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ABSTRACT We report our experience using a noninvasive
magnetic resonance technique for quantitative imaging of
human brain perfusion at 1.5 T. This technique uses magnet-
icafy inverted arterial water as a freely diffusible blood flow
tracer. A perfusion image is calculated from magnetic reso-
nance images acquired with and without arterial blood inver-
sion and from an image of the apparent spin-lattice relaxation
time. Single-slice perfusion maps were obtained from nine
volunteers with approximately 1 x 2 x 5-mm resolution in an
acquisition time of 15 min. Analysis yielded average perfusion
rates of 93 + 16 ml 100 g-l-min'1 for gray matter, 38 ± 10
ml 100 g'i.min-1 for white matter, and 52 ± 8 ml 100
g'l min-I for whole brain. Significant changes in perfusion
were observed during hyperventilation and breath holding.
This technique may be used for quantitative measurement of
perfusion in human brain without the risks and expense of
methods which use exogenous tracers.

Tissue-specific cerebral blood flow (perfusion) is altered in
many diseases, including stroke, epilepsy, and neoplasia, as
well as in functional activation of normal brain. The ability to
measure perfusion is useful in the diagnosis and management
ofthese diseases and provides a valuable research tool for the
study of cognitive function. Existing methods for perfusion
imaging involve either injection or inhalation ofan exogenous
tracer compound. Such compounds include H2150 in positron
emission tomography (1, 2), xenon in computed tomography
(3), and gadolinium chelates (4, 5), deuterium (6, 7), and
fluorocarbons (8, 9) in nuclear magnetic resonance imaging
(MRI) and spectroscopy studies. Although these techniques
have been used successfully to obtain valuable information
about cerebral metabolism, they suffer from a number of
limitations. There are potential risks associated with intro-
duction of exogenous contrast agents, including anaphylaxis
and radiation exposure. In addition, synthesis of the tracer
compounds often involves considerable expense. The calcu-
lation of absolute values for perfusion in many of these
techniques requires knowledge of the arterial input function,
obtained by sequential arterial blood sampling. Despite these
limitations, techniques employing exogenous contrast agents
have been applied successfully in the study of cerebral blood
flow. The development of a tracer technique which avoids
these risks and limitations would represent a significant
advance.

Recently, a quantitative and noninvasive MRI technique
for perfusion imaging has been described which uses mag-
netically labeled arterial water as a freely diffusible endoge-
nous tracer (10, 11). This technique has previously been used
to measure perfusion in rat brain at the relatively high field
strength of 4.7 T. Arterial water was labeled via either
magnetic saturation (10) or inversion (11). Use ofan inversion
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technique is preferable because the magnitude of the ob-
served effect is larger. This method of perfusion measure-
ment has been validated in rat brain (12) and in an isolated,
perfused rat heart preparation (13). In this paper we describe
our experience using this technique in human brain on a
conventional 1.5-T commercial imaging system.

MATERIALS AND METHODS
Image Acquisition. All experiments were conducted on a

1.5-T imaging system (Signa, General Electric Medical Sys-
tems, Milwaukee). Human studies were performed with a
protocol approved by the Institutional Review Board of the
University of Pennsylvania. Informed consent was obtained
from all volunteers.

Volunteers were asked to lie still with their eyes closed and
were given ear plugs to reduce the noise of the gradient coils.
Foam padding was used to limit head motion during the
study. Lights in the magnet room were turned off. The static
magnetic field shim was manually optimized and the proton
water resonance was centered on resonance. A two-
dimensional, refocused, gradient-echo pulse sequence was
used to acquire inversion and control images. An off-
resonance radio-frequency pulse was inserted in the inter-
pulse interval which consisted of a series of 18.5-msec
rectangular pulses separated by 1.6-msec gaps. An axial
5-mm-thick slice located -2 cm superior to the corpus
callosum was imaged with a field of view of 24 cm, an echo
time (TE) of 5 msec, and a repetition time (TR) of 100 msec.
A fractional echo was used to minimize artifacts arising due
to dephasing during readout and to minimize the sensitivity
of the image to susceptibility effects (14). A homospoil
y-gradient pulse of 4-msec duration and amplitude 1 G/cm
was inserted between the end of the inversion pulse and the
beginning of the observation pulse to attenuate residual
transverse magnetization created by the inversion pulse. The
image plane was placed at isocenter in the gradients prior to
scanning.
The duration of the labeling pulse, Ti., was 74 msec,

corresponding to a 74% duty cycle. The amplitude of the
labeling radio-frequency pulse varied between 23 and 33
mG (100-140 Hz). The specific absorption rate was esti-
mated by extrapolating from the known specific absorption
rate of the pulse sequence in the absence of the labeling
pulse. Under these conditions the average specific absorp-
tion rate was below 0.4 W/kg. The amplitude of the
inversion gradient was 0.5 G/cm. The offset frequency of
the labeling pulse, co, was chosen so that inversion occurred
through a plane which approximately intersected the in-
tracavernous portion of the internal carotid artery. The
offset frequency varied between 6.3 and 10.6 kHz, corre-
sponding to distances of 3-5 cm between the inversion and

Abbreviations: MRI, magnetic resonance imaging; TE, echo time;
TR, repetition time.
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imaging planes. A quadrature birdcage transmit/receive
head coil was used. For each slice, 64 phase-encodings were
performed. Signal averaging was performed to achieve a
signal/noise ratio greater than 150:1. This resulted in a
typical acquisition time of 2-5 min. Inversion and control
images were acquired by changing the sign of the offset
frequency of the inversion irradiation.
A map ofTlapp was acquired by using a two-point inversion

recovery measurement with TE = 12 msec and TR = 3000
msec. Images of the same slice were acquired with an
inversion time, TI, of 1200 and 2400 msec. The apparent Ti
was calculated by fitting the data to a monoexponential
recovery curve. Acquisition of a Tlapp map required =8 min.
The acquisition matrix for all images was 256 x 64. The total
imaging time to obtain inversion, control, and Tl images
was typically 12-18 min.
For respiratory rate studies, an inversion image was ini-

tially acquired while the subject breathed normally. The
subject was then asked to hold his breath for 1 min while
another inversion image was acquired. A total of four inver-
sion images was acquired to increase the signal/noise ratio.
After coming back to equilibrium, the subject was then asked
to breath as rapidly and deeply as possible during acquisition
of four more inversion images. Hypoventilation produces an
increase in brain perfusion and hyperventilation produces a
decrease in brain perfusion due to the regulation of cerebral
blood flow by alterations in the arterial CO2 concentration.
Variations in the control image and the Tlapp image with
changes in perfusion status are negligible.
Data Analysis. Perfusion maps were calculated according

to Eq. l.. Pixels containing only background noise were
excluded by using a 10% threshold. The brain/blood partition
coefficient, A, was assumed to be constant at 0.90 ml/g (15).
Based on cardiac-gated MRI measurements (16), the average
velocity within the internal carotid artery was assumed to be
20 cm/sec, and the transit time, A, was assumed to be 200
msec for a 4-cm separation between the inversion and imag-
ing planes. These values were used to estimate the effective
degree of inversion.

Region-of-interest analysis of each perfusion map was
performed by interactively selecting two regions =10 cm2 in
size each, one in each cerebral hemisphere. Values in these
regions were automatically segmented into gray matter and
white matter based on the Tlapp. Any pixel with a Tlapp value
between 0.9 and 1.1 sec was designated gray matter, and any
pixel with Tlapp between 0.6 and 0.8 sec was designated white
matter. Areas of high signal around bulk flow structures and
at the periphery of the brain were avoided.

THEORY
Continuous inversion ofthe arterial water supplying the brain
results in a small decrease in the steady-state image intensity.
Specifically, perfusion, f, is given by

A (Mc-Mi)
Tlapp 2a' M[

where Mi is the intensity in an image acquired with arterial
inversion (inversion image), M_ is the intensity in an image
acquired without arterial inversion (control image), A is the
brain/blood partition coefficient, and a' is the effective
degree of arterial inversion (11). The quantity Tlapp is the
apparent spin-lattice relaxation time, which is a function of
the true Ti and perfusion, f (10):

1 f
[2]

Tlapp Ti A

The apparent Ti may be measured by a progressive satura-
tion or inversion recovery experiment. The effective degree
of arterial inversion, a', includes the effects of the duty cycle
of the labeling pulse and of the transit time, A, for blood to
pass from the site of inversion into the capillary beds (17) and
is defined by

a'= e-e/T(b T- a,
\TR/ [3]

where Tlb is the spin-lattice relaxation time of arterial blood,
Ti0V is the duration ofthe inversion pulse, TR is the repetition
time of the pulse sequence, and a is the degree of inversion
defined by the labeling pulse at the site ofinversion. Eq. 1 has
been shown to be valid even under partially relaxed condi-
tions (11).
We use the principle of transport-induced adiabatic fast

passage (18-21) to continuously invert blood entering the
brain. In this approach, constant low-amplitude irradiation is
applied off-resonance in the presence of a magnetic field
gradient. Spins which move through the gradient field un-
dergo a frequency sweep by virtue of their motion. The
component of spin velocity in the direction ofthe gradient (v),
gradient strength (GO), and irradiation amplitude, yB1, define
an adiabaticity factor, 83, given by

(yBi)'3=
yGiv

[4]

The term in the denominator of Eq. 4 is the effective sweep
rate of the pulse (units of radians/sec are assumed). The
inversion efficiency, a, may be defined in terms of the initial
z-magnetization (Mo) and the z-magnetization after passage
through resonance (Mo') as

(Mo- MO)
2Mo

[5]

Highly efficient inversion will occur for a range of velocities
given by the following inequality,

1 1 Gjv
-<< v- « yBi,Tlb T2b Bi

[6]

where Tlb and T2b are the relaxation time constants of
arterial blood. If the blood moves too slowly through the
gradient, then relaxation effects dominate and inversion does
not occur. If the blood moves too rapidly, the pulse becomes
nonadiabatic and inversion does not occur.

RESULTS
The Ti of anticoagulated whole blood was determined to be
1.4 sec based on a multiple-point inversion-recovery mea-
surement. Computed spin simulations and measurements in
experimental flow phantoms were performed to determine
the dependence of the inversion efficiency, a, on the adia-
baticity factor, 8 (21). For the choice of parameters defined
by our experiment (v = 20 cm/sec, ZyBi = 140 Hz, and G =
0.5 G/cm), the adiabaticity factor, f, is =2.9, which corre-
sponds to 98% efficient inversion. This result, combined with
a duty cycle of 0.74 and the estimated transit time of 200
msec, yields an effective degree of inversion, a', of 0.63. To
visualize the effect ofthe irradiation on blood flow in the ICA,
cardiac-gated images were acquired with the same parame-
ters given above but with the inversion gradient in the
frequency-encoding direction (Fig. 1). The instantaneous
velocity, calculated from band displacement, never fell below
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10 cm/sec, and inversion was observed during every phase of
the cardiac cycle.
As we use a single coil to apply the inversion and obser-

vation pulses, the off-resonance effects ofthe inversion pulse
represent a potential source of error in the measurement (21).
The labeling pulse affects magnetization in the image plane
directly or via cross-relaxation phenomena (22, 23). Images
were acquired to determine the degree of saturation due to
the inversion pulse as a function of the frequency offset for
the choice of pulse parameters used in the perfusion exper-
iments. The results appear in Fig. 2, in which we have also
indicated the frequency range occupied by a 5-mm-thick slice
in an inversion gradient of 0.5 G/cm for a typical choice of
frequency offset. The graph illustrates that the labeling pulse
results in significant saturation of spins in the image plane. As
previously described (11), an adequate control image must
balance this effect, which may be accomplished by changing
the sign of the offset frequency of the labeling pulse. The
graph also demonstrates that there is relatively little variation
of the off-resonance effects across the slice thickness. This
implies that errors due to asymmetry in spin density and
relaxation characteristics across the slice should be negligible
(21).
Images ofTlapp and perfusion ofa normal volunteer appear

in Fig. 3A and B, respectively. Inversion of arterial waterwas
observed to result in a decrease in signal intensity in all parts
ofthe brain. Included in the image is a piece ofbovine muscle
tissue, which is known to experience relatively large cross-
relaxation effects (22). Negligible residual signal is obtained
from the nonperfused muscle tissue. Although there is rough
correlqtion with the gray matter/white matter distribution in
the Tlapp image, significant nonrandom local variations are
present in the perfusion image. Some regions of artifactually

-15 -10 -5 0 5 10 15
Offset Frequency (kHz)

FIG. 2. Off-resonance effects of the labeling pulse under condi-
tions similar to those used in the perfusion imaging experiments. The
normalized image intensity is plotted as a function of the offset
frequency of the labeling pulse for gray matter (o) and white matter
(e). The labeling pulse amplitude, yBi, was 100 Hz and the duty cycle
was 74%. Off-resonance effects are slightly more significant in white
matter. The frequency range occupied by a 5-mm-thick slice is
indicated by solid vertical lines. It is centered on a typical frequency
offset used in the perfusion imaging experiments.

high signal intensity are present which probably represent
errors due to either chemical shift (fat in the scalp), bulk flow
(midline vessels), or asymmetry effects (at the periphery of
the brain). Results ofperfusion measurements in a set of nine
normal volunteers appear in Table 1. The ratio of perfusion
between gray matter and white matter is =2.3, in general
agreement with the literature (24). To illustrate the errors
which can arise due to off-resonance effects, a perfusion map

FIG. 1. Inversion of arterial blood in the intracavernous portion of the internal carotid artery. Gated coronal images were acquired in the
presence of inversion irradiation, yBi, of 70 Hz (Lower) or 140 Hz (Upper) and in an inversion gradient of 0.5 G/cm in the frequency-encoding
(vertical) direction under otherwise identical conditions. The plane of inversion is indicated by the horizontal saturation band, which lies
approximately at the level of the hypothalamus. The weaker radio frequency results in spin saturation, whereas the stronger radio frequency
results in the development of an inversion band (arrows) in arterial blood.

0.8 _

O gray matter
0.2 0* white matter

v. v .. .. .,

Biophysics: Roberts et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
26

, 2
02

1 



www.manaraa.com

Proc. Natl. Acad. Sci. USA 91 (1994)

was obtained from another individual under the same con-
ditions except that the slice thickness was 15mm (Fig. 4). The
halo of bright signal surrounding the brain is the result of
significant spin distribution asymmetry which occurs in this
region, leading to failure to control for off-resonance effects.
The effect of respiratory status was studied in a set ofthree

normal volunteers. The average global perfusion rate (ml100
g1-imin-1) was 34 ± 16 during hyperventilation, 66 ± 9 at
rest, and 84 ± 8 during breath holding. Perfusion differed
significantly in each of the three respiratory states (P < 0.05,
Student t test). As expected, cerebral perfusion increased
during hypoventilation and decreased during hyperventila-
tion (25). Changes in control images as a function of respi-
ratory rate were observed to be below the level of the noise.

Table 1. Average perfusion rates in a set of nine volunteers
determined by region-of-interest analysis

Perfusion, ml 100 g-l'min-1
Gray White Whole

Subject matter matter brain

1 86 39 48
2 120 38 61
3 97 25 46
4 78 33 49
5 84 49 58
6 110 31 49
7 77 38 39
8 99 49 66
9 85 43 48

Total 93 ± 16 38± 10 52 ± 8

DISCUSSION
These results demonstrate that quantitative images of perfu-
sion can be obtained from human brain at 1.5 T with a
commercial imaging system. The advantages of this tech-
nique are that it is noninvasive; does not require exogenous
tracers, arterial blood sampling, or ionizing radiation; and
allows for measurement of absolute values for cerebral
perfusion. As the effects on image intensity obtained by
arterial inversion are extremely small at 1.5 T, potential
sources of error must be carefully minimized. In addition,
because this is a steady-state technique, acquisition of inver-
sion and control images cannot be interleaved. This neces-
sitates very good temporal stability in the imaging equipment
as well as careful restriction of patient motion. Improvement
in signal/noise ratio for the perfusion effect may be obtained
by using fast imaging methods to reduce data acquisition time
(26) or by performing the experiment at a higher static-field
strength. As the Ti of arterial blood is significantly longer at
4.7 T (11), one may obtain a higher effective degree of
inversion and increase the perfusion effect. Additional im-
provement may be obtained by using separate coils for
arterial inversion and image acquisition, as this will eliminate

FIG. 3. Images of the Tlapp (A) and perfusion (B) of a normal
resting volunteer. Tlapp values are scaled between 0 and 1.5 sec, and
perfusion values are scaled between -100 and 250 ml 100 g-l min-1.
A nonperfused piece of bovine muscle tissue appears in the Tlapp
image but not in the perfusion image. The perfusion image contains
artifacts arising from chemical shift effects (small arrow) and spin
asymmetry (large arrow). A typical region of interest used in the data
analysis is indicated on the Tlapp map. A uniformly weighted local
average and median filter was applied to reduce noise in the perfusion
image.

FIG. 4. Perfusion image of a normal resting volunteer, acquired
under conditions identical to those of Fig. 3 except that the slice
thickness was 15 mm. A bright halo appears at the periphery of the
brain due to failure to control for off-resonance effects at the larger
slice thickness.
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the considerable signal loss due to cross relaxation. This
allows for three-dimensional or multislice imaging in the
abscence of off-resonance effects and offers the additional
advantage that the perfusion distribution of individual arter-
ies can be measured.
The values for perfusion are dependent on the values

assumed for the transit time and the inversion efficiency.
Noninvasive techniques have been developed, however,
which allow for direct measurement of these important
parameters (17, 27). Application of these techniques to stud-
ies of human brain would eliminate a potential source of
error.

Artifacts due to bulk flow appear in the perfusion images.
These may be attenuated by using balanced bipolar gradient
pulses which dephase flowing spins (11). We found, however,
that incorporation of such pulses in our imaging sequence
extended TE and resulted in an unacceptable loss of signal/
noise ratio.
The successful measurement of brain perfusion using this

approach will enhance the diagnostic capabilities of MRI for
neurological disease. Because the risks of this technique are
essentially those of routine MR imaging, one may perform
repeated studies of the same individual and more easily
perform perfusion studies in children. In addition, regional
changes in brain perfusion may be used to map the cortical
localization of sensory responses (5, 28, 29) and higher
cognitive function. The increased spatial resolution of MRI,
the automatic registration of perfusion images with highly
detailed anatomical images, and the ability to conduct an
integrated, multinuclear examination represent important
advantages of magnetic resonance perfusion imaging over
existing methods for studies in human brain.
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