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A novel approach for concurrent measurement of regional cerebral

blood flow (CBF) and regional cerebral metabolic rate for glucose

consumption (CMRGlc) in humans is proposed and validated in

normal subjects during visual stimulation. 18F-labeled fluorodeoxyglu-

cose was administered during the measurement of CBF by continuous

arterial spin labeled magnetic resonance imaging (MRI). Subsequent

positron emission tomographic (PET) scanning demonstrated the

distribution of labeled deoxyglucose during the MRI acquisition. An

excellent concordance between regional CBF and regional CMRGlc

during visual stimulation was found, consistent with previously

published PET findings. Although initially validated using a brief,

non-quantitative protocol, this approach can provide quantitative CBF

and CMRGlc, with a broad range of potential applications in

functional physiology and pathophysiology.

D 2005 Elsevier Inc. All rights reserved.
Introduction

Functional brain imaging has contributed to a greater under-

standing of regional brain function at rest, during normal

sensorimotor and cognitive function, and in disease states. At

present, most functional imaging methods measure changes in

regional cerebral blood flow (CBF) or metabolism that are coupled

to changes in regional brain function. Positron emission tomog-

raphy (PET) methods are capable of measuring CBF, cerebral

blood volume (CBV), cerebral glucose metabolism (CMRGlc), and

cerebral oxygen metabolism (CMRO2). These measurements can

be made sequentially, but not concurrently. Magnetic resonance
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imaging (MRI) methods are capable of measuring CBF, CBV, and

a complex interaction between blood flow, blood volume, and

oxygen utilization termed blood oxygenation level dependent

(BOLD) contrast (Ogawa et al., 1992). CBF is measured in MRI

using either dynamic susceptibility (Belliveau et al., 1991) contrast

or arterial spin labeling (Detre et al., 1992). Arterial spin labeled

perfusion MRI utilizes magnetically labeled arterial blood water as

an endogenous flow tracer that is directly analogous to 15O–H2O

used in PET measurements of cerebral blood flow. Magnetic

resonance spectroscopy (MRS) can also be used to measure

regional brain metabolism by detecting the fate of exogenously

administered isotopic substrates (Zhu et al., 2001; Morris and

Bachelard, 2003; Shulman et al., 2004).

In pathological conditions such as stroke, epilepsy, brain

tumors, and degenerative diseases, resting alterations in regional

blood flow and metabolism detected by PET and MRI have

contributed to clinical diagnosis and management. In particular,

regional glucose utilization measured by FDG-PET is now an

accepted diagnostic test for brain tumor recurrence (increased

utilization), lateralization of temporal lobe epilepsy (ipsilateral

interictal hypometabolism), and Alzheimer’s disease (temporopar-

ietal hypometabolism). Functional MRI (fMRI) with BOLD

contrast is readily detected with relatively high spatial and

temporal resolution, and is widely used for detecting changes in

regional brain activation in response to sensorimotor and

cognitive tasks, but does not provide a robust resting measure.

Over the past decade, there has been a marked expansion in the

use of functional imaging in basic and clinical neuroscience due

to the ease and widespread availability of fMRI, which does not

require intravenous access, arterial sampling, radioactive isotopes,

or a cyclotron.

While a tight coupling between regional neural activity and

changes in blood flow and metabolism has been recognized for

over a century (Roy and Sherrington, 1890), the exact mechanism

for this coupling remains uncertain. Seminal work in the 1980s

using multimodal PET scanning demonstrated changes in blood
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flow, glucose utilization, and oxygen consumption during func-

tional activation in humans (Fox and Raichle, 1986; Fox et al.,

1988). Over the ensuing decades, there has been a continuing effort

to gain a better understanding of the physiology of functional

activation and the relationship between the measurable parameters

in functional neuroimaging and neural activity. Measurements of

brain metabolism at rest and during task activation in animal

models have demonstrated close correlations between regional

brain activity and oxidative metabolism (Smith et al., 2002) and

BOLD signal changes (Logothetis et al., 2001), though the cellular

compartmentalization of these phenomena are still being inves-

tigated (Magistretti and Pellerin, 1999; Kasischke et al., 2004).

fMRI measurements of oxygen metabolism require calibrated

approaches that are primarily applicable to detecting changes with

task activation, and add complexity to investigations in human

subjects. Hemodynamic effects are much more readily quantified

both at rest and with functional activation using MRI, but their

relationship to metabolic substrate utilization is less well charac-

terized, particularly in pathological states.

Here, we report the development and initial validation of a

method for concurrent, multimodal measurement of CBF and

glucose utilization. In this approach, FDG is administered to

subjects during the acquisition of ASL perfusion MRI data.

Because FDG is trapped in the brain during the course of its

metabolism and has a half-life of 109 min, subsequent PET

scanning reflects glucose utilization in the minutes following

administration. Initial feasibility is demonstrated using a brief,

semi-quantitative protocol during photic stimulation; however,

fully quantitative studies are also possible. Task activation used

an extremely well-characterized paradigm of alternating checker-

board visual stimulation at 8 Hz. The scanning protocol began

with BOLD fMRI using a blocked paradigm with 1-min blocks

of visual stimulation alternating with 1 min of fixation.

Subsequently, ASL perfusion MRI was measured during 10

min of fixation. Finally, a 10-min ASL perfusion MRI scan was

carried out during visual stimulation. At the beginning of this

acquisition, the subject was injected with FDG. Once the 10-min

scan was completed, subjects were removed from the MRI

scanner and moved to the PET scanner to measure regional FDG

accumulation, which was carried out from 30 to 60 min following

the injection. To assess CMRGlc changes with visual stimulation,

a resting PET scan was carried out on a separate day using a

similar stimulation protocol but outside the MRI scanner. Arterial

blood samples were not acquired for this component of the study,

but could easily be performed during the fMRI. Arterial activity

curves could then be generated to obtain absolute quantification

of the cerebral glucose metabolism.
Materials and methods

Overview of protocol

All subjects provided informed consent using a protocol

approved by the institutional review board, the radiation safety

committee, and the oversight committee for MRI studies. On the

day of the fMRI study, subjects first had an intravenous catheter

inserted and were then brought to the MRI scanner and placed

in the magnet. An initial anatomical scan was performed for

coregistration between the fMRI and PET scans. The subject

then underwent BOLD imaging while having their eyes open
looking at a fixation point or an 8-Hz alternating checkerboard

pattern for 1 min each for five cycles or a total of 10 min.

Subjects were then instructed to keep their eyes closed in order

to undergo baseline imaging using ASL for 10 min. This was to

represent the comparable baseline compared to the baseline

FDG-PET scan. A second ASL scan was then performed through

a 10-min period where the subject watched the flashing

checkerboard. As soon as the checkerboard pattern was initiated,

FDG was injected through the intravenous line. After the 10-min

fMRI scan, subjects were able to move about and were brought

to the Nuclear Medicine Department to undergo the activation

PET scanning. Subjects were then placed in the PET scanner and

scanned for 30 min in order to compare the activation FDG-PET

scan to the activation ASL scan. For the baseline FDG-PET

scan, subjects had an intravenous catheter inserted approximately

15 min prior to injection of the FDG. Blood glucose was

checked to make certain it was less than 120 mg/dl. Subjects

were then injected with the FDG and kept in the baseline state

for 10 min after which they could move about. Thirty minutes

after injection of the FDG, subjects underwent PET scanning for

30 min.

MR imaging

MR image acquisition was performed on a Siemens 3.0-T Trio

whole-body scanner (Siemens AG, Erlangen, Germany), using a

standard Transmit/Receive head coil. Disposable ear plugs were

provided to reduce the noise of the scanner during operation.

Subjects viewed the visual stimulation through a reflective optical

system mounted on the head coil. Anatomical scanning consisted

of a 3D MPRAGE sequence with TR = 1620 ms, TI = 950 ms,

TE = 3 ms, flip angle = 15-, 160 contiguous slices of 1.0 mm

thickness, FOV = 192 � 256 mm2, matrix = 192 � 256, 1NEX

with a total scan time of 6 min. BOLD fMRI data were acquired

using a gradient-echo EPI sequence, with the imaging parameters

of FOV = 192 mm, matrix = 64 � 64, TR = 3 s, TE = 30 ms,

flip angle = 75-. Forty contiguous slices (3 mm thickness) were

acquired in an interleaved order. The BOLD fMRI scan with 200

acquisitions took 10 min. Continuous arterial spin labeling

(CASL) perfusion MRI was performed with a 0.16 G/cm gradient

and 22.5 mG RF irradiation applied 8 cm beneath the center of

the acquired slices. Control pulse was an amplitude modulated

version of the labeling pulse based on a sinusoid function (Wang

et al., 2005). The tagging/control duration was 2 s. Interleaved

images with and without labeling were acquired using a gradient

echo echo-planar imaging (EPI) sequence. A delay of 1 s was

inserted between the end of the labeling pulse and image

acquisition to reduce transit artifact. Acquisition parameters were:

FOV = 22 cm, matrix = 64 � 64, TR = 4 s, TE = 17 ms, flip

angle = 90-. Twelve slices (6 mm thickness with 1.5 mm gap)

were acquired from inferior to superior in a sequential order.

Each CASL scan with 150 acquisitions took 10 min.

PET imaging

Scan acquisition initially required all subjects to have an

intravenous catheter. Approximately 0.14 mCi/kg of FDG was

injected through the intravenous line immediately at the beginning

of the visual stimulation fMRI scan or while the subject was supine

in a dark room for the resting condition. PET imaging was initiated

30 min after injection of FDG. The PET data were acquired on a
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dedicated G-PET brain scanner based on a GSO detector that

operates without septae to increase the sensitivity of the instrument

(Karp et al., 2003). At the center of the axial field-of-view, the

resolution is 4 mm in the transverse direction and 5 mm in the axial

direction. The PET studies were acquired according to protocols

developed and validated in our institution. The emission data were

reconstructed with a 3D row action maximum likelihood algo-

rithm, which is a fully iterative algorithm. The images are

reconstructed into a 128 � 128 � 128 image matrix with voxels

of 2 mm � 2 mm � 2 mm.

PET and MR image analysis

PET and MR imaging data processing and analysis were carried

out primarily with the Statistical Parametric Mapping software

(SPM99, Wellcome Department of Cognitive Neurology, UK

implemented in Matlab 5, Math Works, Natick, MA). For each

subject, image preprocessing was conducted including realign-

ment, perfusion weighted image construction, coregistration,

normalization, and smoothing. MR image series and PET images

were realigned to correct for motion. Perfusion weighted image

series were generated by pair-wise subtraction of the label and

control images, followed by conversion to absolute CBF image

series based on a single compartment CASL perfusion model. MR

BOLD and quantified CBF images during the visual stimulation

and the baseline were averaged to produce one single mean image

for each condition. Images of baseline and stimulation were

realigned and coregistered with the anatomical image. All func-

tional images were normalized to a 2 � 2 � 2 mm3 Montreal

Neurological Institute (MNI) template using bilinear interpolation

and spatially smoothed using a Gaussian filter with a full-width at

half maximum (FWHM) parameter set to 5 mm. Then, PET, CBF,

and BOLD images were statistically analyzed in the following

three steps.

Firstly, to compare the regional CMRGlc and regional CBF

signals during 10 min visual stimulation, both the direct average

and the SPM group statistical analysis were applied to the

concurrent measured PET and CBF images after the global

activity for each modality and each subject was corrected by the

grand mean scaling of the signal intensity of gray matter.

Although CBF at baseline and with visual stimulation was

measured quantitatively with MRI, intensity normalization of

gray matter values to an arbitrary mean value of 50 was carried

out to facilitate comparison with the non-quantitative PET results.

This normalization does not affect the quantification of the

relative regional CBF data from MRI, but does assume a global

coupling between measures. That such a coupling exists in the

normal brain seems reasonable and has been demonstrated in

previous animal models (Kuschinsky, 1990). Areas showing

significant difference between PET and CBF images were

identified at the cluster level with a height threshold of

uncorrected P < 0.005 and an extend threshold of larger than

30 voxels.

Secondly, to reveal the activation induced by the visual stimuli,

the SPM group statistical analysis was defined as FPopulation main

effect (paired t test)_ and applied to the three kinds of functional

images of 5 subjects during visual stimulation and baseline. Voxel-

wise analysis of the PET, CBF, and BOLD data was conducted to

identify voxels with a significant response to the visual stimulation

relative to the baseline according to the general linear model. Areas

of significant activation were identified at the cluster level with a
height threshold of uncorrected P < 0.05 and an extend threshold

of larger than 500 voxels.

Finally, a region of interest (ROI) analysis was conducted to

calculate the signal increases of regional CMRGlc, regional CBF,

and BOLD induced by visual stimuli and estimate the consistency

of activations across three modalities. Primary visual cortex

(bilateral calcarine area) was defined as the ROI from an automated

anatomical labeling ROI library (Tzourio-Mazoyer et al., 2002) in

the SPM Marsbar toolbox. For each subject, the visual stimulus-

induced signal increases in the ROI were calculated by subtracting

the signal intensity during baseline from the signal intensity during

visual stimulation and dividing by the signal intensity during

baseline. The activation centroids of three modalities were

calculated by the weighted sum of the signal increases and the

MNI coordinate of each voxel showing signal increasing in the

primary visual cortex.

To correct relative CMRGlc for the 10-min activation protocol,

an operational equation for cerebral glucose utilization was used in

which the metabolic rate is assumed to be MR1 from t = 0 to t = t1,

and MR2 from t = t1 to t = t2.

MR1 ¼ C t2ð Þ � CE t2ð Þ½ �=L� S01 � S12=S01½ �MR2 ð1Þ

where C(T) = tissue concentration of FDG at scan time (t2); L =

lumped constant of FDG; CE(T) = unmetabolized tracer at scan

time; S01 = integrated specific activity input to tissue from t = 0

to t = t1; S12 = integrated specific activity input to tissue from t =

t1 to t = t2.

For a region of interest equation (R) and whole brain (B), Eq.

(1) becomes:

RMR1 ¼ RC t2ð Þ � CE t2ð Þ
� �

=L� S01 � S12=S01½ �RMR2 ð2Þ

BMR1 ¼ BC t2ð Þ � CE t2ð Þ
� �

=L� S01 � S12=S01½ �BMR2 : ð3Þ

Assuming that at time of PET scan (t2), that CE(t2) = 0.15
BC(t2). Eqs. (2) and (3) become:

RMR1 ¼ 0:85RC t2ð Þ
� �

=L� S01 � S12=S01½ �RMR2 ð4Þ

BMR1 ¼ 0:85BC t2ð Þ
� �

=L� S01 � S12=S01½ �BMR2 : ð5Þ

Rearranging Eqs. (4) and (5), and dividing, letting S = S12 / S01:

RMR1 þ SRMR2 �= BMR1 þ SBMR2 � ¼ RC t2ð Þ=BC t2ð Þ:
��

ð6Þ

Under conditions of no visual stimulation (control FDG scan),
BMR1 =

BMR2, and Eq. (6) becomes:

RMR2=
BMR2 ¼ RC t2ð ÞV=BC t2ð ÞV

¼ ratio of tissue concentrations no stimulationÞ: ð7Þð

Combining Eqs. (6) and (7) results in the following equation:

RMR1=
BMR1 ¼ RC t2ð Þ=BC t2ð Þ þ S BMR2=

BMR1 �
�

� RC t2ð Þ=BC t2ð Þ � RC t2ð ÞV=BC t2ð ÞV
� �

: ð8Þ

This equation states that the ratio of the metabolic rate in region

of interest (R) to the metabolic rate in the whole brain (B) equals

the ratio of the tissue concentrations during visual stimulation plus

the ratio of the integrated specific activity inputs from t = 0 to t = t1
and from t = t1 to t = t2 times the ratio of the metabolic rates for

region R and whole brain during a control (no stimulus scan) times



Fig. 1. Plots of mean normalized PET and CBF signal distributions during visual stimulation (at the slice of Z = 0, excluding the voxels outside the brain). (A)

Plot of normalized PET signal intensity against normalized CBF signal intensity (r = 0.83, P < 0.0001). (B) Histogram of normalized PET signal intensity. (C)

Histogram of normalized CBF signal intensity. PET and CBF values were normalized to an arbitrary whole brain mean value of 50.
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the difference in tissue concentration ratios during stimulus and

during no stimulus. All of these parameters are known so that a

correction for functional measures can be made for the situation

where the visual stimulus is not performed for the entire study.
Results

Five subjects completed the scanning protocol. Group results

and individual activation within a region of interest (ROI) in

primary visual cortex were compared for each modality following

coregistration and normalization of global intensities. Fig. 1 shows

a histogram plot of normalized values for a representative single

brain slice at Z = 0. The figure shows that there is a strong

correlation between normalized CBF and CMRGlc values and that

they are similarly distributed (although the CBF data is more

broadly distributed). However, at higher flow rates, there is a
Fig. 2. Group results comparing (A) relative cerebral glucose metabolism (CMR

fMRI during visual stimulation from 5 subjects. (C) Results of the SPM group

uncorrected P < 0.005, extent threshold k > 30 voxels). Note CMRGlc showed h

in visual cortex (blue).
relative plateau of metabolic values versus CBF. This might be

accounted for by differences in processing of quantitative CBF and

qualitative CMRGlc data, artifactual overestimation of regional

CBF, or by an actual physiological difference. Future quantitative

studies will be needed in order to determine the validity of this

finding.

Fig. 2 shows group results comparing mean normalized CBF

and CMRGlc measured concurrently during visual stimulation, as

well as the results of a statistical comparison of significant

differences between the MRI and PET results. The normalized

CBF data show greater relative intensity in visual cortex than does

the CMRGlc data (Fig. 2B versus Fig. 2A). This is reflected in the

statistical comparison (Fig. 2C), which shows a significant increase

in ASL MRI versus FDG-PET in visual cortex (blue), whereas

FDG-PET shows significantly greater signal than ASL MRI in

basal ganglia (red). This latter finding may reflect task differences,

an uncoupling between CBF and CMRGlc in this region,
Glc) and (B) cerebral blood flow (CBF) by FDG-PET and ASL-perfusion

analysis of the contrast between CMRGlc and CBF (two sample t test,

igher signal in bilateral basal ganglia (red) and CBF showed higher signal



Table 1

The visual-stimuli-induced signal increases between the activation of

CMRGlc, CBF, and BOLD in the primary visual cortex of each subject

CMRGlc signal

increase% (peak%)a
CBF signal

increase% (peak)

BOLD signal

increase% (peak)

Subject 1 47.4 (267.5) 9.1 (225.0) 0.3 (12.4)

Subject 2 �2.1 (425.7) 45.8 (316.7) 0.8 (10.2)

Subject 3 26.7 (127.2) 17.0 (100.1) 1.7 (8.6)

Subject 4 29.9 (217.3) 41.4 (382.9) 1.0 (6.5)

Subject 5 20.3 (238.5) 28.3 (233.3) 1.1 (13.9)

Mean T SD 24.4 T 17.9

(255.2 T 108.8)

28.3 T 15.6

(251.6 T 106.6)

1.0 T 0.5

(10.3 T 2.9)

a PET signal changes were calculated after the correction of 10-min visual

stimulation and 30-min interval between the injection of FDG and PET

imaging.
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inaccuracies in the model used to correct for the fact that the visual

stimulus in the PET study did not extend for the same length as it

did for the MRI study, or potential inaccuracies in image

processing and attenuation correction. This latter possibility may

relate to the normalization process which assumes similar signal-

to-noise ratios between the fMRI and PET data. To account for

potential differences, a two-sample t test was used to produce Fig.

2C. Hence, the differences observed between CBF and CMRGlc

more likely reflect a physiological effect.

Fig. 3 compares results of visual stimulation versus rest for

PET, ASL perfusion MRI, and BOLD contrast at a statistical

threshold of uncorrected P < 0.05 for activation clusters exceeding

500 voxels. For these results, resting PET data were acquired in a

separate session, whereas ASL and BOLD MRI data during both

rest and activation were acquired in the same scanning session.

There is substantial concordance between these maps. PET

activation includes a region of suprathreshold activation in right

auditory cortex not seen in ASL or BOLD MRI, which may reflect

effects of MRI scanner noise that was present during the PET

activation study but not the separate resting PET study performed

outside of the MRI scanner.

The results of the ROI analysis for primary visual cortex are

presented in Table 1. Percent increases in CBF and CMRGlc are

comparable at 28.3 T 16% and 24.4 T 18%, respectively (N.S.)

for the group, but with considerable variability across individuals,

particularly in FDG-PET results. When subjects were considered

as a group, the variability of the CBF seemed relatively

equivalent to that of FDG. Much of this variability may be

attributable to the use of a non-quantitative PET approach for this

initial feasibility study. Quantitative CBF values within the same

ROI were 58 T 6.4 ml/100 g/min at rest and 71 T 12 ml/100 g/

min with visual stimulation. BOLD signal change was 1.0 T 0.5%
Fig. 3. SPM{t} maps from the group analysis of the contrast between visual stimu

500 voxels) for FDG-PET (top), ASL perfusion fMRI (middle), and BOLD fMR
in the same ROI. The activation centroids for each modality are

listed in Table 2. Activation centroids were about 10 mm distance

from each other, with no significant intermodality differences,

though the smallest difference was observed intramodally

between ASL and BOLD MRI.
Discussion

These results demonstrate the feasibility of obtaining concur-

rent CBF and CMRGlc using a combined fMRI–PET approach.

The close agreement in the magnitude and spatial localization of

CBF and CMRGlc in visual cortex during visual stimulation

measured using this approach is in agreement with previously

published PET results (Fox and Raichle, 1986). Differences in the
lation and baseline (paired t test, uncorrected P < 0.05, extent threshold k >

I (bottom).



Table 2

The activation centroids (MNI coordinates) of CMRGlc, CBF, and BOLD and the distances (mm) between these centroids in the primary visual cortex of each

subject

CMRGlc centroid CBF centroid BOLD centroid CBF–CMRGlc

distance

CBF–BOLD

distance

CMRGlc–BOLD

distance

Subject 1 [3.4, �77.5, 6.5] [4.7, �85.8, 1.9] [3.6, �90.2, 2.9] 9.57 4.62 13.19

Subject 2 [2.4, �80.9, 5.1] [2.3, �91.6, 0.2] [1.1, �90.0, 0.3] 11.75 2.04 10.33

Subject 3 [2.4, �85.7, 3.8] [4.7, �85.9, 4.0] [1.3, �87.8, 2.6] 2.29 4.17 2.67

Subject 4 [3.0, �76.5, 6.7] [2.4, �90.3, 1.4] [1.4, �88.8, 1.5] 14.80 1.85 13.41

Subject 5 [2.9, �78.6, 6.1] [3.3, �90.5, �0.8] [1.9, �88.4, �0.1] 13.76 2.70 11.56

Mean (SD) [2.8, �79.8, 5.6]

(0.4, 3.7, 1.2)

[3.5, �88.8, 1.3]

(1.2, 2.8, 1.8)

[1.9, �89.0, 1.4]

(1.0, 1.0, 1.3)

10.43 (4.97) 3.08 (1.25) 10.23 (4.41)
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magnitude of CBF and CMRGlc changes between the two studies

are likely attributable to differences in the regions over which these

changes were averaged. The differences in the areas and extent of

activation might also be attributable to the normalization process of

both the fMRI and PET data which assumes a global coupling and

a similar signal-to-noise contrast. Further refinements of combined

fMRI–PET method will include the addition of arterial blood

sampling to allow CMRGlc to be quantified in absolute values, and

the use of higher-resolution fMRI scanning to allow the spatial

distribution of changes in CBF and CMRGlc to be examined in

greater detail. Subtle differences in the spatial distribution of CBF

and CMRGlc changes with visual stimulation are suggested in Fig.

1C, though these require further verification with a quantitative

approach, including careful consideration of attenuation correction

for the apparent differences seen in basal ganglia (Hoffman et al.,

1991). The temporal resolution of this combined fMRI–PET is

limited by the rate of brain uptake and metabolism of fluorodeox-

yglucose, which requires many minutes. While relatively long

scanning times are not problematic for resting studies in controls

versus pathological states or for pharmacological effects, future

studies will be needed to determine the optimum duration for

combined fMRI–PET studies of task activation. Perfusion fMRI

has been shown to be sensitive at extremely low task frequencies

(Aguirre et al., 2002, Wang et al., 2003) and is ideally suited to this

combined approach.

Although CBF and CMRGlc can be obtained with sequential

PET measurements with the availability of 15O radiopharmaceut-

icals, there are several applications in which concurrent measure-

ments would be highly desirable. For detailed studies of

functional physiology in awake human subjects in whom

behavioral states such as anxiety or attention could affect the

reproducibility of sequential stimulus conditions, the ability to

measure CBF and CMRGlc simultaneously should strengthen the

inferences that can be drawn from the data, the resolution of

which could be considerably higher than what was available

when this topic was initially addressed in the 1980s. Concurrent

CBF and CMRGlc would also provide the most reliable means

of validating MRI-based alternatives to clinical FDG-PET, as

both modalities could be examined under identical conditions.

This would be particularly important for applications in epilepsy,

where spontaneous fluctuations in CBF and metabolism in

affected regions are expected, though alterations in regional

CBF and metabolism may also occur in other neuropsychiatric

conditions if the behavioral or pharmacological state of the

patient is not well controlled. Concurrent measures would also be

valuable in pathological states in which the coupling between

CBF and metabolism is affected or could fluctuate, and in

situations where experimental conditions are difficult to repro-
duce. For example, alterations in the flow response to functional

activation are well documented following stroke (Pineiro et al.,

2002; Grohn and Kauppinen, 2001), and the ability to precisely

correlate changes in flow and metabolism in stroke recovery

would help validate the use of flow-based imaging such as fMRI

in characterizing stroke recovery. Caffeine reduces baseline CBF

(Laurienti et al., 2002; Mulderink et al., 2002; Dager and

Friedman, 2000), yet is an effective stimulant, suggesting a

functionally paradoxical uncoupling of CBF and metabolism.

Studies of caffeine effects on performance and brain function

following chronic sleep deprivation require an enormous invest-

ment in subject preparation that is not readily repeated, and

serves as another motivation for the development of this method.

In summary, we demonstrate the feasibility of concurrent

measurements of CBF and CMRGlc with combined fMRI–PET.

Simple improvements in experimental design such as longer task

conditions and arterial blood sampling should lead to an

quantitative approach that will allow accurate correlations between

CBF and metabolism at high spatial resolution and without the

need for a cyclotron. This method can be readily implemented in

any center with both fMRI and PET capabilities.
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