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Cerebral autosomal dominant arteriopathy with subcortical in-
farcts and leukoencephalopathy (CADASIL) is an inherited
small-vessel disease caused by mutations in the NOTCH3 gene.
As in sporadic small-vessel disease, ischemic lesions are largely
confined to subcortical structures, whereas the cortex is
spared. CADASIL, therefore, may serve as a model to study
subcortically induced remote effects. The purpose of this study
was to evaluate with 18F-FDG PET whether regional cerebral
metabolic rate of glucose (rCMRglc) is altered in CADASIL pa-
tients and, if so, whether there is evidence of subcortically
induced disconnection. Methods: Eleven CADASIL patients (7
women, 4 men; mean age, 55.8 � 6.7 y) without cortical lesions
on brain MR images underwent PET after intravenous injection
of 120 MBq 18F-FDG, with calculation of rCMRglc according to
a previously published method. For further processing, patient
studies were registered to a template of a healthy control group
and region-of-interest–based and voxelwise comparisons were
performed. Results: In CADASIL patients, mean rCMRglc was
significantly reduced in all cortical and subcortical structures,
compared with the values in healthy volunteers. In the subcor-
tical gray matter, metabolic rates, given as the percentage of the
mean of healthy volunteers, were 49.7%, 65.3%, and 51.6% in
the caudate, putamen, and thalamus, respectively. Among cor-
tical structures, the values were 66.9%, 67.9%, 67.2%, and
76.5% for the frontal, parietal, temporal, and occipital lobes,
respectively. On an individual level, most patients showed
marked asymmetry and inhomogeneities of cortical glucose
metabolism. In 6 (55%) CADASIL patients, there was evidence
of crossed cerebellar diaschisis. Conclusion: This study
showed that cortical glucose metabolism is significantly lower in
CADASIL patients than in healthy volunteers. The observed
decrease in rCMRglc may in part be explained by a reduction of
cerebral blood flow and neuronal loss. In addition, our data
provide evidence of remote effects secondary to the functional

disruption of subcortical fiber tracts in this particular type of
small-vessel disease.
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Functional disconnection of cortical structures is of par-
ticular interest in conditions affecting the subcortical gray
and white matter. Cerebral autosomal dominant arteriopathy
with subcortical infarcts and leukoencephalopathy
(CADASIL) is a genetically defined type of subcortical
vascular encephalopathy caused by mutations in the
NOTCH3 gene on chromosome 19 (1,2). Major clinical
manifestations include recurrent ischemic episodes and pro-
gressive cognitive deficits resulting in subcortical dementia
(3,4). Pathologically, the disease is characterized by lacunar
infarcts and incomplete ischemic lesions within subcortical
regions (5). MRI studies have revealed a microangiopathic
pattern of signal abnormalities, including diffuse white-
matter hyperintensities in T2 signal and circumscribed sub-
cortical lesions, whereas the cerebral cortex is generally
spared (6,7).

To our knowledge, only 3 imaging studies have used
nuclear medicine techniques on CADASIL patients (8–10).
Chabriat et al. (8) used PET to examine the cerebral blood
flow (CBF), oxygen consumption rate, and oxygen extrac-
tion fraction of 2 affected individuals. Mellies et al. (9) used
ethylcysteinate dimer SPECT to study a German CADASIL
family. Tuominen (10) addressed CBF findings obtained by
PET in a homozygous and a heterozygous gene carrier.
These reports primarily focused on hemodynamic parame-
ters and were restricted to examinations of single families.

Comparative investigations on patients with vascular de-
mentia have shown that studies of glucose metabolism are
more sensitive than studies of CBF in depicting subtle
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functional changes (11–13). Thus, we decided to use 18F-
FDG PET as the primary tool to address possible functional
disturbances in CADASIL patients. We hypothesized that
cortical glucose metabolism should be reduced in
CADASIL patients presenting with subcortical lesions.

MATERIALS AND METHODS

Study Population
Eleven unrelated CADASIL patients (7 women, 4 men; mean

age � SD, 55.8 � 6.7 y; age range, 46–65 y) were enrolled in this
study. For all subjects, the diagnosis had been confirmed by
identification of a mutation in the NOTCH3 gene (n � 9) or by
skin biopsy (n � 7). Clinical assessment included an evaluation of
the disability status according to the modified Rankin scale (14)
and of cognitive performance according to the Mini-Mental State
Examination (MMSE) (15). In all cases, MR images of the brain
were obtained at the time of the PET study. In 7 cases, 18F-FDG
PET studies were coregistered to MR images.

18F-FDG PET
18F-FDG PET was performed with an ECAT EXACT HR� PET

scanner (Siemens/CTI). The scanner acquires 63 contiguous trans-
axial planes, simultaneously covering 15.5 cm of axial field of
view. The transaxial and axial resolutions (full width at half
maximum) of the PET system were measured as 4.6 mm and 4.0
mm, respectively, at the center and 4.8 mm and 5.4 mm, respec-
tively, at a radial offset of 10 cm. Data acquisition followed a
standardized protocol. Each patient was examined in a fasting state
with eyes open, with ears plugged, and in a moderately lit envi-
ronment. The head of the patient was fixed in a foam cushion and
adequately positioned in the gantry. Acquisition started with a
15-min transmission scan (68Ge-sources), which was used for
subsequent attenuation correction. After the transmission scan, 120
MBq of 18F-FDG were intravenously administered. A PET study
was obtained from 30 to 60 min after injection (3 frames, 10 min
per frame, 128 � 128 matrix, 3-dimensional acquisition). For
further evaluation, the three 10-min frames were added to a single
frame comprising the entire 30-min acquisition. Images were re-
constructed by filtered backprojection using a Hann filter with a
cutoff frequency of 0.5 Nyquist and corrected for scatter and
attenuation. A time–activity curve of the 18F-FDG concentration in
blood plasma was obtained by sampling arterialized venous blood
starting immediately after injection and continuing until 45 min
after injection. Venous blood was arterialized using a hot pad (size,
20 cm � 40 cm) placed around the hand (Dyna-Therm; PADI
Industrial Trading GmbH). Image voxel values were converted
from kBq/cm3 to micromoles of glucose per 100 g of tissue per
minute (�mol/100 g/min) using the methods described by Phelps
et al. (16), generating a regional cerebral metabolic rate of glucose
(rCMRglc). For calculation, the following values were used:
lumped constant, 0.52; k1, 0.095; k2, 0.125; k3, 0.069; and k4,
0.0055. For further evaluation, the PET data were transferred to a
workstation running the BRASS software (Nuclear Diagnostics)
(17). It allows registration of a patient’s study to a 3-dimensional
reference template created from a normal database (n � 12; mean
age, 33 � 5 y). The latter was established from 18F-FDG PET
studies of healthy volunteers (mostly hospital staff), who under-
went a clinical investigation and MRI before the PET scan to
exclude neuropsychiatric disorders. Further processing was per-
formed on a voxelwise and regional basis. For voxelwise evalua-

tion, the BRASS program searches voxelwise for clusters of ab-
normal voxels that meet defined thresholds for size (�0.5 mL) and
SD (�2 SD) and can be displayed as a z score image. Regional
analysis determined the mean rCMRglc within 3-dimensional re-
gions defined by a region-of-interest (ROI) map matched to the
template. We used an elaborate ROI map consisting of 63 ROIs
covering cortical and subcortical structures (31 symmetric ROIs on
each hemisphere; 1 brain stem ROI) defined on the basis of an MR
image matched to the normal template. In addition, lobar measure-
ments were obtained by averaging the rCMRglc of the ROIs
(composing a lobe) in proportion to their size (number of voxels).
Asymmetry indices for ROIs and hemispheres were calculated on the
basis of the following formula: (ROI with higher metabolism –
corresponding contralateral ROI) divided by the mean of both ROIs
(%). In this study, evaluations on a voxelwise and regional basis were
used to compare findings in individual CADASIL patients with
healthy volunteers, and in addition, groups were compared by creating
a template consisting of the patients’ examinations.

All subjects gave written informed consent before participation
in this study. Patients and healthy volunteers were investigated
between 1999 and 2001, with control studies interspersed among
patient studies, thus minimizing the effect of possible drifts in
rCMRglc measurements over time.

Statistical Analysis
Statistical analysis was performed using SPSS software, version

9.0.1, for Windows (Microsoft). Descriptive PET results are given
as mean and SD. Group comparisons between patients and healthy
volunteers were performed using a 2-tailed t test. P values � 0.05
were considered significant.

RESULTS

All CADASIL patients had a history of transient ischemic
attacks or stroke. Their scores on the Rankin scale ranged
from 0 to 4 (mean, 2.6 � 1.2), and their MMSE scores were
between 13 and 30 (mean, 22 � 6). Eight of 11 patients
presented with psychiatric symptoms (major depression,
n � 4; adjustment disorder, n � 4). All patients had exten-
sive subcortical signal abnormalities on T2- or proton den-
sity–weighted MR images in the absence of cortical lesions.

In CADASIL patients, mean rCMRglc was significantly
reduced in all cortical and subcortical gray-matter struc-
tures, compared with the values in healthy volunteers. Table
1 summarizes the data for the specific lobes and subcortical
structures. The metabolic rates were lowest in the subcor-
tical gray matter (thalamus and striatum). Among cortical
structures, changes were most pronounced in the frontal,
temporal, and parietal cortices, whereas the occipital cortex
was slightly less affected. Figure 1 informs in detail about
the deviation of the patients from the healthy volunteers in
the respective cortical and subcortical structures defined by
the ROI map used (mean data for the right and left hemi-
spheres). Data, which are given as the percentage of the
mean of the healthy volunteers in the respective ROIs,
reached minimal values in the thalamus, basal ganglia, and
insula, whereas in cortical structures rCMRglc was compar-
atively less affected. Focal right-to-left asymmetries were
observed in most individuals. Detailed asymmetry indices
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calculated for the respective cortical and subcortical ROIs in
patients and healthy volunteers are given in Figure 2. The
comparison between the CADASIL and control groups on a
pixelwise basis is shown in Figure 3. Corresponding to the
ROI-based evaluations, the z score image revealed that in
the CADASIL group, the highest deviation of rCMRglc
from the control group was in the thalamus; striatum; insula;
and temporal, frontal, and parietal cortices. Examples of
individual patterns of altered rCMRglc are highlighted in
Figure 4, which shows the 18F-FDG PET findings in patients

with and without clinical impairment (disability and cogni-
tive deficits).

By visual assessment, 6 of 11 CADASIL patients but
no healthy volunteers showed marked asymmetry of cer-
ebellar rCMRglc. Asymmetry indices calculated for the
cerebellar and cerebral hemispheres of patients and
healthy volunteers are summarized in Table 2. As can be
seen from the table, patients with visible asymmetry of
cerebellar rCMRglc also displayed marked asymmetry of
rCMRglc between cerebral hemispheres. In these cases,

FIGURE 1. ROI analyses of glucose metabolism in CADASIL patients given as percentage of mean of healthy volunteers in
cortical and subcortical structures (mean value of corresponding ROIs of right and left hemispheres). Reductions of rCMRglc are
most pronounced in subcortical gray matter but are similarly observed in all cortical lobes. front. � frontal; G. � Gyrus; inf. �
inferior; lat. � lateral; med. � medial; occipitotemp. � occipitotemporal; par. � parietal; sup. � superior.

TABLE 1
rCMRglc in CADASIL Patients and Healthy Volunteers

Group Parameter

rCMRglc

Frontal Parietal Temporal Occipital Thalamic Striatal Cerebellar

CADASIL Mean 28.5 29.0 24.8 31.9 20.1 27.3 27.1
SD 8.1 8.1 6.3 7.2 7.0 6.9 8.0

Control Mean 42.5 42.7 36.8 41.7 39.0 45.3 37.2
SD 8.5 8.7 8.1 9.3 9.8 10.4 8.6
P �0.001 �0.001 �0.001 �0.01 �0.001 �0.001 �0.01

Data (�mol/100 g/min) are summarized for respective lobes and subcortical structures.
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hypometabolism in one cerebellar hemisphere was al-
ways connected with hypometabolism of the contralateral
cerebral hemisphere (Table 2). A representative example
is shown in Figure 4C. With the exception of one indi-

vidual, there was no evidence of cerebellar infarction on
corresponding MR images. In this particular patient, a
small subcortical infarct was revealed in the left caudate
and marked hypometabolism was seen in the right cere-

FIGURE 2. Asymmetry indices (%) of glucose metabolism in CADASIL patients and healthy volunteers. Considerably higher asym-
metry in patients emphasizes inhomogeneous, focal accentuated character of lesion as also illustrated in case examples in Figures 4 and
5. *High asymmetry index in healthy volunteers in this particularly small ROI was due to structural asymmetry in this ROI in 2 individuals.
front. � frontal; G. � Gyrus; inf. � inferior; lat. � lateral; med. � medial; occipitotemp. � occipitotemporal; par. � parietal; sup. � superior.

FIGURE 3. Comparison of CADASIL pa-
tient group and healthy volunteers. Trans-
verse slices show z scores representing, on
pixel-by-pixel basis, deviation of patient
group from control template. Color scale
represents SD and covers range from 0 to
4 SDs. Pixels with reduction of rCMRglc
beyond 2 SDs were present in thalamus;
striatum; insula; and parts of frontal, tem-
poral, and parietal cortices.
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bellar hemisphere, which, however, was contralateral to
the cerebellar infarction (Fig. 5).

No significant correlations were observed between corti-
cal glucose metabolism and the Rankin scale score or
MMSE score. However, there was a nonsignificant trend

toward a correlation between cortical rCMRglc and the
MMSE score (frontal cortex: r � 0.476, P � 0.139; parietal
cortex: r � 0.523, P � 0.099; temporal cortex: r � 0.427,
P � 0.190; occipital cortex: r � 0.474, P � 0.141).

DISCUSSION

To our knowledge, this was the first study assessing
cerebral glucose metabolism in CADASIL. RCMRglc was
found to be significantly lower in CADASIL patients than in
healthy volunteers. Changes were most pronounced in the
thalamus and striatum. However, a significant reduction of
rCMRglc was also found in cortical areas. More important,
these changes were observed in the absence of MRI-visible
cortical lesions. Fifty-five percent of the patients had evi-
dence of crossed cerebellar diaschisis. Taken together, these
findings suggest remote effects caused by subcortical le-
sions. On an individual level, scattered areas of focal sub-
cortical and cortical hypometabolism were observed, a pat-
tern similar to that found in vascular dementia (11,13).

At least 3 different mechanisms may account for the
metabolic changes in our patients: reduced CBF, neuronal

FIGURE 4. Representative examples of
characteristic 18F-FDG PET findings in
CADASIL patients. (A) Template of control
group for comparison. (B) A 64-y-old fe-
male CADASIL patient without physical
disability (Rankin scale score, 0) or cogni-
tive deficits (MMSE score, 30). In this pa-
tient, only moderate reductions of rCMRglc,
predominantly in anterior cingulate, tempo-
ral lobe, insula, caudate (without marked
asymmetry), and left thalamus, were seen.
(C) A 50-y-old male CADASIL patient clin-
ically presenting with marked disability
(Rankin scale score, 3) and dementia
(MMSE score, 14). Pronounced reduction
of rCMRglc is seen in frontal, temporal, and
parietal cortices (left � right) and in left
striatum and thalamus. Metabolism is re-
duced in right cerebellar hemisphere, sug-
gesting crossed cerebellar diaschisis.

TABLE 2
Asymmetry Indices of Glucose Metabolism for Cerebellar

and Cerebral Hemispheres of Healthy Volunteers
and CADASIL Patients

Group
Cerebellar

hemisphere
Cerebral

hemisphere

Control 4.5 �0.9
CADASIL

No apparent asymmetry of
cerebellar rCMRglc (n � 5) 4.3 1.5

Visually apparent asymmetry of
cerebellar rCMRglc (n � 6) 17.0 �9.1

Data (%) are given as mean reduction in cerebral hemisphere
opposite respective cerebellar hemisphere.
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loss, and functional deactivation secondary to remote le-
sions in connected brain regions.

A reduction of CBF in CADASIL has been documented
using different methodologic approaches. For example,
transcranial Doppler sonography has shown that both mean
flow velocity in the middle cerebral artery and CO2 reac-
tivity are reduced (18) and that the arteriovenous cerebral
transit time is prolonged (19) in CADASIL patients. These
changes have been connected with the vascular pathology in
CADASIL, which affects mainly small arterioles and cap-
illaries. Doppler sonography provides general information
on cerebral perfusion but is not suited to assess regional
differences in cortical and subcortical blood flow. The latter
assessment, however, is mandatory to elucidate the impact
of microvascular pathology on cortical perfusion and may
be obtained by nuclear medicine techniques.

Using PET, Chabriat et al. found a diffuse 40%–50%
decrease in CBF in the cortex and white matter in 2
CADASIL individuals (8). Another study, reporting on eth-
ylcysteinate dimer SPECT findings in 6 affected individuals

of a German CADASIL family (9), observed cortical hypo-
perfusion that was most pronounced in the frontal and
temporal lobes and was less accentuated in the parietal lobe.
Finally, Tuominen et al. (10) reported significantly reduced
cortical blood flow in their PET perfusion studies of a
homozygous and heterozygous mutation carrier.

This study assessed cerebral glucose metabolism rather
than blood flow. Detailed comparison of our 18F-FDG PET
results with the CBF data is hampered by the fact that, in the
above studies, quantitative analyses were not extended to all
cortical and subcortical structures. With respect to the over-
all pattern and extent of hypometabolism, our data agree
well with the reported CBF changes (8–10). However, the
relationship between CBF and metabolic changes in
CADASIL needs to be made clearer. In general, decreased
CBF does not cause decreased metabolism unless there is
associated ischemic neuronal damage or unless glucose
delivery is so low that increased extraction cannot compen-
sate. Thus, it seems unlikely that the observed reduction of
rCMRglc is directly related to decreased CBF. Moreover,

FIGURE 5. Coregistered MR images and 18F-FDG PET scans of 62-y-old male CADASIL patient (Rankin scale score, 2; MMSE
score, 15) illustrate structural and functional relationships. (A) Series of 4 consecutive slices at level of basal ganglia. Severe
reduction of rCMRglc in left caudate, corresponding to subcortical infarction at this location, also extends into internal capsule.
Moderate cortical atrophy but asymmetric glucose metabolism with marked decrease of rCMRglc is seen within left frontal and
temporal cortices in absence of cortical infarcts. Left thalamus shows hypometabolism in absence of MRI-visible lesion. (B) Series
of 4 consecutive slices at cerebellar level. Vascular lesion is seen in left cerebellar hemisphere, with corresponding defect in PET
scan. Overall lower rCMRglc is seen in right cerebellar hemisphere, which shows no visible MRI lesion. In conjunction with observed
hypometabolism in left cortex, this finding indicates crossed cerebellar diaschisis.
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we observed an inhomogeneous, patchy pattern of rCMRglc
with marked right-to-left asymmetries in most individuals
(Figs. 2, 4, and 5), which is in some contrast to the gener-
alized nature of the underlying angiopathy.

Neuronal loss secondary to ischemia would be another
explanation for the reduction of rCMRglc found in cortical
and subcortical structures. In fact, several of our patients
had lacunar infarcts within the deep nuclei (thalamus and
striatum), thus explaining the prominent reduction of
rCMRglc in these regions. In cases with coregistered MRI
and 18F-FDG PET studies, decreased rCMRglc in subcorti-
cal structures often corresponded to the location of small
subcortical infarcts (Fig. 4). In contrast, cortical metabolic
alterations were seen only in the absence of MRI-visible
cortical lesions. Admittedly, we cannot exclude subtle mor-
phologic alterations within the cortex, as were suggested by
previous studies using more advanced MRI techniques (20–
22). Also, this pilot study was not designed for a detailed
comparison of structural (MRI) and functional (PET)
changes. Therefore, we did not apply elaborate methods
such as partial-volume or atrophy correction. However, the
apparent discrepancy between cortical metabolic and struc-
tural alterations suggests mechanisms other than neuronal
loss to explain cortical hypometabolism.

A third and attractive explanation for the observed reduc-
tion of cortical metabolism is cortical disconnection second-
ary to subcortical lesions. Of note, subcortical lesions were
present in all our patients. Reduced rCMRglc in cortex that
is morphologically intact but not afferent is a common
finding in 18F-FDG PET (23,24) and has been discussed as
a possible factor in vascular dementia (13,25). Cortical
hypometabolism has further been documented in multiple
sclerosis (26,27), which similarly affects subcortical struc-
tures.

Additional evidence for remote effects is provided by the
asymmetry in cerebellar glucose metabolism that was ob-
served in 6 of our patients. Of note, cerebellar ischemic
lesions were absent in all but one patient—a finding that is
in line with previous MRI studies (6,7). In general, cerebel-
lar hypometabolism was more pronounced contralateral to
the more affected cerebral hemisphere, consistent with
crossed cerebellar diaschisis. The latter has been attributed
mainly to functional disruption of the corticopontocerebel-
lar pathway (28).

Corresponding to the widespread white-matter abnormal-
ities, glucose metabolism was reduced in all cortical struc-
tures, although slightly less so in the occipital cortex. This
pattern agrees well with the known distribution of white-
matter signal abnormalities in CADASIL (6,29,30). The
distribution of CADASIL white-matter lesions differs from
that seen in sporadic small-vessel disease (29,30). 18F-FDG
PET studies directly comparing carriers of the NOTCH3
mutation with patients having sporadic small-vessel disease
may clarify whether there are similar differences in meta-
bolic patterns.

A potential limitation of our study was the difference in
age between the CADASIL and control groups. Yet, the
extent of rCMRglc reduction in the CADASIL group (20%–
50%) largely exceeded the potential influence from age:
Between the age of 20 y and the age of 80 y, global
metabolic rate has been reported to decrease by approxi-
mately 12.5% (31). Moreover, phenomena such as regional
metabolic differences and right-to-left asymmetries may not
be explained by aging effects. Thus, we consider it unlikely
that the use of a younger control group would have had a
relevant impact on our observations.

This pilot study was not sufficiently powered to detect
possible correlations between cortical metabolic changes
and clinical parameters. Accordingly, we found no signifi-
cant correlation between rCMRglc and Rankin score. How-
ever, a trend was seen toward a correlation between
rCMRglc and the MMSE score. Individual case examples
(e.g., Fig. 3) demonstrated a more prominent reduction of
rCMRglc in demented patients than in subjects with little or
no impairment. The idea that cortical hypometabolism re-
flects clinically relevant subcortically induced disconnec-
tion is in line with recent MRI studies showing that quan-
titative measures of subcortical pathology in CADASIL are
related to cognitive dysfunction (20–22,32). Furthermore,
metabolic studies in sporadic small-vessel disease (33) and
vascular dementia (11,25) have shown that the extent of
cortical hypometabolism is related to cognitive function.

CONCLUSION

This study demonstrated that cortical and subcortical
glucose metabolism is severely reduced in patients with
CADASIL. Our data suggest an important role for remote
cortical effects secondary to subcortical lesions in
CADASIL, a genetic variant of cerebral small-vessel dis-
ease.
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