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Quantification of Relative Cerebral Blood Flow Change
by Flow-Sensitive Alternating Inversion Recovery (FAIR)
Technique: Application to Functional Mapping

Seong-Gi Kim

Relative cerebral blood flow changes can be measured by a
novel simple blood flow measurement technique with endog-
enous water protons as a tracer based on flow-sensitive al-
ternating inversion recovery (FAIR). Two inversion recovery
(IR) images are acquired by interleaving slice-selective inver-
sion and nonselective inversion. During the inversion delay
time after slice-selective inversion, fully magnetized blood
spins move into the imaging slice and exchange with tissue
water. The signal enhancement (FAIR image) measured by the
signal difference between two images is directly related to
blood flow. For functional MR imaging studies, two IR images
are alternatively and repeatedly acquired during control and
task periods. Relative signal changes in the FAIR images
during the task periods represent the relative regional cere-
bral blood flow changes. The FAIR technique has been suc-
cessfully applied to functional brain mapping studies in hu-
mans during finger opposition movements. The technique is
capable of generating microvascular-based functional maps.
Key words: cerebral blood flow; perfusion; functional mag-
netic resonance imaging; functional brain mapping.

INTRODUCTION

Regional cerebral blood flow (rCBF) increases induced by
neuronal activity have been the basis of several func-
tional imaging techniques currently in use with humans,
including positron emission tomography (PET) and sin-
gle photon emission tomography (SPECT) (1). In contrast,
the most widely used functional magnetic resonance im-
aging (fMRI) technique is based on blood oxygenation
level-dependent (BOLD) effect (2—4), which is sensitive
to alterations in local deoxyhemoglobin content (5—8). It
is thought that neuronal activation within the cerebral
cortex leads to an increase of rCBF without a commen-
surate elevation in oxygen consumption rate (9), which
in turn causes a decrease in capillary and venous deoxy-
hemoglobin concentrations and hence increases in T,*/
T,-weighted MR signal and BOLD contrast. This MR
technique is sensitive enough to generate a functional
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map without intersubject or intrasubject averaging and
has been successfully applied to functionally map the
human brain during motor, vision, language, and cogni-
tion processes (e.g. (2—4) and (10-21)). BOLD-based
functional imaging represents a clear breakthrough in our
ability to examine aspects of brain function. However,
the approach has some shortcomings, namely, (i) it is
dependent on the presence of uncoupling between blood
flow and oxygen consumption rate during increased neu-
ronal activity which may not be present under all cir-
cumstances and in all regions of the brain (22-23), and
(ii) quantification is at present virtually impossible due
to the dependence on multiple parameters, such as ab-
solute blood volume, blood volume and flow changes,
and vessel size (24-26).

Alternative MR imaging (MRI)-based approaches are
the methods that respond only to rCBF and/or cerebral
blood volume (CBV) increases associated with a mental
task irrespective of the consequences of increased neu-
ronal activity on oxygen consumption rate. Initially, rel-
ative CBV was measured using an exogenous contrast
agent during visual stimulation (27). However, the use of
this technique is severely limited because of the need for
repeated bolus injections of an exogenous contrast agent,
and the necessity to compare images acquired during two
different administrations of the contrast agent bolus sep-
arated by a relatively long period (several minutes). A
slice-selective inversion recovery (IR)-based functional
imaging technique which does not utilize exogenous
agents has also been used to map visual stimulation in
the brain (3). However, signal changes were relatively
small and the method does not have the potential for
measurements of relative flow changes, although it can
determine the magnitude of the change in flow; the
former is more informative for functional imaging stud-
ies. Furthermore, activation based on the IR technique
has confounding effects from BOLD because of the inev-
itable T,* weighting present in echo-planar imaging (EPI)
images. It has been reported as abstracts that perfusion
can be, in principle, determined from slice-selective and
nonselective IR images (28-29). However, this technique
has not been applied to measuring neuronal activity in-
duced relative blood flow changes and generation of
functional maps. Recently Edelman et al. (30) have re-
ported a flow technique based on EPI and signal targeting
with alternating radio frequency (EPISTAR), in which
two images are acquired with and without spin tagging at
the proximal end of the arterial blood and then sub-
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tracted from each other. The tagged inversion pulse is
applied to the inferior area of the slice of interest which
has an axial orientation. They reported ca. 59% focal
signal changes during motor and visual tasks (30). Al-
though the signal changes in this approach are related to
CBF alterations, the exact relationship between percent
signal changes in the images and alterations in blood
flow is not known (30). This technique is sensitive to T,
of blood because, subsequent to spin “tagging” (i.e., in-
version) below the axial slice of interest, the “tag” is lost
by T, relaxation while spins travel into the imaging slice.
Also, an inversion pulse in only one of the paired images
is used (30), and thus the side lobe of the inversion pulse
disturbs spins at the inferior side of the imaging slice; to
eliminate this problem, slice-selective saturation pulses
in both images are used.

To overcome the aforementioned problems, we dem-
onstrate that perfusion-based functional images can be
generated by subtracting two IR images, one with a non-
slice-selective inversion pulse and anocther with a slice-
selective inversion pulse. We call this technique flow-
sensitive alternating inversion recovery (FAIR). The
signal changes are directly correlated to CBF changes so
that quantification of relative rCBF (relCBF) changes dur-
ing mental processes is possible. Unlike EPISTAR, the
tagged spin in the selective IR image is the unperturbed
longitudinal magnetization (M,) along the +z direction
outside the slice, and thus independent of the T, relax-
ation of blood water proton. Also, the same inversion
pulse is applied in both IR images and thus any addi-
tional saturation pulses are not needed. FAIR also differs
from the previously used simple IR-based functional im-
aging approach (3) because signal intensity is always
compared between two acquisitions, one with slice-se-
lective inversion where relaxation within the inverted
slice is sensitive to flow and the other with global inver-
sion where flow sensitivity is eliminated.

THEORY

Two IR images are acquired; one with a non-slice-selec-
tive inversion pulse and the other with a slice-selective
inversion pulse. It is assumed in the following analyses
that a repetition time (TR) is long enough to completely
relax blood and tissue water spins. The longitudinal mag-
netization after a nonselective inversion pulse M, is
M, () = A — Bexp(—t/T,) where A and B are constants
and t is the time after the inversion pulse. Subsequent to
slice-selective inversion, fully relaxed blood water pro-
ton spins move from outside of the inverted slice into the
slice of interest first to the intravascular space and then
into the tissue due to exchange. In the macrovasculature
where exchange with tissue does not take place, apparent
relaxation in the slice-selective IR sequence will be rapid
and will depend on flow rate and path length to be
traversed in the inversion slice. Beyond this fast macro-
vascular inflow effect, the slower capillary flow and pen-
etration into tissue due capillary-tissue water exchange
and diffusion (i.e., perfusion) should be detected in the
presence of sufficient signal-to-noise ratio (SNR). Assum-
ing that the capillary-tissue exchange is fast relative to
T,, relaxation of the longitudinal magnetization in slice
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selective IR images is described by M () = A -
Bexp(—t/T,*} where T,* is the apparent longitudinal
relaxation time and 1/T,* is equal to 1/T, + f/A where f
is the rCBF [m! of blood/(g of tissue's)] and A is the
tissue-blood partition coefficient [(g of water/g of tis-
sue)/(g of water/ml of blood)] (31). The FAIR image is
generated by subtraction M, (f) from M_[(1); the differ-
ence AM(t) is —B-exp(—t/T,):[1 — exp(—t f/A)]. Because
CBF is approximately 0.01 ml/g tissue/s (i.e., 60 ml/100 g
of tissue/min) and A is 0.9 (32), the exponential term can
be expanded. Then,

AM(t)=B - t - fIx - exp(—t/T)). [1]

The maximal signal difference will be when t = T,.

In functional activation studies, two IR images are
alternately and repeatedly acquired during both control
and task periods. Then the differences between each pair
of consecutive slice-selective and nonselective IR images
are calculated during control periods (AM,,,,(t)) and
stimulation periods (AM,(#). Relative signal changes
during task periods (ASgA k) can be described as

ASFA[R = AMst(t)/AMuml(t) -1= rCBFst/rCBFc()m -1 [2]

where rCBF,, and rCBF,,,, are the rCBF during task and
control periods, respectively. The relative signal change,
ASp Ak is the relative blood flow during the task period
and independent of ¢, A, and T,.

Due to the use of EPI data collection in this study, it is
inevitable to have T,* contribution as well as T, relax-
ation in the IR images. The signal intensity of the nonse-
lective IR image at an echo time of TE, S, (TE), is
M, (f)}exp(—TE/T,*). The difference of signal intensity
between selective and global inversion, AS(TE), is

AS(TE) = AM(t) + exp(—TE/T,*) (3]

=Bt  fIn - exp(—t/Ty)) - exp(—TE/T,*).

During task periods, both rCBF and 1/T,* can change.
The latter is the source of the BOLD effect. Thus, Eq. [2]
must be modified and becomes

ASFAIR(TE) = [Asqt(TE)/AS(()nt(TE)] -1 [4]

= [rCBF/rCBF o] * Beon(TE)] — 1,

where AS,(TE) and AS,,,,,(TE) are FAIR signal intensities
during stimulation and control periods, respectively.
BroLp(TE) = exp(—TEA(1/T,*)) where A(1/T,*) repre-
sents the change in 1/T,* (stimulation minus control).
Rewriting Eq. [4], the relative regional cerebral blood
flow changes, ArelCBF, can be determined by

ArelCBF = rCBF/rCBF,,, — 1

= [(ASrAR(TE) + 1)/Beown(TE)] — 1.

Buowpl(TE) can be directly determined from the consecu-
tive nonselective IR images. Thus, in the FAIR technique,
all but the flow effects can be eliminated so that relCBF
changes due to tasking can be determined from the FAIR
image in a functional imaging protocol provided the “fast
exchange” assumption is valid. When the slice-selective
IR sequence is used by itself to generate functional map

(5]
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(3), T,* BOLD effect is intermixed with the T, and flow
effects. Similarly, magnetization transfer effect would be
minimized in the FAIR image because of the use of a
short inversion pulse which is applied in both IR se-
quences albeit in the presence or absence of slice selec-
tive gradients.

MATERIALS AND METHODS

Studies were performed on a 4-T whole body imaging
system with a 1.25-m diameter horizontal bore (SIS Co.,
Sunnyvale, CA/Siemens, Erlangen, Germany) and a head
gradient insert with a gradient strength of 30 mT/m and
a slew rate of 150 T/m/s in all three axes. For RF trans-
mission and detection, a homogeneous quadrature bird
cage coil was used. Manual shimming was performed to
improve homogeneity before the image data collection.

The FAIR scheme was implemented with two IR im-
ages with and without slice-selective gradients during an
inversion pulse in an interleaved fashion. The only dif-
ference between these two IR images was the slice-selec-
tion gradient during the inversion pulse. All other pa-
rameters, including the inversion pulse power, duration,
phase and amplitude modulation schemes were kept
constant. The inversion pulses were hyperbolic secant
pulses with a R value of 10 and a pulse length of 8 ms
(33). After an inversion pulse and a subsequent delay,
EPI images were acquired with trapezoidal gradient
shapes for the readout and blipped gradients for the
phase-encoding direction. A single-shot EPI image had a
64 X 64 matrix size over a field of view of 24 X 24 cm?®.
Total acquisition time was 30 ms. In-plane resolution
was 3.8 mm X 3.8 mm with a 5-mm slice thickness. A
five-lobe sinc-shaped RF pulse was used for the excita-
tion to impart a 90° rotation with a pulse length of 4 ms.
To demonstrate the effectiveness of the FAIR technique,
a stationary phantom containing saline solution was
used. Imaging parameters were an inversion time (TI) of
1.4 s, an interimage time of 2.8 s and a inversion slab
thickness of 15 mm. Fifty consecutive FAIR images were
acquired and then mean and standard deviation of im-
ages were calculated.

For functional activation studies, TI of 1.1-1.4 s and an
interimage time of 2.5-2.9 s were used. The inversion
times were close to T, of tissues at 4 T (0.94 and 1.35 s for
white and gray matter, respectively) (34), in which max-
imal signal differences between two IR images were ob-
tained (see Theory). For an imaging slice thickness of 5
mm, a slab thickness of 15-22 mm was inverted for the
slice-selective IR images, which corresponds to a dis-
tance of 7.5-11 mm from the center and a distance of
5-8.5 mm from the outer edges of the imaging slice.
Centers of both imaging and inversion slices were posi-
tioned at the same location.

Four normal volunteers were studied according to
guidelines by the internal review board of the University
of Minnesota; informed consent was obtained from all
subjects. Consecutive FAIR EPI images were collected,
first under a resting “nonstimulated” state, then during a
“task” period, and ending with a “nonstimulated” recov-
ery state. Usually 32 pairs of IR images were acquired in
each period. The task was repetitive, sequential finger
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movements between the thumb and the remaining four
digits; three subjects performed unilateral movements,
whereas one subject moved bilaterally. The time to start
and to stop the movements was indicated by a light-
emitting diode placed inside the magnet bore in front of
the subject.

From the consecutive FAIR images generated during
the paradigm, functional maps were calculated. First,
FAIR images were calculated by magnitude subtraction;
because we typically collected 32 pairs of IR images, 63
difference images were calculated for each period using
32 intrapair and 31 interpair subtraction images. Stu-
dent’s t tests were performed to compare separately (i)
the pre-task control and task periods and (ii) the post-task
control and task periods (P < 0.1); only pixels with
statistically significant activation in both tests were in-
cluded in the functional map. RelCBF changes using Eg.
[5] and time courses were calculated as the average of all
activated pixels in the region of interest. Details of the
analyses were the same as described elsewhere (10-12).

RESULTS

Phantom experiments were performed with similar im-
aging parameters (a 5-mm imaging slice with a 15-mm
inversion slab) used in functional imaging studies. Signal
intensity fluctuations (AM) of the FAIR images were
0.98 * 0.73 SD % (n = 50) of the corresponding nonse-
lective IR images.

Figure 1 shows relCBF measurements of one subject
using the FAIR technique during bilateral finger opposi-
tion movements. This figure consists of an anatomic im-
age (A), and an IR image (B), a FAIR image (C), a calcu-
lated functional map superimposed on these three
images (D, E, and F, respectively), and regions of interest
(G), from which average time courses (H, I, and ]) are
presented. A high resolution (256 X256) T,-weighted an-
atomic image (A) was acquired with a slice-selective
inversion pulse and a TI of 1.2 s to have gray/white
matter contrast and signal enhancement at vessel areas; it
shows large vessel areas with high signal intensity. The
slice-selective IR image (B) acquired during functional
imaging studies has gray/white matter contrast by itself
because an inversion time of 1.1 s was employed. The
FAIR image (C) between slice-selective and nonselective
IR images provides information of inflow. High signal
intensity in the difference images indicates large inflow
areas. The signal enhancement due to inflow in the large
vessels is high and leads to the white areas in the FAIR
image. More importantly, however, smaller changes are
present in the diffused tissue areas. To obtain signal
intensities, gray and white matter areas were chosen
devoid of large vessels (confirmed by the FAIR image).
The FAIR intensities of gray and white matter areas (C)
were 7.2 and 2.0% of those in the nonselective IR images,
which are close to the predicted values of 12.2 and 2.0%
calculated using Eq. [1] with f of 0.01 ml/(g of tissue-s)
and A of 0.9.

The ArelCBF map during bilateral finger opposition
movements is overlaid on the high resolution anatomic,
IR, and FAIR images (D, E, and F, respectively). The map
was not zero-filled or apodized, and consequently indi-



296 Kim

FIG. 1. Functional studies using the FAIR technique during bilateral finger movements. A, B, and C represent a high resolution
T,-weighted (T — 1.2 s, TE =5ms,and TR - 10 ms) image, a representative slice-selective IR image (Tl 1.1s, TE 20 ms, TR 255
8, and thickness of inversion slab = 22 mm), and a representative FAIR image, respectively. D, E, and F represent the color-coded relCBF
change map overlaid on the anatomic, IR, and FAIR images, respectively. Each color in the functional maps represents a 10% increment
starting from the bottom (10%). Red and biue arrows indicate the precentral gyrus (PreCG) and central sulcus (CS), top is anterior, and
right is the left hemisphere of the subject. G indicates the regions of interest by yeliow boxes with the region number for time course
analyses shown in H, |, and J, which were averaged from the activated pixels shown in boxes 1, 2, and 3, respectively. Areas 1 and 2
consist of primary motor (posterior side of the precentral gyrus), premotor (anterior side of the precentral gyrus), and somatosensory
(posterior side of the central sulcus) areas and area 3 is the supplementary motor area. The left and right time courses in H, | and J came
from the same pixels of IR and FAIR (difference) images, respectively. Solid and dotted lines in the left column represent slice-selective
and non-slice selective IR image intensities, respectively. Boxes in H, I, and J below time courses indicate task periods.

vidual pixels are discernible as small squares at the rel-
atively Tow resolution of 3.8 x 3.8 mm®. Localized acti-
vation was observed in motor cortical areas labeled in G,
which are the motor cortex (arcas 1 and 2: posterior side
of the precentral gyrus). premotor (areas 1 and 2: anterior
side of the precentral gyrus). supplementary motor (area
3). and somatosensory area due to finger touching in the
postcentral gvrus (area 1 and 2 posterior to the central
sulcus). These activation sites are consistent with those
reported by previous mapping studies based on fMR] and
PET during similar movements {10-11, 35-38). The ac-
tivation areas were predominately at the grav matter area
rather than white matter area (see D and E) and located
mainly at the diffused tissue arcas (F). The average signal
changes in the motor areas were between 48 and 68%.
The important feature of the FAIR technique is that
macrovascular flow effects and patterns can be easily
visualized as very high intensity arcas and the FAIR
images can be made selectively sensitive to the micro-
FIG. 1G. vascular effects using long inversion time. As can be
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deduced from Figs. 1D and 1F, few pixels were “activat-
ed” in areas corresponding to large vessels in the anterior
and posterior of the head, which are the sagittal sinus.
Unlike BOLD images, however, these pixels show very
small task-related relative signal change whereas tissue
areas devoid of large vessels yield the largest signal
changes with the FAIR technique. These small, task-
induced macrovascular effects can be further suppressed
and microvascular component enhanced further by going
to longer TI values (see below).

To compare the FAIR method and the slice-selective IR
method, time courses of FAIR (right column) and IR (left
column; solid and dashed lines for slice-selective and
non-slice-selective IR} images are shown in Figs. 1H, 11,
and 1]. Relative signal intensities were averaged from
activated pixels in marked areas in Fig. 1G. Clearly, there
is global signal drifting in areas 1, 2, and 3 possibly due
to motion and T,* change. The percent signal changes in
the IR images (left time courses) were small and are also
sensitive to baseline drifts. However, relative signal
changes in the FAIR images (right time courses) were
much greater although absolute signal changes may be
the same. Furthermore, because the FAIR images can
suhtract ont signal fluctuations contained in both slice-
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selective and nonselective IR images, flat baselines are
observed during the two control periods, before and after
the stimulation period, improving effective contrast-to-
noise. This is demonstrated especially in area 2, where
signal changes cannot be easily determined from IR im-
ages alone because of the baseline drift, whereas the
relCBF change can be easily calculated from the FAIR
images.

Figure 2 shows a functional activation ArelCBF map of
a different subject during unilateral finger movements.
The left motor cortex was activated during right hand
finger movements, which is consistent with previous
studies (10-11, 35-38). Additional activation was seen
in the somatosensory area in the post-central gyrus due to
touching of fingers, and contralateral premotor areas, all
as expected. Also it should be noted that macrovascular
effects were eliminated in this image with the uses of
longer (1.4 s) inversion time and thinner (15 mm) inver-
sion slab (see below). Average signal changes in the left
motor cortex, ipsilateral premotor and supplementary
motor areas were 30, 29, and 23%, respectively.

The FAIR signal intensities (AM_,,, and AM,,) of con-
tralateral motor cortical area (average of all “activated
pixels”) in four subjects during control and task periods
were 13.8 = 8.8 and 19.8 = 11.1% SD of those in the
corresponding nonselective IR images (n = 5 because one
subject performed bilateral movements and both motor
cortical areas were included separately), respectively.
The signal change (ASg4x) of contralateral motor cortical
area detected by the FAIR technique was 48 = 14% SD (n
= 5) and ranged between 30 and 68%, which is in good
agreement with PET studies of blood flow (35-38).

DISCUSSION

We have developed a novel FAIR-based perfusion imag-
ing technique to measure relative cerebral blood flow
changes and applied it to measure relCBF changes of the
human brain during finger movements. This relCBF mea-
surement is similar to the relCBF measurement tech-
nique by PET. The PET technique involves injection of
H,'°0 tracer and count of positron emission separately
for two different experimental conditions; one during
control and the other during task periods. Then, the ratio
of positron count is calculated on a pixel-by-pixel basis,
which is the relative blood flow. Although the FAIR
technique provides the same relCBF information com-
pared to PET, the MR method provides advantages due to
availability of higher resolution, ease of use and absence
of any invasive procedures. The imaging time of the FAIR
technique can also be shorter than that of PET relCBF
measurements, which need an inter-experiment delay
due to the half-life of °0 (123 s), in addition to data
acquisition.

During the finger movements, the relCBF changes in
the motor area studied by PET and xenon-133 were be-
tween 20 and 40%; 40% by Roland et al. (35), 30% by
Seitz and Roland (36), 36% by Grafton et al. (37), and
20% by Colebatch et al. (38). Typical resolution of these
radioisotope methods was 10 X 10 X 10 mm?®, Consider-
ing the relatively high resolution of the voxel in this
study (3.8 X 3.8 X 5 mm®), relatively higher relCBF
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CBF

> 90 %

FIG. 2. High resolution anatomic image (A) and color-coded functional map overlaid on the anatomic image (B) during right finger
movements. For the FAIR technique, the following parameters were used: Tl = 1.4 s, TE =20 ms, TR = 2.85 s, and thickness of inversion
slab = 15 mm. Each color in the functional maps represents a 10% increment starting from the bottom (10%). The left motor cortex was
activated during tasks. A red arrow indicates the precentral gyrus (PreCG), the blue arrow represents the central sulcus (CS), top is

anterior, and right is the left hemisphere (L) of the subject.

changes can be expected because of reduced partial vol-
ume effects. Generally the relCBF values measured by the
FAIR technique (30-68%) in this preliminary study
agree well with those reported from PET and xenon-133
studies.

One of the important issues in the fMRI studies is the
contribution of large vessels. In the FAIR technique, the
flow velocity v and the thickness of a slice-selective
inversion slab (i.e., travel distance of blood spins, D) are
the critical components of the vessel contributions. The
degree, to which spins in the imaging slice are refreshed
has a straightforward dependence on v, TI, and D. Com-
plete refreshment occurs when v = D/TI. For example, an
inversion slab of 15-22 mm with an imaging slice thick-
ness of 5 mm means that a travel distance (D) of blood
from the inferior end of inversion slab to the superior end
of the imaging slice is 10-13.5 mm. Because the arteries
have flow velocities of >5 cm/s (39), fresh blood spins
will be completely replenished during the inversion time
of 1.1-1.4 s, regardless of control or stimulation periods.
Thus, increases of these flows do not induce significant
signal changes. But arterioles have blood velocity of 1
cm/s (39), and thus blood in arterioles will travel 11-14
mm during TI of 1.1~1.4 s, which can be less than D.
Thus, there may be signal changes in the arterioles due to
flow changes during task periods. To further reduce the
macrovasculature contributions in the functional images,
the travel distance of arterial blood can be shortened by a
thinner inversion slab and/or a longer inversion time,
both of which is possible and remains to be explored.

A BOLD-based technique is most widely used in fMRI
studies. The BOLD phenomenon has two components
(24); one is due to dephasing of the magnetization in the
presence of susceptibility-induced gradients of relatively
large venous vessels, and the other is due to diffusion
within the steep, susceptibility-induced gradients from
small vessels (capillaries and venules). These suggest the
BOLD changes are small and may be predominantly at

large venous vessels at low magnetic fields (40-45). Con-
trary to BOLD effects, relCBF changes will be, in theory,
the same whether measurements are performed on high
or low field systems. Therefore, relCBF measurements
using the FAIR technique can he performed even at low
magnetic fields provided adequate SNR can be achieved.
The main differences are that high fields provide a higher
SNR and a longer T, of tissue water which is advanta-
geous for differentiating macrovascular flow from micro-
vascular flow and perfusion. The disadvantages of the
FAIR technique are a poor temporal resolution and a long
acquisition time required for whole brain mapping com-
pared to the BOLD-based technique. Using both the FAIR
and BOLD techniques will enhance understanding of
brain function. Because BOLD effects can be determined
by nonselective IR images and relGBF from the FAIR
images, both relCBF and BOLD changes are present in the
FAIR technique.

In the functional MRI studies, baseline drift is a prob-
lem because functional maps are calculated from com-
parison between control and task-induced signal inten-
sities. This drift may be due to physiological changes
induced by effects such as anxiety and anticipation, sub-
ject’s motion (even if sub-pixel movements) (46), and
approach to steady-state magnetization if relatively fast
repetition of RF pulses is employed. Slight, not abrupt,
baseline changes can be corrected by subtraction of an
image from its neighbor image. We demonstrated the
effectiveness of removal of baseline drift in time courses
of FAIR images (Fig. 1).

Several assumptions have been made to determine rel-
CBF changes from the FAIR technique. (i) It has been
assumed that there is rapid equilibrium of water concen-
tration between the vascular and extravascular spaces of
the brain. Using labeled water “H,0 and H,'°0, many
attempts have been made to validate that water is a freely
diffusible tracer (47-52) Although this assumption may
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not be true in the brain at high blood flow rates (47—48),
the use of water as a perfusion tracer is valid at the flow
rate of <250 ml/(100 gmin) (52). Given the average in-
tercapillary distance of 25 um in brain (53), the relevant
diffusion distance is 12.5 um. Using the equation r* =
6Dt where r is the displacement, D is the diffusion coef-
ficient, and ¢t is the diffusion time, an estimated diffusion
time is approximately 24 ms based on the experimentally
determined diffusion constant of 1.1 X 10~° cm?/s in the
human brain (54). Therefore, given our inversion time,
fast exchange conditions would be satisfied provided
that the capillary-tissue exchange rate is also rapid rela-
tive to T,. Although there are no rigorous data on this,
calculations based on this assumption yield accurate re-
sults for CBF (52, 55). (ii) We assumed that the feeding
flow direction is perpendicular to the imaging plane. In
cases where the flow travels parallel to the imaging slice
during whole inversion time, signal enhancements in the
FAIR images cannot be detected. Thus, slice position and
orientation should be chosen carefully. (iii) We have
made the assumption that there is no flow component in
the nonselective IR images. Although a homogeneous
coil was used in this study, the images may have flow
contributions from large arteries with fast flow rates. This
problem can be eliminated by using a body coil for RF
excitation. In functional imaging studies, this may not be
a problem because blood flow in the major feeding arter-
ies may not be altered during task periods (23, 56). (iv)
The inversion slab is assumed to have the same thickness
as the imaging slice. In practice, the inversion slab is
chosen to be thicker than the imaging slab to eliminate
effects from the imperfect edges of the inversion pulse.
Spins outside the imaging slice but inside the inverted
slab do not directly contribute flow effects in the slice-
selective IR images {as in nonselective inversion). This
makes the travel distance of fresh spins longer, creating
potential errors in the quantitation of flow. Thus, blood
flow derived from the FAIR technique may originate
from the average inversion slab rather than the imaging
slice. The relationship between slab thickness and rCBF
needs to be further investigated (see above). (v) Egs.
[1]-(5] are based on the full relaxation of magnetization.
The exact relationship between signal change under the
steady state condition and relCBF needs to be studied.

CONCLUSION

We have developed a new perfusion imaging technique
based on IR images and subtraction, which is called
FAIR. This FAIR technique has been successfully ap-
plied to human brain functional studies and used to
measure the relative blood flow changes during tasking.
Unlike that seen in the BOLD effect, the cerebral blood
flow change is expected to be relatively independent of
the magnetic field strength. With the proper inversion
time and thickness of inversion slab, only microvascular-
based functional maps can be obtained. The image ac-
quired with the FAIR technique provides anatomic and
vessel information.
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