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Qualitative Mapping of Cerebral Blood Flow
and Functional Localization with Echo-planar
MR Imaging and Signal Targeting
with Alternating Radio Frequency'

PURPOSE: To create qualitative
maps of cerebral blood flow (CBF)
with the EPISTAR (echo-planar im-
aging and signal targeting with alter-
nating radio frequency) technique.
MATERIALS AND METHODS: The
EPISTAR technique was performed
in a pig model of hypercapnia and
then tested in 26 volunteers by using
various paradigms for cortical activa-
tion. Echo-planar images were ac-
quired with and without use of a
radio-frequency inversion pulse ap-
plied to inflowing arterial spins. A
qualitative map of CBF was then cre-
ated by subtracting the image ob-
tained without the radio-frequency
pulse from that obtained with the
radio-frequency pulse.

RESULTS: Progressively more distal
portions of the tagged vessels were
seen as the inflow time was length-
ened until cortical enhancement was
seen for inflow times of approxi-
mately 1 second or longer. Signal in-
tensity increases from rest to sensori-
motor activation ranged from 13% to
193%. CBF changes in the motor strip,
primary visual cortex, and the motor
area for eye movements were well
localized to the cortical gray matter
ribbon.

CONCLUSION: The EPISTAR tech-
nique is a rapid, noninvasive means
for creating qualitative maps of CBF.

Index terms: Cerebral blood vessels, flow dy-
namics, 17.121419 « Magnetic resonance (MR),
echo planar, 17.121416 * Magnetic resonance
(MR), vascular studies, 17.121416
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IT has been hypothesized that in-
creases in cerebrocortical blood
flow are coupled to increases in neu-
ronal activity. These increases have
served as the basis for studying re-
gional brain responses to cognitive
activity (1). Positron emission tomog-
raphy can reliably depict changes in
cerebral blood flow (CBF) in response
to sensorimotor or cognitive tasks
(2,3). Because of limited spatial resolu-
tion and lack of direct anatomic infor-
mation, exact localization of CBF
changes is problematic. There has
been great interest in the use of mag-
netic resonance (MR) imaging for the
study of cerebral function because
high-resolution anatomic information
can be obtained in each subject dur-
ing the same testing session, MR units
are available in most hospitals, and
exposure to ionizing radiation is not
required. We performed this study to
localize functional CBF changes with
an MR imaging method that permits
rapid qualitative mapping of CBF in a
noninvasive manner.

Several MR imaging methods have
been used to study cerebral perfusion,
including (a) steady-state imaging
after administration of diffusible trac-
ers such as perfluorocarbons or deute-
rium oxide (4,5), (b) first-pass imaging
after administration of paramagnetic
compounds such as gadopentetate
dimeglumine (6,7), and (c) spin-label-
ing techniques in which inflowing
blood is tagged by continuous or re-
peated adiabatic inversion pulses and
the tagged protons exchange with
tissue protons to cause an alteration
in tissue signal intensity (8). To date,
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only the first-pass imaging method
has been used extensively in humans
(9). With this method, relative cere-
bral blood volume can be determined
and changes due to cognitive stimula-
tion observed (10). However, the need
for an exogenous contrast agent limits
the routine use of this method for ac-
tivation studies. Although the spin-
labeling techniques have an intrinsic
appeal because they are noninvasive,
it has been difficult to scale up from
rat studies because of magnetization
transfer effects and because T1 relax-
ation occurs during the transit period
as the blood moves from the tagging
plane into the plane of section. A non-
invasive technique for depicting brain
activation by using endogenous blood
oxygenation level-dependent (BOLD)
contrast (11-13) has become the stan-
dard of functional MR imaging stud-
ies. With this method, activation
causes an increase in signal intensity
on T2*-weighted images, presumably
because the increase in venous oxy-
gen saturation associated with in-
creased CBF causes a lengthening of
the T2* of venous blood. It has been
suggested, however, that much of the
signal intensity changes that occur
with BOLD contrast are localized to
macroscopic veins, thus imprecisely
localizing to cortical parenchyma (14).
Furthermore, this method shows only
areas of change as a response to a
stimulus and is not yet suitable for
mapping of resting CBF.

We implemented a noninvasive MR
imaging technique, called EPISTAR
(echo-planar imaging and signal tar-
geting with alternating radio fre-
quency), for rapid, qualitative map-
ping of CBF. EPISTAR combines a
spin-tagging radio-frequency pulse of

Abbreviations: BOLD = blood oxygenation
level dependent, CBF = cerebral blood flow,
EPISTAR = echo-planar imaging and signal tar-
geting with alternating radio frequency, TI =
inflow time.
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Figure 1.

(a) NNustration of the EPISTAR technique. The 180° tagging pulse is applied during

alternate acquisitions; the presaturation pulse is applied to the plane of section during each
acquisition. Gradient events should be identical for all acquisitions to avoid inhomogeneities
from eddy current effects. Acq = acquisition, deg = degree, EPI = echo-planar imaging.

(b) Diagram of the EPISTAR pulse sequence. Acq = acquisition, ADC = analog-to-digital con-
version, Gpe = phase-encoding gradient, Gro = readout gradient, Gss = section-selection gra-
dient, RF = radio frequency, sat = saturation. (c) Profile of hyperbolic secant inversion pulse
for a nominal 90-mm-thick inversion slab as measured with the EPISTAR sequence in a water
phantom. The ordinate is signal intensity in arbitrary units; the abscissa is the distance in mil-
limeters along the inverted slab. The effect of the inversion pulse is minimal at a distance of
more than 50 mm from the center of the slab. Distance 1 = 90 mm, distance 2 = 100 mm.

proximal arterial blood, echo-planar
readout, and image subtraction. The
resulting images provide a qualitative
map of CBF at various delays in the
transit of blood from the proximal
arterial branches to the capillaries.
The basic idea is to interleave the ac-
quisition of two echo-planar images,
in one of which signal measured from
blood has been reduced by the previ-
ous application of an inversion radio-
frequency pulse to the inflowing
spins (tagging). The tagging inversion
pulse is applied proximal to the arte-
rial supply of the cortical section be-
ing studied (Fig 1a, 1b).

MATERIALS AND METHODS

The EPISTAR sequence was performed
in a pig model of hypercapnia with per-
mission of the Animal Studies Committee.
A circularly polarized head coil was used
for excitation and signal reception. Se-
quence parameters were as follows: 5-mm-
thick sections, 25-cm field of view, 128 ac-
quisitions, and inflow times (TIs) of 800
and 1,000 msec. A 32-kg Yorkshire pig was
anesthetized with intramuscular ketamine
(10 mg/kg). The animal was intubated and
mechanically ventilated. Anesthesia was
maintained with 2% isofluorane inhala-
tion. An arterial line was placed in the left
common carotid artery for continuous
pulse and blood pressure monitoring and
for blood gas determinations. Hypercap-
nia was induced by means of ventilation
with up to 70% carbon dioxide during 15-
minute periods. Imaging was performed
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before and during hypercapnia. At the

end of the study, the animal was killed

with injection of a saturated solution of
potassium chloride.

Twenty-six healthy volunteers were im-
aged according to the guidelines of the
hospital committee on clinical investiga-
tions; informed consent was obtained
from all subjects. Imaging was performed
with a whole-body echo-planar MR imag-
ing system at 1.5 T (Siemens Medical Sys-
tems, Erlangen, Germany). Shimming was
done before imaging in all subjects. There
were 128 phase-encoding steps collected
during 64 msec with a bandwidth of 2 kHz
per pixel; the echo was markedly asym-
metric along the phase-encoding direction
to shorten the echo time to 16 msec. The
typical field of view was 25-32 cm, and the
section thickness was 2-10 mm. A circu-
larly polarized head coil was used for exci-
tation and signal reception. Sequence pa-
rameters were varied for several healthy
volunteers to determine the optimal tech-
nique.

A 23-msec-long hyperbolic secant inver-
sion pulse was used with a section-select
gradient of 1.3 mT/m and a nominal slab
thickness of 90 mm (Fig 1c). The center of
the inverted slab was positioned 60 mm
caudal to the plane of section; thus, the
superior edge of the inverted region was
15 mm from the center of the plane of sec-
tion. A 90° radio-frequency saturation
pulse with twice the thickness of the plane
of section was applied to the section im-
mediately before the inversion pulse, fol-
lowed by a spoiler gradient 7 msec in du-
ration with an amplitude of 9 mT/m. This
saturation pulse eliminated potential con-
tamination from the side lobes of the in-

version pulse that might leave spurious
residual signal intensity after image sub-
traction. Typically, 16 acquisitions (imag-
ing time = 32 seconds for a TI of 1 second)
to 96 acquisitions (imaging time = 192 sec-
onds for a TI of 1 second) were used. The
repetition time was equal to the TI. Both
complex and magnitude subtractions were
tested. On the basis of the initial volunteer
studies, magnitude subtraction and mag-
nitude image display were used for subse-
quent investigations.

Ten subjects were imaged without
stimulation to study the effect of varying
TI on the CBF maps. Sixteen subjects were
studied at rest and while performing one
of three different tasks: alternate finger
tapping of one hand, full-field visual
stimulation with 7.8-Hz flashing lights, or
laterally alternating saccadic eye move-
ments. A section thickness of 5 or 8 mm
and a 25- or 32-cm field of view (2 X 2-mm
or 2.5 x 2.5-mm pixel size) were used.

To determine the optimal TI for show-
ing cortical activation in each subject, a
series of images were obtained during rest
by increasing TI by 50 msec. The TI that
was 50 msec less than the one that showed
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Figure 2. Chart shows signal intensity
changes in a pig model of hypercapnia.

The signal intensity increased with larger
amounts of inspired carbon dioxide (CO2)
and decreased after death. Residual signal
intensity may be due to magnetization trans-
fer effects. SD = standard deviation.

initial cortical enhancement was chosen
for the activation study. EPISTAR images
obtained at rest and activation were ac-
quired at this T, and the resulting qualita-
tive CBF maps were subtracted to reveal a
difference map. This difference map was
superimposed on a high-resolution ana-
tomic image obtained with a T1-weighted
two- or three-dimensional magnetization-
prepared gradient-echo sequence with
rapid acquisition. After image acquisition,
postprocessing involved automated coreg-
istration of structural and EPISTAR images
with AVS software (AVS, Waltham, Mass).
Irregular regions of interest consisting of
at least 16 pixels were drawn around the
areas of activation in the subtraction im-
age, and these regions were transposed to
the original averaged images for signal
intensity measurements. Measurements
were also made in nearby occipital gray
matter and in air outside the brain.

RESULTS

The signal intensity changes in the
pig model as a response to hypercap-
nia are shown in Figure 2. There was
a marked loss of signal intensity after
death, indicating that flowing blood
was the dominant contributor to im-
age signal intensity and that magneti-
zation transfer had only a modest ef-
fect at the long TIs used.

In the volunteers, use of a TI of at
least 1 second enabled us to obtain
good-quality EPISTAR images show-
ing cortical enhancement. The signal-
to-noise ratio for a TI of 1,000 msec
was 30.6 + 11.7 in gray matter (pari-
etal cortex) and 13.6 + 7.3 in white
matter (corona radiata) (mean =* stan-
dard deviation). The cortical signal
intensity as a function of Tl is illus-
trated in Figure 3a for one subject.
The portion of the vasculature shown
is dependent on the TI. With a short
TI (eg, 400 msec), flow was seen in
major arteries. With delays on the or-
der of 800 msec, distal branch arteries
were shown. With delays of at least 1
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second, the arteries disappeared and
cortical enhancement was seen as the
tagged blood flow entered the capil-
laries and tagged protons exchanged
with tissue protons. In healthy sub-
jects, the cortex enhanced uniformly
with a TI of 1,400 msec or more. Cere-
brospinal fluid appeared dark at all
values of TI tested (Fig 3b).

In one subject, a comparison was
made of EPISTAR images obtained
with and without a control inversion
region to cancel magnetization trans-
fer effects. The control inversion re-
gion was 90 mm thick and was ap-
plied 60 mm cephalad to the plane of
section, in alternation with the cau-
dally positioned tagging inversion
region, so that the control and tag-
ging inversions were equal in thick-
ness and distance from the plane of
section (Fig 3c). Although the signal
intensities of gray and white matter
were lower with the control inversion
(the latter had a signal intensity simi-
lar to that of the background), there
were some drawbacks. Inferiorly
draining veins were tagged and ap-
peared on the image, and ghost arti-
facts occurred from pulsatile flow in
the superior sagittal sinus. Although
fewer veins were seen when the con-
trol inversion was not applied, veins
draining cephalad from tagged re-
gions were still observed, especially in
the scalp. As a result of the direct tag-
ging of the anterior segment of the
superior sagittal sinus within the in-
version slab, the posterior portion of
the sinus was visualized at long TIs as
the blood flowed from anterior to
posterior portions. The sinus disap-
peared if the inversion slab was
angled to avoid its anterior portion.

In the activation studies performed
in volunteers, the signal intensity in-
creases from rest to activation ranged
from 13% to 193% (mean =* standard
deviation, 59% = 45). Increases were
predominantly restricted to gray mat-
ter, with activity infrequently ob-
served in subjacent white matter. For
the 90-mm-thick tagging region cen-
tered 60 mm proximal to the imaging
slab, a TI of 900-950 msec tended to
be the optimum parameter for the
cortical regions studied.

Rapid finger tapping caused an in-
crease in signal intensity in the gray
matter strip on the anterior bank of
the central sulcus (Fig 4). Visual
stimulation produced an increase in
signal intensity in the gray matter
of the calcarine cortex (Fig 5). The
EPISTAR activation images were free
from signal intensity changes in mac-
roscopic cerebral veins. EPISTAR im-
ages obtained with 2 X 2-mm in-

plane resolution and 2-mm-thick
sections showed well-demarcated ar-
eas of increased signal intensity (in-
crease, 117%) with visual activation.
Alternating visual saccadic eye move-
ments produced increased CBF in the
cortical ribbon corresponding to the
precentral gyrus motor region, which
is presumed to be responsible for vi-
sual saccades (15) bilaterally in nine of
nine subjects tested (Fig 6).

DISCUSSION

The EPISTAR technique is a modifi-
cation of a recently described time-of-
flight MR angiography technique (16),
which, in turn, evolved from earlier
techniques (17-19). The method pro-
vides an imaging continuum from
large proximal vessels to the distal
arterioles for short TIs and to the cap-
illaries for long TIs, at which point the
image represents a qualitative map of
CBF. We used EPISTAR to localize
CBF changes due to activation pre-
dominantly to the cortical gray mat-
ter. The precise localization of func-
tional CBF changes to the cortical
gray matter ribbon provides experi-
mental confirmation of the main
premise for the field of functional
neuroimaging (ie, increases in neuro-
nal activity cause increases in local
CBF). This type of localization has the
additional advantage of allowing
separation of CBF changes in juxta-
posed cortical regions buried within a
sulcus, which is not possible with
positron emission tomography. As
high-resolution MR imaging im-
proves to allow distinction of cytoar-
chitectonic areas, the direct mapping
of CBF changes onto cytoarchitectonic
areas may be possible with this tech-
nique.

Previous MR imaging methods
have used exogenous tracers or spin
labeling with adiabatic inversion
pulses to measure CBF in a noninva-
sive manner. The latter method, pro-
posed by Detre et al (8), has been suc-
cessfully applied in a rat model and
healthy volunteers (20). In this
method, the assumption is made that
the inverted spins exchange rapidly
with tissue protons, causing a de-
crease in the signal intensity of highly
perfused regions. The signal is depen-
dent on the steady-state value of the
longitudinal magnetization (M,); after
correction for T1, CBF can be quanti-
fied. Information about arterial transit
time is not directly obtained. Because
multiple off-resonance inversion
pulses are applied, magnetization
transfer effects are prominent (21).
Therefore, a control image is acquired
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Figure 3. Images illustrate the time course of signal intensity changes in a healthy volunteer. (a) EPISTAR images obtained with TIs of (from
left to right and top to bottom) 200, 600, 1,000, 1,400, 1,800, and 2,200 msec. Image in the bottom row, third column is a sagittal localizer image
and shows the inversion slab (), presaturation slab (arrowhead), and plane of section (arrow). Image in lower right corner is a two-dimen-
sional flow-compensated gradient-echo image with venous presaturation. It was obtained with the same field of view as the EPISTAR images
(32 cm) and shows that the bright curvilinear structures seen on the EPISTAR images obtained with a short TI correspond to arteries. On the
EPISTAR images, progressively more distal portions of the arteries are seen to enhance with increasing TI, until cortical enhancement is seen
(capillary phase). (b) Appearance of cerebrospinal fluid. Spin-echo echo-planar image with an echo time of 100 msec (upper left) shows high-
signal-intensity cerebrospinal fluid at the level of the lateral ventricles. EPISTAR images obtained with a TI of 900 (upper right), 1,200 (lower
left), and 1,500 (lower right) msec show that cerebrospinal fluid has low signal intensity at all Tls. High signal intensity is seen in the choroid
plexus and represents blood flow. (c) EPISTAR images obtained at two levels (right and left images) with (top row) and without (bottom row) a
90-mm-thick superiorly positioned control inversion region applied in alternation with the tagging inversion region, at an equal distance from
the plane of section. The images are displayed at identical window settings. The control inversion reduced the signal intensities of gray and
white matter; the signal intensity of the latter decreased to that of the background. Drawbacks of use of the extrainversion pulse were ghost
artifacts (arrow) from pulsatile flow in the superior sagittal sinus and visualization of additional venous structures.
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a. b. c.

Figure 4. Increased blood flow in the right motor strip with rapid alternating finger tap of left hand. (a) Structural image obtained with a T1-
weighted inversion-recovery pulse sequence and a repetition time of 10 msec, echo time of 4 msec (10/4), TI of 500 msec, and flip angle of 15°.
(b) Difference image of active minus rest images showing area of response. (c) Superimposition of difference image on structural image shows
that increased blood flow maps precisely to the gray matter strip in the anterior bank of the central sulcus.

C.

Figure 5. Activation of visual cortex. Images were obtained with a circularly polarized surface coil. (a) T1-weighted image (10/4; TI, 500 msec;
flip angle, 15°) obtained with an inversion-recovery pulse sequence for anatomic detail. (b) High-resolution difference image obtained with the
EPISTAR technique with 4-mm-thick sections and 2 x 2-mm in-plane spatial resolution for 7.8-Hz full-field visual stimulation. (c) Superimposi-

tion of difference image on anatomic image. It is not certain whether the white matter activation was real or due to partial volume averaging.

in which the inversion is oppositely
displaced from the plane of section
compared with that used for arterial
tagging. Nonetheless, imperfect im-
age subtraction may still occur be-
cause of patient motion between ac-
quisitions of the tagged, control, and
calculated T1 images or from direct
excitation of the plane of section by
side lobes from the inversion pulse.
The EPISTAR sequence differs in
several respects from that used by
Detre et al: (a) With the EPISTAR
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technique, the magnetization transfer
effects are modest because only a
single inversion pulse is applied once
every 2 seconds or so, versus multiple
inversion pulses applied in rapid se-
quence with the technique of Detre et
al. The magnetization transfer effects
are further reduced by T1 relaxation
over the long Tl interval. With either
technique, the magnetization transfer
effects can be cancelled by the appli-
cation of a control inversion region
placed equidistant from the plane of

section as the tagging region. Difficul-
ties we encountered with this ap-
proach were the visualization of addi-
tional veins that were tagged by the
control inversion, potentially compli-
cating the image interpretation, and
ghost artifacts from pulsatile flow in
the superior sagittal sinus. However,
a control inversion region may be
helpful if one wishes to quantify
blood flow as a function of signal in-
tensity on EPISTAR images. (b) Be-
cause only a single inversion pulse is
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applied, the data acquisition can be
interleaved. The effects of motion are
similar in the tagged and control im-
ages because of the interleaved data
acquisition, so that the likelihood of
image misregistration may be reduced
compared with the sequential acquisi-
tion required by the method of Detre
et al. (c) The TI, in conjunction with
blood flow, determines which portion
of the vasculature is depicted. With
short TIs, major arteries are depicted.
With TIs of less than approximately 1
second, there is little or no exchange
between tagged blood and tissue pro-
tons because the blood has not yet
entered the capillary bed to any sub-
stantial degree. As the TI is increased
to more than 1 second, progressively
greater proton exchange occurs as the
tagged blood penetrates farther into
the capillary bed; this proton ex-
change causes cortical enhancement.
Images can be obtained with TIs as
long as 3 seconds, the main limitation
being low signal-to-noise ratios as a
result of T1 relaxation of the tagged
blood. Unlike Detre et al, we have not
yet attempted to quantify CBF. None-
theless, the EPISTAR images appear
to provide at least a qualitative map
of CBF, and arterial transit times are
apparent in the time course of cortical
enhancement, as shown on images
obtained with various TIs. Recently,
the sequence has been modified to
permit true “cine” imaging with use
of a reduced-flip-angle excitation and
multisection and three-dimensional
acquisitions.

Stimulation caused an increase in
cortical signal intensity on EPISTAR
images. The average increase was
59%, an order of magnitude greater
than those typically found on BOLD
images obtained at 1.5 T and larger
than the 5%-15% change expected
from CBF measurements alone (22—
24). The cause of the signal intensity
changes with activation are not yet
known. The large change is in part an
artifact of comparing subtraction im-
ages, but also relates to the choice of
TI (Fig 7). The tissue signal intensity
on EPISTAR images represents a sum-
mation of contributions from tagged
blood protons in the capillaries at
echo-planar readout and tagged pro-
tons that have exchanged from the
capillaries into the tissue over the TI
interval. The TI is chosen so that, at
resting levels of CBF, the tagged
blood just reaches the distal arteries;
the capillaries are not reached to any
substantial extent. As a result, there
will be little cortical signal intensity
on EPISTAR images. With activation,
the arterial transit time is shortened
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Figure 6. CBF activation during a visually guided eye-movement task. Active condition: pa-
tients were asked to look between two black boxes; a 10° visual angle separated each box from
the central fixation point. Control condition: patients were asked to fixate on a cross located
between the boxes. The section plane shown passed through the calcarine sulcus and the pos-
terior junction of the superior and middle frontal gyri (55 mm superior to the plane through
the anterior and posterior commissures, at an angle of —26°). The left side of the axial images
corresponds to the right side of the brain. (A) T1-weighted image obtained with an inversion-
recovery pulse sequence for anatomic detail. Arrows indicate central sulci. (B) EPISTAR
difference image acquired with a TI of 950 msec. (C) Right lateral surface view from a three-
dimensional reconstruction of the anatomy. Data were acquired with a three-dimensional
magnetization-prepared gradient-echo pulse sequence with rapid acquisition. Arrow = cen-
tral sulcus. (D) Superimposition of the EPISTAR difference image on the anatomic image.

(E) Superimposition of the EPISTAR difference image on the reconstructed three-dimensional
anatomic image confirms the position of the precentral gyrus activation.

so that a larger volume of tagged
blood enters the capillaries well be-
fore the echo-planar readout. In this
case, there is extensive exchange of
tagged blood protons with cortical
tissue protons. The cortical signal in-
tensity thus becomes linked to the
CBF with activation. Because the sig-
nal intensity is linked to CBF in the
activated state but not in the resting
state, the signal intensity changes can
exceed those expected from CBF
changes alone; this might not be the
case if both resting and activated im-
ages were linked to CBF (eg, with the
BOLD technique or that described by
Detre et al [8]). Of course, this expla-
nation is rather idealized, in that the
tagged blood arrives at the capillaries
not as a delta function but over a pe-
riod of time.

Several factors determine the qual-

ity of a functional MR imaging study,
including motion artifacts, venous
activation, and contrast-to-noise ratio.
The EPISTAR and BOLD techniques
each have particular advantages and
disadvantages with regard to these
factors; ultimately, the two methods
may prove complementary because
the signal intensity changes with both
techniques depend on distinct physi-
ologic parameters. In addition to in-
flow effects, activation-related
changes in signal intensity on BOLD
images are probably caused by el-
evated venous deoxyhemoglobin con-
centrations resulting from increases in
CBF. It has been suggested that these
changes may be localized in medium
and large superficial veins as well as
in the capillary bed, making it difficult
to determine the precise location of
the activated cortical foci. Better local-
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Figure 7. Illustration of the hypothesis con-
cerning the mechanism of signal intensity
changes seen at EPISTAR imaging with acti-
vation. If the Tl is relatively short (eg, 950
msec), most of the tagged blood resides in
the artery and arterioles, not the capillaries,
at echo-planar readout. There is little ex-
change of tagged protons with cortical tissue
protons, so that the cortical signal intensity is
low and not directly related to CBF. With
activation, the arterial transit time is short-
ened and an increased volume of tagged
blood enters the capillaries, where it rapidly
exchanges with cortical tissue protons. The
cortical signal intensity seen on the EPISTAR
image is then large and linked to CBF.

ization might be obtained by using
spin-echo echo-planar BOLD imag-
ing; however, there will be a marked
loss of sensitivity. Conversely, with
EPISTAR imaging, venous activation
does not appear to occur. The reason
is that there is nearly complete ex-
change of tagged blood protons with
brain tissue protons during the transit
through the capillary bed. Thus, most
of the protons arriving in the venules
are untagged and do not produce a
change in signal intensity with activa-
tion; alternatively, any signal inten-
sity changes that do occur (eg, as a
result of BOLD imaging effects) will
be identical for the tagged and un-
tagged unsubtracted images and can-
cel with image subtraction. Given the
lack of venous activation, it should be
possible to localize the activated foci
within the limits of the pixel dimen-
sions (approximately 2 mm for a
25-cm field of view). In our study, ac-
tivity was occasionally noted in white
matter subjacent to the cortex. It is
uncertain whether this activity is arti-
factual (eg, due to partial volume av-
eraging) or real.

It has been suggested that at least a
portion of the activity seen at func-
tional MR imaging with the BOLD
technique is an artifact of stimulus-
correlated motion that results in im-
perfect image subtraction (25). With
the BOLD technique, stimulus-sensi-
tive cortical regions have a similarly
high signal intensity on both resting
and activated images. Slight subject
motion between the resting and acti-
vated states then gives substantial
misregistration artifacts. Brain tissue
appeared dark on the rest EPISTAR
image obtained with a TI on the order
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of 950 msec. One is subtracting a
rather featureless, low-signal-inten-
sity image from an image with much
higher signal intensity in the acti-
vated regions. Given this scenario,
slight patient motion should produce
less severe artifacts than with the
BOLD technique.

Some limitations of the EPISTAR
method are also apparent. The need
for image subtraction introduces sen-
sitivity to gross patient motion, al-
though this was not a substantial
problem in cooperative subjects. The
contrast-to-noise ratio appears infe-
rior to that obtained with first-pass
susceptibility contrast material-en-
hanced imaging, so that flow sensitiv-
ity may be less. The EPISTAR method
depends on flow direction, so that an
inversion region placed caudal to the
plane of section would not show cau-
dally directed flow originating cepha-
lad to the section (eg, pial collateral
vessels). Also, one must consider the
orientations of the feeding vessels
and the location and orientation of
the plane of section when positioning
the inversion region and choosing the
TI. Depending on the choice of TI,
signal intensity changes were occa-
sionally seen in feeding arteries; how-
ever, these can be readily identified
on a two-dimensional MR angio-
graphic image, which can be acquired
in a few seconds. Most of the signal
intensity from macroscopic vessels
can be eliminated by acquiring the
EPISTAR images with a spin-echo
echo-planar readout instead of a gra-
dient-echo echo-planar readout. A
cooperative patient and a stable MR
unit with the ability to perform echo-
planar imaging are essential.

In conclusion, the EPISTAR method
has been validated as a noninvasive
method for qualitative mapping of
CBF. We showed, with use of three
separate paradigms of sensorimotor
activation, that CBF increases were
located in the cortical ribbon of the
motor cortex, the visual cortex, and
the motor areas for eye movements.
The EPISTAR method could prove to
be a useful means for depicting CBF
abnormalities in a variety of cerebro-
vascular disorders. =
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