lentiform nucleus -0 .35 -0 .43* -0.34 -0.37
Mean cortex -0.34 -0.17 - 0 . 3 -0 .1

l Spearman's correlation coefficients; * P < 0.05.

TABLE 6. CORRELATION OF rCMRGlc IN DIFFERENT CORTICAL
REGIONS WITH THE SEVERITY OF SYMPTOMS IN PATIENTS WITH

HUNTINGTON'S DISEASE (n = 23)

Duration of Severity Severity Degree of

Inferior frontal cortex
Intermediate frontal cortex
Superior frontal cortex
Inferior temporal cortex
Temporo-occipital cortex
Frontoparietal cortex
Superior parietal cortex
Occipital cortex

chorea
-0 .31 1

-0 .33
-0.35
-0.33
-0 .51**
-0.42*
-0.38
-0.35

of chorea
-0.15
-0.16
-0.17
-0.18
-0 .3
-0.24
-0.15
-0 .2

of dementia
-0 .25
-0.32
-0.26
-0.17
-0.49*
-0 .45*
-0.28
-0.37

disabilii
-0.12
-0.15
-0.04
-0.04
-0.33
-0.28
-0.05
-0.08

Spearman's correlation coefficients; * P < 0.05; ** P < 0.02.

The ratios between the weighted mean of rCMRGlc in the 3 frontal regions and the
occipital region (0.86 ±0.08 as against 0.95 ±0.1), and between the weighted mean
of rCMRGlc in the 3 frontal regions and the weighted mean of the 2 temporal regions
(1.06±0.06 vs 1.12±0.07) were found to be significantly decreased in HD patients
when calculations using the two-tailed Student's t test and Bonferroni's correction were
carried out {P < 0.05). The ratio between the weighted mean of rCMRGlc in the 3
frontal regions and the weighted mean of rCMRGlc in the 2 parietal regions was not
significantly different in HD patients compared with control subjects (1.02±0.04 vs
1.05 ±0.05).

The correlation coefficients between absolute values of rCMRGlc and the clinical
data are shown in Tables 5 and 6. The severity of chorea showed a significant correlation
only with the lentiform rCMRGlc (P < 0.05). The duration of chorea and the severity
of dementia correlated significantly only with the rCMRGlc in the temporo-occipital
and inferior parietal cortex. All other correlation coefficients for absolute values of
rCMRGlc and the clinical data were not significant. This was especially true of the
correlation coefficients between cerebellar rCMRGlc and the clinical status.

The correlation coefficients between the cortical ratios of striatal rCMRGlc are shown
in Table 7. The cortical ratio of lentiform rCMRGlc correlated with the severity of
chorea and with the degree of disability at a significance level of 0.05. There was no
significant correlation between the cortical ratio of lentiform rCMRGlc and the severity
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TABLE 7. CORRELATION OF CORTICAL RATIOS OF STRIATAL
rCMRGlc WITH THE SEVERITY OF SYMPTOMS IN PATIENTS WITH

HUNTINGTON'S DISEASE (n = 23)

Duration of Severity Severity Degree of

Caudate nucleus
Lentiform nucleus

chorea

0.041

-0.22

of chorea

-0.23
-0.42*

of dementia

-0 .28
-0.32

disability
-0.29
-0.44*

1 Spearman's correlation coefficients; * P < 0.05.

TABLE 8. CORRELATION OF CEREBELLAR RATIOS OF THALAMIC,
STRIATAL, AND MEAN CORTICAL rCMRGlc WITH THE SEVERITY

OF SYMPTOMS IN PATIENTS WITH HUNTINGTON'S DISEASE
(n = 23)

Thalamus
Caudate nucleus
Lentiform nucleus
Mean cortex

Duration of
chorea

- 0 . 4 '
-0.09
- 0 . 3
-0.48*

Severity
of chorea

-0.35
-0.25
-0.39
-0.14

Severity
of dementia

-0.34
-0.44*
-0.4
-0.58**

Degree o.
disability

- 0 . 5 1 *
-0.45*
-0.49*
-0.55**

Spearman's correlation coefficients; * P < 0.05; ** P < 0.01.

TABLE 9. CORRELATION OF CEREBELLAR RATIOS OF rCMRGlc IN
DIFFERENT CORTICAL REGIONS WITH THE SEVERITY OF SYMPTOMS

IN PATIENTS WITH HUNTINGTON'S DISEASE (n = 23)

Inferior frontal cortex
Intermediate frontal cortex
Superior frontal cortex
Inferior temporal cortex
Temporo-occipital cortex
Frontoparietal cortex
Superior parietal cortex
Occipital cortex

Duration of
chorea

-0.47*1

-0.34
-0.47*
-0 .5*
-0.46*
-0.48*
-0.47*
- 0 . 3

Severity
of chorea

-0.27
-0.05
-0.08
-0.28
-0 .2
-0 .2
-0.11
-0.19

Severity
of dementia

- 0 . 5 *
-0.49*
- 0 . 5 *
-0 .45*
-0.59**
-0 .61**
-0.49*
-0.41

Degree q,
disability

-0.62**
-0.54**
-0 .4
-0.54**
-0.66**
-0.62**
- 0 . 5 1 *
-0 .4

Spearman's correlation coefficients; * P < 0.05; ** P < 0.01.

of dementia or the duration of chorea. None of the correlation coefficients between the
cortical ratio of caudate rCMRGlc and the severity of symptoms reached the significance
level of 0.05.

The correlation coefficients between cerebellar ratios of rCMRGlc and the clinical
data are shown in Tables 8 and 9. The duration of chorea correlated significantly with
the CR of mean cortical rCMRGlc and with the CRs of rCMRGlc in all cortical regions
except the intermediate frontal and occipital cortex. The severity of chorea did not
correlate with the CR of any region studied, although the correlation coefficient for
the CR of the lentiform nucleus (r = -0.39, P < 0.07) was almost significant. The
severity of dementia correlated significantly with the CRs of the caudate rCMRGlc
(P < 0.05), of mean cortical rCMRGlc (P < 0.01), and of rCMRGlc in all cortical
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TABLE 10. CORRELATION OF THE SEVERITY OF CHOREA WITH STRIATAL GLUCOSE
CONSUMPTION IN UNMEDICATED PATIENTS WITH HUNTINGTON'S DISEASE (n = 12)

Cerebellar ratio Cerebellar ratio Cortical ratio Conical ratio
Caudate Lentiform of caudate of lentiform of caudate of lentiform

rCMRGlc rCMRGlc rCMRGlc rCMRGlc rCMRGlc rCMRGlc

Severity of -0 .43 1 -0 .36 -0 .39 - 0 . 3 -0 .39 -0.32
chorea

1 Spearman's correlation coefficients; all correlation coefficients not significant (P > 0.05).

regions studied except for the occipital rCMRGlc. The degree of disability correlated
significantly with the CR of all cortical regions studied except the superior frontal and
the occipital cortex.

The correlation coefficients for the severity of chorea and the absolute values of striatal
rCMRGlc and its cerebellar and cortical ratios were of the same magnitude and not
significant when the medicated patients were eliminated from the analysis (see Table 10).

DISCUSSION

In this study rCMRGlc was measured in a group of HD patients and normal subjects
using the well-established standardized method introduced by Phelps et al. (1979) and
Reivich et al. (1979). Various important limitations apply to this method and have been
described elsewhere (for reviews, see Mazziotta and Phelps, 1986; Sokoloff, 1986).
Several points of criticism concerning this method, however, need discussion. In this
study arterialized venous blood was used in order to provide data for the plasma input
curve into the brain. This method is widely used in PET studies because of its easy
feasibility and noninvasiveness. Some criticism of its accuracy has been raised (Budinger
et al., 1985). This criticism, however, applies mainly to studies calculating rCMRGlc
using FDG rate constants measured in the individual patient, and not to the procedure
used in this study where standard rate constants were used. Moreover, a recent study
by Tyler et al. (1988) has not reported significant differences between rCMRGlc values
calculated using arterialized venous blood and those using arterial blood measured in
two groups of normal volunteers.

An important limitation of measuring rCMRGlc in grey matter structures is a
consequence of the partial volume effect leading to a mixture of grey matter, white
matter, and cerebrospinal fluid (CSF) space in each ROI (Hoffman et al., 1979). The
partial volume effect influences rCMRGlc values measured in HD patients to a greater
extent than those in normal subjects because HD patients have moderate cortical and
severe striatal atrophy. This also applies to thalamic rCMRGlc, as thalamic atrophy
occurs in some patients with HD (McCaughey, 1961); the ventrolateral thalamus may
lose up to 50% of its microneurons (Dom et al., 1976). In this study the partial volume
effect is probably less important than in previous ones due to the improved spatial
resolution of the PET scanner used (Mazziotta et al., 1981). By using cross-sectional
histograms as described by Young et al. (1986) to measure striatal rCMRGlc and by
drawing the cortical and thalamic ROIs close to the peak values of these structures,
additional efforts were made to minimize the partial volume effect. In HD patients,
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1416 T. KUWERT AND OTHERS

the total cortical ROI area correlated negatively with the cortical atrophy evaluated on
x-ray CT, implying that in patients with more severe cortical atrophy smaller cortical
ROIs were drawn, presumably due to shrinkage of the brain in HD patients as described
in neuropathological studies (e.g., Lange, 1981). Despite these efforts to minimize the
partial volume effect, mean cortical rCMRGlc correlated significantly and negatively
with the degree of cortical atrophy as determined on CT scan, indicating that in HD
patients a decrease in rCMRGlc parallels the development of cortical atrophy to some
extent.

The underestimation of rCMRGlc per mass unit of tissue due to the partial volume
effect is a problem inherent in many PET studies comparing rCMRGlc in patients
suffering from neurodegenerative diseases such as Alzheimer's disease (AD) with
rCMRGlc measured in normal subjects. Controversial results have been reported in
the literature. Some authors could clearly show that a correction of PET data for atrophy
led to the expected increase of rCMRGlc in AD patients which was more pronounced
in AD patients than in normal subjects because of the greater severity of brain atrophy
in the AD group (Herscovitch et al., 1986; Chawluk et al., 1987). Preliminary data
by Koeppe et al. (1989) indicate that-at least in AD patients—the observed decrease
of cortical rCMRGlc cannot be ascribed to the influence of cortical atrophy alone.
Decreases of rCMRGlc observed in patients with neurodegenerative diseases probably
represent a combined effect of cell loss leading to atrophy, disturbed energy metabolism
of single neurons, and functional inactivation due to malfunction of neurally
interconnected brain regions leading to a loss of activating input. Even if a decrease
in rCMRGlc were exclusively caused by inclusion of more white matter or CSF space
into the region of grey matter due to atrophy and the partial volume effect, this would
not affect the interpretation of a decrease of rCMRGlc as a malfunction of this region
(caused predominantly by cell loss).

The principal finding of this study is that in HD patients cortical rCMRGlc is
significantly reduced as compared with normal subjects in terms of absolute values.
The group of HD patients was older by 1 yr than the group of normal subjects. Although
the majority of studies have not found a significant decrease of rCMRGlc with age (e.g.,
Duara et al., 1983; de Leon et al., 1984, 1987), some authors state the contrary (Kuhl
et al., 1984ft; Riege et al., 1985; Yoshii et al., 1988). The magnitude of these age-
related changes, however, is not sufficient to explain a difference of approximately 17%
in cortical rCMRGlc between two groups whose mean ages differ by only 1 yr.

The surface of the whole slice ROI placed on the PET slice corresponding to Talairach's
slice 7 — 8 can be assumed to provide a relative measure of brain size (Hatazawa et al.,
1987a) and was smaller in HD patients than in normal subjects. The group of HD patients
comprised more females than the group of normal subjects. These two conditions (smaller
brain size, female sex) have been reported to be associated with higher rCMRGlc so
that the decreased values found in HD patients are not due to different composition
of both groups with regard to these conditions (Baxter et al., 1987; Hatazawa et al.,
\9$la,b; Yoshii etal, 1988).

In this study, as in many others (e.g., Duara et al., 1983; Goffinet et al., 1989),
a subjective ROI method was used. The cortical ROI sizes in HD patients, however,
were smaller than those in normal subjects, and there was no negative correlation between
the total cortical surface area analysed and mean cortical rCMRGlc. This indicates that
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the difference in mean cortical rCMRGlc between both groups was not caused by
erroneously drawing larger ROIs in the HD patients than in the normal subjects.

The data reported in this study suggest that cortical rCMRGlc is most markedly reduced
in the frontal cortex and thus confirm the significant decrease of an anterior/posterior
ratio as reported by Kuhl et al. (1982). This study, however, is the first to report a
significant decrease of cortical rCMRGlc in terms of absolute values in a large group
of HD patients. The decrease of cortical rCMRGlc was approximately 17%, and thus
not as marked as the decrease observed for the striatum. This could possibly explain
the failure of previous authors (Kuhl et al., 1982, 1984a; Young et al., 1986; Berent
et al., 1988) to detect this difference since the PET scanners used in those studies had
a lower resolution than the high-resolution PET PC-4096 used in this study (11 to 16 mm
vs 4.8 mm); the partial volume effect which increases with decreased spatial resolution
(Mazziotta et al., 1981) might have masked this difference.

Another possible explanation of discrepant results reported in previous studies are
differences in patient selection: as mean cortical rCMRGlc normalized to the cerebellum
correlates negatively with the duration of chorea (see Table 8), studies enrolling patients
at an early stage of the disease (Young et al., 1986; Berent et al., 1988) will not detect
a decrease of cortical rCMRGlc in HD patients.

The finding of decreased rCMRGlc in the cortex is in good agreement with previous
neuropathological studies demonstrating cortical cell loss and consecutive brain atrophy
in this group of patients (Alzheimer, 1911; McCaughey, 1961; Lange, 1981). The
presence of advanced cortical cell loss in patients with HD was further confirmed by
studies with x-ray CT revealing the presence of cortical atrophy in these patients (Sax
et al., 1983; Terrence et al., 1977; Oepen and Ostertag, 1981). In view of this evidence
and the presence of moderate cortical atrophy diagnosed by CT in the HD patients studied,
the decrease of cortical rCMRGlc is probably mainly related to direct cortical pathology
and not to functional inactivation. As the cortex and the striatum are, however, jointly
involved in at least two neuronal circuits (the principal striatal circuit and the fourth
'accessory' striatal circuit according to Nieuwenhuys et al., 1988), a contribution of
functional inactivation to the observed decrease of cortical rCMRGlc cannot be excluded
completely. Moreover, Laplane et al. (1989) have recently described the occurrence
of relative prefrontal hypometabolism in patients with lesions involving the lentiform
nuclei, which they ascribed to a process of deafferentation of the prefrontal cortex. This
lends support to the hypothesis that the observed decrease of the frontal rCMRGlc is
at least partly caused by functional inactivation and thus offers a potential explanation
for the significant hypofrontality of rCMRGlc observed in HD patients in this study
and in that by Kuhl et al. (1982).

Since in previous studies no reduction of cortical rCMRGlc was found (Kuhl et al.,
1982), recent observations correlating rCMRGlc with clinical symptoms in HD patients
(Young et al., 1986; Berent et al., 1988) have been performed exclusively for striatal
rCMRGlc. As there is high interindividual variation of rCMRGlc in HD patients as
well as in normal subjects, these authors have used indices of striatal metabolism
normalized to maximal cortical rCMRGlc for this purpose. The use of these reference
values, however, precludes the detection of possible relationships between cortical
rCMRGlc and clinical symptoms. Since the cerebellar rCMRGlc seemed least affected
in this group of HD patients, and since cerebellar rCMRGlc correlates significantly
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with rCMRGlc in other brain regions in normal individuals, it seems appropriate
to consider cerebellar rCMRGlc an 'internal standard' in patients with HD and to
use cerebellar rCMRGlc as a reference value in this patient group. In addition to
these normalized values this study reports on correlations between absolute values of
rCMRGlc and the severity of symptoms in HD as well as between cortical ratios of
striatal rCMRGlc and the clinical data. To our surprise, there was only a poor correlation
between the degree of chorea as assessed by a clinical rating scale with both absolute
rCMRGlc, the cortical ratio of rCMRGlc, and the cerebellar ratio (CR) of rCMRGlc
in the striatum. This seems to be in contradiction to a study published by Young et al.
(1986), demonstrating that rCMRGlc of the putamen normalized to the peak cortical
activity correlated highly significantly with chorea in a group of 15 early to midstage
HD patients. As the group of patients studied herein also included severely disabled
patients, this discrepancy most likely is a result of differences concerning the severity
of the disease in the two groups of patients studied. Chorea, which means hyperkinesia,
is known to increase continuously to a peak in the midstage period of HD and to decrease
from thereon as the patient sometimes even develops rigidity in later stages (Shoulson,
1981; Folstein et al., 1986). Although neuroleptic treatment may suppress hyperkinesia
(Adams and Victor, 1985) and thus might interfere with the validity of the correlation
coefficients reported here between striatal metabolism and the degree of chorea, there
was no major change of these correlation coefficients when the medicated patients were
eliminated from the analysis {see Table 10). It therefore appears unlikely that in this
group of patients the absence of a strong correlation between striatal metabolism and
the degree of chorea is due to the inclusion of medicated patients.

Several authors have attributed the dementia of HD patients directly to pathology of
the basal ganglia (McHugh and Folstein, 1975; Cummings and Benson, 1984). This
concept was introduced approximately a decade ago (McHugh and Folstein, 1975) leading
to the classification of the dementia encountered in HD patients as subcortical. The PET
studies by Kuhl et al. (1982, 1984a) and Berent et al. (1988) reporting on normal cortical
rCMRGlc in HD patients and on highly significant correlations between striatal rCMRGlc
(normalized to cortical rCMRGlc) and psychometric test results in a group of early to
midstage HD patients have lent considerable support to this concept. There are, however,
only sparse clinical data to corroborate this concept (Whitehouse, 1986). In a CT study,
Sax et al. (1983) found a positive and significant correlation between CT measures of
caudate atrophy and cognitive function in a group of HD patients with both mild and
severe impairment. In these patients cortical atrophy, however, was also present, and
was reported to be worse in those patients with more severe impairment.

The data reported herein show that-in addition to a poor correlation of the degree
of dementia with the CR for caudate rCMRGlc-the degree of dementia correlated best
with the CR of mean cortical rCMRGlc in this group of HD patients. Even 2 correlation
coefficients between absolute values of rCMRGlc in the frontoparietal and temporo-
occipital cortex attained significance. In view of this observation the hypothesis that
dementia in manifest HD is directly linked to subcortical pathology (Cummings and
Benson, 1984) needs be reconsidered.

In the group of patients with HD studied here, the correlation coefficients between
PET data and the severity of dementia were highest not in the frontal cortex, which
seems the cortical region most severely affected in HD, but in the more posterior parts
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of the brain (frontoparietal and temporo-occipital cortex). This may partly be due to
the composition of the battery of psychometric tests used, since only the SKT includes
frontal lobe oriented tasks. Nevertheless, the above-presented correlation coefficients
between the PET data and the cognitive impairment of the HD patients show that the
dementia encountered in this group of HD patients shares some common features with
the dementia encountered in patients with Alzheimer's disease (AD). In AD patients,
specific patterns of reduced rCMRGlc have been reported, with a reduction of rCMRGlc
or rCMRO2 in the parieto-occipital cortex prevailing also at an early stage of this disease
(Frackowiak et al., 1981; Foster et al, 1983; de Leon et al, 1983) and correlating
with dementia (Chase et al, 1987).

Many efforts have been made to assess the disability of HD in the performance of
everyday tasks. The scale used in this study is a modification of the widely accepted
Shoulson-Fahn scale and is supposed to measure the overall functional capacity of a
patient with HD, thus encompassing deficits of many neuronal pathways. It is therefore
not surprising to find that the CRs for most brain regions studied correlate significantly
with the degree of disability.

Summarizing the above, it can be concluded that in patients with manifest HD, in
addition to the more pronounced decrease of striatal rCMRGlc, a reduction of cortical
rCMRGlc is also present, and that this reduction contributes to the severity of the clinical
findings. As the reduction of cortical rCMRGlc correlated significantly with the degree
of dementia, a modification of the concept of 'subcortical dementia' in HD patients
seems to be indicated.
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