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PURPOSE: To determine whether magnetic susceptibility functional MR imaging of cerebral blood
volumes provides information similar to fludeoxyglucose F 18 positron emission tomography
(PET) brain images in patients undergoing evaluation for dementia. METHODS: Ten subjects were
studied with both PET and functional MR. Clinical diagnoses included probable Alzheimer disease
(n 5 5), possible Alzheimer disease (n 5 1), Pick disease (n 5 2), and primary progressive aphasia
(n 5 2). The studies were quantitatively evaluated by coregistration of PET and functional MR
images followed by regression analyses of corresponding regions of interest. Qualitatively, each
brain was categorized into eight regions, and each was classified as normal or abnormal by visual
inspection. RESULTS: Correlation coefficients between registered functional MR and PET images
were excellent (mean, r 5 0.58) in most of the cerebrum. Significant correlations were observed in
72 of 74 brain sections. Qualitatively, 16 brain regions were judged to be abnormal by both MR
imaging and PET; 46 regions were normal by both; 10 regions were abnormal by PET only; and 8
regions were abnormal only by functional MR. The concordance between functional MR and PET
was 78%, which was highly significant. CONCLUSION: Cerebral blood volumes images derived
from magnetic susceptibility (functional MR) provide information similar to fludeoxyglucose F 18
PET images in demented patients undergoing evaluation for dementia.
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The purpose of this study was to examine the
potential use of functional magnetic resonance
(MR) in the evaluation of patients with clinical
evidence of dementia. Currently, the diagnostic
assessment of dementia includes computed tomography (CT) or MR of the brain. These methReceived December 22, 1994; accepted after revision May 17, 1995.
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ods are primarily used to exclude dementing
syndromes attributable to infarcts, hydrocephalus, and neoplasms. Standard imaging does
not detect structural change of the brain that
are specific for the diagnosis of Alzheimer disease (AD), which is the most common cause
of dementia. Quantitative measurements of
medial temporal lobe structures have been reported to define statistical differences between
AD and other types of dementia (1– 4) but
have not yet achieved widespread validation
and application.
Cognitive tests can demonstrate evidence of
dementia, such as impaired memory and language deficits, even when the brain CT or MR
study appears intact for age. Because of this
observation, physiologic measurements of the
brain have been devised to assess brain function. Studies using positron emission tomography (PET) and single-photon emission CT
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(SPECT) have been shown to be superior to
routine anatomic CT and MR in differentiating
AD from other causes of dementia. PET (5–7)
and SPECT (8) have proved capable of demonstrating regional deficits in metabolism and perfusion in AD. For this reason, they often are
used in the assessment of dementing syndromes.
Functional MR recently has emerged as a
new method that may provide information similar to that from SPECT and PET. The MR data
needed to generate a functional brain image
may be acquired rapidly. This raises the possibility that functional MR may be performed during routine MR studies of patients undergoing
evaluation for symptoms of dementia. To assess the potential value of functional MR, it is
important to validate functional MR with another
functional technique. In this study, we test the
hypothesis that dynamic cerebral blood volume
images derived from magnetic susceptibility
functional MR obtained during the first pass of
intravenously injected paramagnetic contrast
agent provide information similar to information
from fludeoxyglucose F 18 (FDG) PET studies
in patients with dementia.

Methods
We studied 10 patients with dementia who were referred
from the Memory Disorders Unit of our hospital. The mean
age 6 SD of our sample group was 70.3 6 9.4 years
(range, 54 to 83 years). Inclusion criteria for the study
included confirmation of one or more cognitive deficits by
the clinical and neuropsychological methods of the
Memory Disorders Unit and the capability of undergoing
MR and PET imaging within a 2-week period. The standard MR exclusion criteria, such as the presence of a
pacemaker, were used. Diagnoses were established
based on routine clinical criteria and were made independent of findings in this research study. We anticipated that some would have global deficits (probable AD
[n 5 5]; possible AD [n 5 1]), and others would have focal deficits (primary progressive aphasia [n 5 2] and
probable Pick disease [n 5 2]). The study was approved
by the institutional review board. All patients signed consent forms.
PET scans were performed using FDG. Typically, between 200 and 300 MBq of FDG was injected intravenously. Approximately 45 minutes after injection of the
radiopharmaceutical agent, PET scans of the brain were
obtained. Between injection and the scan, the patients
were kept in the patient waiting area, and no special instructions were given. The waiting room was well lit and
usually contained several patients. Of the 10 studies, 7
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were performed on Scandatronics PC-384 camera and 3
on the PC-4096 cameras.
For the MR study, the patient was positioned within a
1.5-T magnet and routine sagittal T1-weighted and axial
T2-weighted images of the brain were obtained. Functional MR studies were performed using an echo planar
imaging system as previously described by Aronen et al
(9). Shimming was performed before the cerebral blood
volume imaging scan to ensure optimal signal to noise.
The parameters for the echo planar imaging pulse sequence were: 1500/100/1 (repetition time/echo time/excitations); field of view, 20 3 40 cm; matrix size, 128 3
256; section thickness, 7 mm skip 7 mm; 8 sections; 64
images per section; and a temporal resolution of 1.5 seconds for each section. The sections were prescribed from
the posterior fossa to the brain convexity by using a scout
sagittal midline image. The data acquisition for the dynamic cerebral blood volume MR scan lasted 1:43 minutes
and was collected at the rate of eight images per 1.5
seconds. Patients were injected with 0.2 mmol/kg gadopentetate dimeglumine (5 mL/s) by a power injector 15
seconds after data acquisition had commenced. Before
the bolus gadopentetate dimeglumine injection, approximately 10 images per section were acquired, which were
used as baseline data for the calculation of the cerebral
blood volume images.
Dynamic cerebral blood volume images were generated using a computer algorithm developed in our laboratory. The algorithm uses the principles of tracer kinetic and
susceptibility-contrast MR (9 –12). Initially, the algorithm
plots the signal intensity as a function of time for each
voxel. A DR2 transformation is then performed, which
results in a plot of contrast agent tissue concentration
versus time for each voxel. DR2 is related to the T2 change
(D(1/T2*)5DR2) at a given echo time and is dependent on
the brain tissue contrast concentration. This relationship
previously has been described (9 –12) and is defined in
equation 1:
1)

DR2 5 k@conc#

where [conc] is the brain tissue contrast concentration, and
k is a tissue, pulse sequence, and field strength–specific
constant. The change in signal intensity pursuant to the
bolus contrast injection is used to derive the concentration-time curve using equation 2, as has been previously
described (9 –12):
2)

2 ln(S(t)/So/TE) 5 k[conc.(t)]

where So is the baseline signal intensity before injection,
S(t) is the tissue signal with contrast agent present, and TE
is the echo time. The DR2 vs time curve for each voxel then
is used to calculate the relative cerebral blood volume for
that voxel: an integration is performed over the region
where the curve deviates from the baseline, reflecting the
beginning of the passage of contrast through the brain and
when the curve returns to its baseline as the contrast
finishes its passage. The algorithm smoothes each section
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using a 3 3 3-pixel kernel. The kernel calculates the mean
of the squares of the target pixel and the eight surrounding
pixels and replaces the initial target pixel value with this
mean value. As a result of this analysis, the signal intensity
of each pixel is directly related to the relative cerebral
blood volume within the image plane.
To compare PET and functional MR quantitatively, the
images were coregistered. We used a program developed
at our laboratory for this purpose. Dynamic cerebral blood
volume images, T2-weighted axial images, and FDG PET
images were needed to perform the coregistration. Each
cerebral blood volume image had a matching image in the
T2-weighted axial set. Because the T2-weighted image set
more completely encompassed the entire brain, the PET
images were registered to these. Modification of the PET
images was accomplished by the application of a transformation matrix, which was derived by manipulating
translations in three orthogonal directions and three rotational angles. The transformation matrix was applied to the
original PET data after each of the translational and rotational variables had been adjusted to minimize the misalignment between the MR axial and PET images. The PET
images were subsequently reformatted by using a trilinear
interpolation to calculate the intensity of each voxel in the
new PET image data set.
To compute the correlation coefficients between corresponding PET and relative cerebral blood volume images,
we made pixel comparisons from two-dimensional image
displays of the reregistered PET data versus the corresponding two-dimensional calculated regional cerebral
blood volume image. Corresponding 7 3 7-pixel regions of
interest from the relative cerebral blood volume and PET
images were plotted in two-dimensional graphs of relative
cerebral blood volume versus PET signal intensities. Several hundred data points were generated from each corresponding section. Linear regression and Pearson r correlation statistical tools were used to determine significance
of correlations between corresponding PET and relative
cerebral blood volume images.
For the qualitative part of the study, the original unregistered PET and functional MR images were visually inspected. Judgments of normality or abnormality were
made on eight brain regions: frontal, parietal/posterior
temporal, anterior temporal, and occipital regions of the
right and left hemispheres. The parietal and posterior temporal regions were combined because of the difficulty in
differentiating these regions on the MR axial images of
varying obliquity. The PET scans were reviewed by two
physicians who perform clinical interpretations of PET
brain scans. Normal metabolic activity or abnormal metabolic deficits for each region of brain was determined by
consensus between the two readers. The functional MR
cerebral blood volume maps were interpreted qualitatively
by two individuals experienced in the interpretation of
these images. The normality or abnormality of blood volume in each region of brain also was determined by consensus. The functional MR studies were interpreted independently from the PET scans in a blinded fashion.
Statistical analysis was performed using the standard x2
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method to test the hypothesis of no relationship. Concordance was expressed in terms of k.

Results
Quantitative comparisons between the functional MR and PET scans were undertaken after
coregistration of the images for each subject.
The functional MR studies produced fewer images per brain, and, therefore, the PET scans
were registered and resectioned to match the
functional MR scans. An example of a functional MR cerebral blood volume image and
the corresponding registered PET image at the
same level are shown in Figure 1. A plot of the
values of the spatially corresponding pixels
from these images is shown in Figure 2. In this
case, a high correlation coefficient (r 5 0.73;
n 5 408) of high significance (P ,10212) was
observed.
A summary of the results from all of the brain
images is shown in Figure 3 and the Table. High
correlation coefficients were consistently observed in the brain images of the paraventricular and supraventricular regions of the cerebrum. Lower correlations were observed in the
temporal lobe and posterior fossa regions.
Nonetheless, statistically significant correlations were observed in 72 of 74 brain sections.
As discussed below, we believe that artifacts
arising from the functional MR method are the
cause of the lower correlations observed in the
lower brain sections.
For the qualitative part of this study, the brain
images from each subject were categorized into
eight regions, and each region was judged to be
either normal or abnormal by visual inspection
of the PET or functional MR images. Of 80 separate brain regions that were evaluated, 16 were
found to be abnormal on both MR and PET, and
46 locations were normal on both examinations.
Ten regions were judged abnormal by PET only,
and 8 regions were considered to be abnormal
by functional MR only. The P value from the x2
test of the hypothesis of no association between
PET and functional MR was .0001. Hence, we
reject this hypothesis and conclude that the
judgments of normality based on functional MR
and PET are associated. Overall agreement between the methods was approximately 78%.
This yielded a k of .702.
Examples of brain images with concordant
normal and abnormal regions are shown in Figure 4. These images were obtained from an
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Fig 1. Dynamic cerebral blood volume image derived using magnetic susceptibility functional MR (left) and FDG PET image (right)
at the same level from a patient. The PET images were registered to the functional MR images and sectioned to give matching brain
images. In the color scale, areas of higher blood volume and glucose metabolism appear yellow, whereas lower relative values of these
parameters appear red. In this subject with probable Alzheimer disease, there is a corresponding decrease in glucose metabolism and
dynamic blood volumes in the parietal lobes (arrows). The deficits appear worse on the left side.

individual with a clinical diagnosis of probable
AD. This patient had glucose metabolic deficits
in the parietal lobes that were worse on the left
side. The functional MR cerebral blood volume
image is remarkable for the decreased blood
volume seen bilaterally in the parietal lobes and

Fig 2. Plot of the FDG PET (vertical axis) versus the functional
MR (horizontal axis) of matching pixel intensities of the images
shown in Figure 1. The plot was created after the registration of
cerebral blood volume and PET images as described in “Methods.” The correlation coefficient for this brain section was high (r
5 0.73) and highly significant (P , 10212).

is more pronounced on the left. As in this example, brain regions with areas of substantially
decreased metabolism revealed by PET usually
had a corresponding decrease in cerebral blood
volume by functional MR. Metabolic asymmetries were commonly observed. When such
asymmetries were detected, a similar asymmetry usually was detected in the functional MR
cerebral blood volume map of that region.
There were occasional disagreements between the functional MR cerebral blood volume
and the FDG PET images. These usually occurred with small focal areas of hypometabolism that were detected on PET without a corresponding visually detected abnormality on
the functional MR image. However, on rare occasions, a substantial area of diminished metabolism detected by PET was not detected by
functional MR. We reviewed the baseline MR
images to investigate whether focal abnormalities could explain the observed discordance.
Although several subjects had focal white matter abnormalities, they did not explain the discordant findings. Further studies will be required to learn more clearly when and why such
disagreements in PET and functional MR measurements occur.
Two PET cameras were used. The resolution
of the PC-384 camera is 7 3 7 mm (full width at
half maximum) with a section thickness of 12
mm. The PC-4096 camera has a resolution of
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Fig 3. Figure 3 depicts the approximate center of each individual section (also see the Table).

Correlations between functional MR cerebral blood volume and
FDG PET brain sections
Section

Location

Average r

Average P Value for
Each Correlation

8
7
6
5
4
3
2
1

Convexity
Supraventricular
Supraventricular
Paraventricular
Paraventricular
High temporal
Low temporal
Posterior fossa

0.41
0.53
0.62
0.62
0.57
0.33
0.24
0.26

,10211
,10212
,10212
,10212
,10212
,10212
,1026
,1025

6 3 6 mm with a section thickness of 6 mm. The
three studies that were performed on the highresolution camera had a higher concordance
(.90%) on the qualitative studies and higher
than the average correlation coefficients for
each brain section level.
This preliminary study was designed to compare the functional MR cerebral blood volume
images with FDG PET images in the same individual. No attempt was made to assess the sensitivity or specificity of functional MR relative to
PET in the diagnosis of AD or other diseases.
We note, however, that the majority of the patients with the diagnosis of probable or possible
AD had parietal/posterior temporal abnormalities bilaterally. The two patients with clinical
diagnoses of Pick disease had frontal lobe and
anterior temporal lobe abnormalities that were
detected by one or both methods.

Discussion
In our study of patients under evaluation for
dementia, we found that quantitative and
qualitative comparisons of images of brain dynamic cerebral blood volume obtained by
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functional MR and FDG PET were highly correlated and highly statistically significant. This
finding supports the hypothesis that magnetic
susceptibility functional MR provides brain
functional information similar to that from
FDG PET in patients under evaluation for
dementia.
When we compared functional MR and FDG
PET studies quantitatively, we noted high correlation coefficients in the paraventricular and
supraventricular regions of the brain (Table).
The correlation coefficients (r) in these brain
regions averaged ;0.6. This finding compares
very favorably with reported correlation coefficients observed for scans obtained in the same
individuals in an earlier PET investigation. In an
investigation by Duara and colleagues, nine
healthy subjects and four demented subjects
were imaged twice by using FDG PET at intervals ranging from 1 to 6 weeks (13). They reported a correlation coefficient of 0.7 between
images of the same subject. The degree of
agreement that we find between the functional
MR and PET images is notable, because the
subjects may have had different brain activation
states during each examination. For instance, in
the PET study, patients were sitting in a lit room
with other people, reading, conversing, or sitting quietly during the 45-minute interval between the FDG injection and scanning. These
activities may have affected precise glucose uptake patterns. By contrast, in the functional MR
study, patients were lying within a darkened and
noisy magnet.
Although the correlation coefficients between
functional MR and PET are high in the regions of
the central cerebrum, they are substantially
lower in the posterior fossa and region of the
temporal lobes. The most likely explanation for
this observation is that the echo planar imaging
method used for functional MR generates a substantial amount of artifact in the latter regions
(see Fig 4A), thus introducing errors in the cerebral blood volume image calculations. For example, in Figure 4, there are marked pulsation
artifacts in the middle cranial fossa caused by
the middle cerebral artery. We believe that
magnetic susceptibility artifacts also are responsible for the relatively low correlation
coefficients found in the posterior fossa. Nevertheless, correlations with high statistical significance were observed in 72 brain sections of the
74 compared.
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In our qualitative comparison of the functional MR and PET studies, we found a strong
concordance of approximately 78% between
the images (k 5 0.702). Areas in which we
observed decreased glucose metabolism generally corresponded to areas of decreased
blood volumes. Disagreements between the
functional MR and PET readings usually occurred in small areas of abnormal cerebral
blood volume or abnormal glucose metabolism. On one occasion, however, a relatively
large area of abnormal glucose metabolism
was not detected in the cerebral blood volume
image. An explanation for this observation will
require further study.
We observe a high concordance between regional metabolism and regional blood volumes.
This observation is consistent with previous
studies performed under a variety of circumstances. Regions of high metabolic activity will
increase local delivery of oxygen and nutrients
through increased blood flow, as first postulated
by Roy and Sherrington (14). The coupling of
cerebral blood flow with neuronal activity has
been amply demonstrated in animal studies
(15). The coupling of regional cerebral blood
flow with regional cerebral metabolic rate in
higher animals also has been demonstrated
(16, 17), although the relationship may not be
linear (18). Finally, a linear relationship between regional cerebral blood flow and regional
cerebral blood volume has been shown over a
substantial range in humans (18, 19). Thus, we
expected to find a relationship between relative
cerebral blood volume and regional cerebral
metabolism.
A correlation between PET regional cerebral
glucose metabolism and functional MR regional
cerebral blood volume has been noted in other
studies performed in our laboratory. For example, studies of brain neoplasms (9, 12) have
shown that increased cerebral blood volume
correlates highly with increased metabolic activity as detected by PET. In studies of brain
function in response to visual stimulation, a fo-

Fig 4. Cerebral blood volume images derived using functional
MR (A) and selected corresponding FDG PET images (B) from the
same individual with a clinical diagnosis of probable Alzheimer
disease. Registration was not performed on these images. Asymmetric, diminished glucose uptake in the parietal lobes is matched
by decreased relative blood volumes in the same regions (arrows).
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cal increase in blood volume was observed after
stimulation of the appropriate regions of the
visual cortex (11). Visual stimulation also is
known to cause increased metabolic activity in
the primary visual cortex.
Our results suggest that dynamic cerebral
blood volume images derived from functional
MR provide information similar to that from
other neuroimaging techniques, such as PET or
SPECT, which measure brain function and are
thus of use in the study of AD. The clinical value
of functional MR in helping to differentiate AD
from other dementing processing will require
further research, which we have commenced.
Another related outstanding question is whether
functional MR can measure the progression of
AD and thereby aid in the evaluation of potential
AD therapies. Were functional MR to prove useful in these, the technique’s usefulness in the
diagnosis and potentially in the treatment of
AD would be great. This is especially the case
because functional MR data are acquired rapidly and can be incorporated easily into a standard brain MR examination. Thus, magnetic
susceptibility functional MR may be an important new technique for investigations of AD and
other dementias.
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