
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright

http://www.elsevier.com/copyright


Author's personal copy

Functional changes of apparent diffusion coefficient during visual
stimulation investigated by diffusion-weighted gradient-echo fMRI

Tao Jina,⁎ and Seong-Gi Kima,b

aDepartment of Radiology, University of Pittsburgh, Pittsburgh, PA 15203, USA
bDepartment of Neurobiology, University of Pittsburgh, Pittsburgh, PA 15203, USA

Received 14 December 2007; revised 14 February 2008; accepted 10 March 2008
Available online 20 March 2008

The signal source of apparent diffusion coefficient (ADC) changes
induced by neural activity is not fully understood. To examine this
issue, ADC-fMRI in response to a visual stimulus was obtained in
isoflurane-anesthetized cats at 9.4 T. A gradient-echo technique was
used for minimizing the coupling between diffusion and background
field gradients, which was experimentally confirmed. In the small b-
value domain (b=5 and 200 s/mm2), a functional ADC increase was
detected at the middle of the visual cortex and at the cortical surface,
which was caused mainly by an increase in cerebral blood volume
(CBV) and inflow. With higher b-values (b=200 and 1000−1200 s/
mm2), a functional ADC decrease was observed in the parenchyma
and also at the cortical surface. Within the parenchyma, the ADC
decrease responded faster than the BOLD signal, but was not well
localized to the middle of visual cortex and almost disappeared when
the intravascular signal was removed with a susceptibility contrast
agent, suggesting that the decrease in ADC without contrast agent was
mostly of vascular origin. At the cortical surface, an average ADC
decrease of 0.5% remained after injection of the contrast agent, which
may have arisen from a functional reduction of the partial volume of
cerebrospinal fluid. Overall, a functional ADC change of tissue origin
could not be detected under our experimental conditions.
© 2008 Elsevier Inc. All rights reserved.
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Introduction

The apparent diffusion coefficient (ADC) is a measure of water
mobility in an imaging voxel and has been widely applied in
magnetic resonance imaging (MRI) to probe the structural and

pathological information of brains in vivo. The ADC is obtained by
two or more measurements that have different diffusion-weighting
gradients (usually quantified by the b-value). Recently, activation-
induced changes of ADC values have been observed and proposed
to improve the spatial specificity of fMRI maps with respect to the
conventional blood oxygenation level-dependent (BOLD) techni-
que (Gangstead and Song, 2002; Jin et al., 2006c; Le Bihan et al.,
2006; Song et al., 2003, 2002b; Zhong et al., 1998). However,
because an imaging voxel often contains different water compart-
ments with drastically different mobilities, the source of these ADC
changes can be very complex. A functional change in the ADC can
be induced by changes in blood volume and flow, and water
diffusion characteristics in tissues. Furthermore, ADCmeasurement
is dependent on many factors, such as the choice of b-values, the
pulse sequence and form of diffusion gradients, experimental
parameters (echo time and diffusion time, etc), and the partial
volume effect. Therefore, careful examination of the signal source of
observed functional ADC signals is crucial.

Functional ADC increases are generally observed in the small
diffusion-weighting domain (usually b≤200 s/mm2) due to the
following three mechanisms: i) activity-induced increases in arterial
blood volume and flow can increase ADC (Gangstead and Song,
2002; Jin et al., 2006c; Song et al., 2003, 2002b); ii) because ADC
can be considered a weighted function of tissue and blood com-
partments, an increase in intravascular venous blood signals due to
the BOLD effect will enhance weighting of the fast-flowing
(venous) blood compartment, thus contributing to an elevation in
the ADC (Jin et al., 2006c); and iii) for a pulsed-gradient spin-echo
(PGSE) sequence, there can be significant coupling between the
applied diffusion-weighting gradients and the extravascular suscept-
ibility gradients (Hong andDixon, 1992; Zhong et al., 1991). Hence,
a functional decrease in blood susceptibility can lead to an ADC
increase in the tissue compartment (Zhong et al., 1998); this effect
persists in the large b-value domains due to its extravascular origin.
In our previous PGSE experiments at 9.4 T, an ADC increase was
observed in the small diffusion-weighting domain (with b=2 and
200 s/mm2) (Jin et al., 2006c). The ADC increases mostly at the
cortical surface area at short echo times (TE=16 ms) due to large
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intravascular BOLD signal changes. When the venous signal was
minimized with relatively long TE values (≥28 ms) compared with
T2 of the venous blood, ADC-fMRI was found to be better localized
to the middle cortical layer than spin-echo (SE) BOLD fMRI.
However, the temporal resolution of SE-based ADC-fMRI was
poor; thus, the temporal characteristics of the functional ADC
increase could not be examined.

With moderate to high diffusion-weighting (b≥200 s/mm2),
transient ADC decreases have been reported in the human visual
cortex (Darquie et al., 2001), which presumably originated from
the tissue compartment because blood signals are greatly reduced
due to the intravoxel incoherent motion (IVIM) effect (Le Bihan
et al., 1986). Recently, a change in the diffusion-weighted (DW)
fMRI signal with high b-values was found to be significantly
faster (~2.4 s) than the BOLD response, and may reflect a
transition of water from a fast diffusion pool to a slow diffusion
pool during expansion of the neuronal cell membrane (Le Bihan
et al., 2006). This mechanism, if confirmed, can potentially offer
a more direct and more accurate mapping of brain activation than
conventional hemodynamic-based contrasts, and would have great
impact in the fMRI and neuroscience communities. However,
due to the limited spatial resolution in human studies and the
uncertainty of contributions from vascular and susceptibility ef-
fects, the exact signal source of these ADC and DW signal changes
is controversial and requires further investigation (Kershaw et al.,
2007; Miller et al., 2007). In our PGSE studies with b=200 and
800 s/mm2 (Jin et al., 2006c), stimulation-induced ADC changes
could not be observed in the brain parenchyma (Jin et al., 2006c).
Note that in PGSE-ADC studies, the change in blood susceptibi-
lity may have counteracted and reduced the sensitivity of any
weak ADC-decreasing effects within the parenchyma due to the
aforementioned coupling between the diffusion-weighting gradient
and the background field inhomogeneity. Therefore, it is neces-
sary to re-examine ADC responses using pulse sequences that
minimize such coupling effects.

In this report, the coupling effects between background and
diffusion gradients were initially examined in vivo for gradient-
echo (GE) and PGSE-ADC measurements after the blood sus-
ceptibility effect was systematically modulated by intravascular
injections of a susceptibility contrast agent, monocrystalline iron
oxide nanoparticle (MION). To reduce the coupling effect and
obtain a higher temporal resolution, the GE sequence with bi-
polar diffusion-sensitizing gradients was employed for functional
ADC studies of the visual cortex in isoflurane-anesthetized cat at
9.4 T. The specific goals were to investigate the spatial specificity
and temporal characteristics of functional ADC responses and to
determine the signal source of functional ADC decreases at high
diffusion-weightings. To this end, cross-sectional images of the
cortex were obtained, because the middle cortical layer (layer 4)
is known to have the highest neural activity, cytochrome oxidase
activity, and metabolic rate (McCasland and Woolsey, 1988; Too-
tell et al., 1988; Woolsey et al., 1996). If the ADC contrast indeed
originates from neuronal cells, the highest ADC changes should
occur in the middle of the cortex. To further ensure that the
measured ADC response is not of intravascular origin, fMRI ADC
studies were also performed using an injection of a small dose
of MION. To explain our experimental observations, computer
simulations were performed with a simple two-compartment (tissue
and blood) model in Appendix A. Preliminary accounts of this
work have been presented at scientific meetings (Jin and Kim,
2007; Jin et al., 2005).

Materials and methods

Animal preparation and stimulation

All animal protocolswere approved by the InstitutionalAnimalCare
and Use Committee at the University of Pittsburgh. We performed rat
studies for examining the effects of susceptibility gradients on GE
versus PGSE-ADCmeasurements, and cat studies for investigating the
source and spatial specificity of functional ADC changes.

Five Sprague–Dawley rats were anesthetized with 5% isoflurane
in a mixture of medical air and O2 gases, and intubated for ventilation.
Once the animals were fully anesthetized, the isoflurane level was
reduced to 2.0%with a 7:3medical air/O2mixture for surgery. During
the MR experiments, the isoflurane level was maintained at about
1.5%. The femoral artery and vein were catheterized for blood
pressure monitoring, and fluid administration and injection ofMION,
respectively.

Fourteen female adolescent cats weighing 0.8–1.7 kgwere used in a
total of 16 functional ADC studies (two animals were used twice). The
detailed animal preparation procedure has been described previously
(Jin et al., 2006b; Zhao et al., 2004). Briefly, cats were anesthetized
under 0.8−1.3% isoflurane and artificially ventilated with a 7:3 medical
air/O2 mixture. End-tidal CO2 level was kept within 3.5±0.5%, and the
rectal temperature was controlled at 38.5±0.5 °C using a water-
circulating pad. The cephalic or femoral vein was cannulated to deliver
pancuronium bromide (~0.2 mg/kg/h) and maintenance fluid. For
visual stimulation, binocular, full-field, black and white, and square-
wave drifting gratings (spatial frequency 0.15 cycle/degree and
temporal frequency 2 cycles/s) were used. Stationary gratings of the
same spatial frequency were presented as control.

MR experiments

AllMR experiments were carried out on a 9.4 T/31-cm horizontal
magnet (Magnex, UK) interfaced with a Unity INOVA console
(Varian, Palo Alto, CA). The actively shielded gradient coil has an
inner diameter of 12 cm, strength of 40 G/cm, and a rise time of
130 μs (Magnex, Abington, UK). A 1.6-cm diameter surface coil was
placed on top of the animal's head and used for radiofrequency (RF)
excitation and reception. Fast low-angle shot (FLASH) images were
obtained to identify the anatomical structures in the brain and to place
the region of interest (ROI) close to the isocenter of the magnetic
field. Magnetic field homogeneity was optimized by localized
shimming over a ~10×5×5 mm3 brain volume to yield a water
spectral linewidth of 16–25Hz. For fMRI studies, multi-slice “scout”
GE echo planar imaging (EPI) BOLD studies were performed in the
cat visual cortex, then a single 2-mm coronal plane was chosen that
was nearly perpendicular to the cortical surface and gave a high-
quality echo planar image as well as a robust BOLD contrast. All
experiments were conducted on that slice with a 2×2 cm2 field of
view and a 64×64 matrix size. For T1-weighted anatomical re-
ference, an inversion recovery imagewas acquired by a four-shot SE-
EPI with a 128×128 matrix.

Three experiments were performed: i) PGSE vs. GE-ADC mea-
surements without any stimulation, ii) functional GE-ADC studies
withoutMION, and iii) functional GE-ADC studies after injection of
MION. The strength of the diffusion-weighting, b-value, is des-
cribed as (γ δ g)2· (Δ−δ / 3), where γ is the gyromagnetic ratio, g is
the strength of applied diffusion gradients, δ is the duration of one
lobe of the gradient pulse, and Δ is the time interval between the two
lobes of the diffusion gradients. The diffusion time td is (Δ−δ/3). To
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shorten δ and consequently TE, the diffusion gradients were applied
on all three axes, and the b-values were modulated by varying the
strength of the diffusion gradients. For fMRI studies (Experiments #2
and #3), two or three b-values were cycled in each run. The order of
the two b-values was alternated for different fMRI runs, while the
order of the three b-values was fixed in one animal, but varied for
different animals.

Experiment #1
To evaluate the effect of the susceptibility gradient on extra-

vascular ADC measurements, rat experiments (n=5) were per-
formed with injection of various doses (0 to 15 mg/kg) of MION.
Each animal was measured before and after two or three injec-
tions; a total of 19 data points were obtained from 5 animals for
both GE and PGSE measurements. Four b-values of 200, 600,
1000, and 1500 s/mm2 were used, in which the blood signal is
likely to be crushed. For GE-EPI ADC studies, the experimen-
tal parameters were δ=4.5 ms, Δ=9 ms, TE=21 ms, and TR=1 s.
For PGSE-EPI, a double spin-echo sequence was used in which
two unipolar diffusion gradients were placed on both sides of the
second 180° refocusing pulse (Jin et al., 2006b); the imaging
parameters were δ=3.9 ms, Δ=20.3 ms, TE=45 ms, and TR=2 s.
The blood susceptibility effect was indirectly quantified by mea-
suring the change of R2 (=1/T2) induced by each MION in-
jection using SE-EPI with five TE values of 25, 30, 35, 40, and
45 ms.

Experiment #2
ADC-fMRI values without MION were obtained by single-shot

GE-EPI with δ=3.9 ms, Δ=6.3 ms (td=5 ms), TE=18 ms, and

TR=0.5 s or 1.0 s. A shifted-echo scheme was adopted to redu-
ce the effective TE, wherein the zero k-space line was shifted by 24
k-space lines from the center of data acquisition and located at the
eighth line of the k-space trajectory (Fig. 1C in (Windischberger
and Moser, 2000)). Six studies were performed with a TR of 0.5 s;
three b-values of 5, 200, and 1000 s/mm2; and an RF power (B1)
optimized for the signal-to-noise ratio (SNR) at the primary visual
cortex (an effective Ernst angle over the cortex). To examine the
contribution of inflow effects to functional ADC changes, three
additional studies were performed with a TR of 1.0 s, two b-values
of 200 and 1200 s/mm2, and half of B1 relative to the former (TR
of 0.5 s studies). The effective temporal resolution was 1.5 s for the
former and 2.0 s for the latter (TR of 1 s studies). The stimulation
paradigm included 30 s of control, 30 s stimulation, and 30–40 s
control. The former was averaged for 50–70 runs, and the latter
~80 runs to roughly match the baseline SNR of ADC images
between the two different TR experiments.

Experiment #3
A 5 mg Fe/kg dose of MION was injected to fully remove the

intravascular signals (n=7). The half-life of MION particles in
blood was measured to be 4–5 h. In each fMRI run, two b-values
of 50 and 1050 s/mm2 were cycled, and images were acquired
using two-segmented GE-EPI with center-out k-space sampling
and navigator echo correction (Kim et al., 1996). Imaging pa-
rameters were δ=4.2 ms, Δ=6.4 ms (td=5 ms), TE=16 ms,
TR=0.5 s/segment and 1.0 s/image, and effective TR=2 s. The
stimulation paradigm included 30 s control (15 images for each
b-value), 30 s stimulation, and 40 s control images, and 50–70
runs were averaged.

Fig. 1. Normalized ADC values measured by diffusion-weighted GE-EPI (stars) and PGSE-EPI (circles) sequences as a function of susceptibility change
(ΔR2, MION) caused by various doses of MION injection. ADC values were obtained from rat cortical areas, shown as green ROIs in an anatomic image (Inset). A
total of 19 measurements for both GE and PGSEwere performed on 5 rats, represented by different colors. Before the injection of MION, the baseline ADC value
was 0.69±0.02 and 0.73±0.01×10−3 mm2/s (n=5) for GE and PGSE measurements, respectively. Dashed and solid lines indicate linear regressions of GE and
PGSE data.
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Data analysis

Data were analyzed with in-house Matlab® programs and
STIMULATE software (Strupp, 1996). Two types of quantitative
analyses were performed; functional maps were generated from
pixel-by-pixel analysis, and regional analyses were performed on
the region of interest. Statistical analyses were performed using
paired or unpaired t-tests (Origin 7.0, Northampton, MA, USA).
Data are reported as mean±standard deviation (SD) unless noted
otherwise.

Experiment #1
In rat studies, before and after eachMION injection, R2 and ADC

maps were calculated from five TE-value and four b-value data,
assuming a single exponential decay of TE and b-value, respectively.
Then, a change inR2 induced byMION (ΔR2,MION) for cortical ROIs
(see Fig. 1 inset) was calculated by the difference between R2 values
without and with MION, and plotted against ADC values normal-
ized by ADC before MION injection.

Experiment #2 and #3
All fMRI runs with the same diffusion-weightings were averaged.

For experiments with two b-values, images with the same b-value
acquired in runs with two b-value orders were combined at each data
point to obtain time-matched b-value runs. Then, one series of ADC
images was calculated from pixel-wise mono-exponential fittings of
two b-value images at each time point. For fMRI experiments with
sequential sampling of three b-values, data with different b-values were

obtained at different time points, and thus were temporally interpolated
to match the time origins. Two time series of ADC images were
calculated from pixel-wise mono-exponential fittings of signal inten-
sities on two b-values: one from images with b=5 and 200 s/mm2 (also
referred as to a small b-value pair) and the other from images with
b=200 and 1000 s/mm2 (also referred as to a large b-value pair).
Overall, three- and two-b-value runs were reprocessed to five and three
datasets, respectively; three b-value data resulted in threeDW-fMRI and
two ADC-fMRI runs, while two b-value data produced two DW-fMRI
and one ADC-fMRI run.

Student's t-test was performed on a pixel-by-pixel basis to com-
pare 30-s pre-stimulus data versus data acquired at 6 s to 30 s after
onset of stimulation. First, a p-valueb0.05 (uncorrected for multiple
comparisons) was chosen, and a minimal cluster size of three
contiguous pixels was applied. Then, the percentage signal change
was calculated for the activated pixels. DW-fMRI with b-value of
5 s/mm2 before MION injection is considered BOLD fMRI. In
order to determine the locations of active pixels in ADC-fMRI
maps, a scatter plot of ADC change versus baseline ADC values
was obtained.

To compare time courses of functional responses, two ROIs were
hand-traced at ~2-pixel thickness to encompass approximately the
middle and surface one-third of the cortex based on the anatomic
image, regardless of whether these pixels passed the statistical
threshold. The middle cortical ROI contains mostly tissue and small
vessels, while the cortical surface ROI contains tissue, large surface
vessels, and a significant partial volume of CSF. At the middle
cortical ROI, the temporal SNR and contrast-to-noise ratio (CNR)

Fig. 2. Functional studies without MION. BOLD (A) and ADC percentage change maps obtained from the small b-value pair with b=5 and 200 s/mm2 (B) and
the large b-value pair with b=200 and 1000 s/mm2 (C), overlaid on corresponding baseline images for one representative animal. The BOLD map was obtained
from data with b=5 s/mm2. The gray matter areas were outlined by green contours. Baseline ADC values are indicated by the horizontal grayscale bars in units of
10−3 mm2/s. The diffusion anisotropy due to different orientations of white matter can be seen as light gray (green arrow) and dark (red arrow) pixels in (E). Note
that the diffusion-weighted images and the calculated ADC images co-registered well with the anatomical image. For the small b-value pair, positive ADC
changes were observed due to hemodynamic responses. ADC values obtained from the large b-value pair decreased at the parenchyma, while they decreased and
increased at different locations of the cortical surface. To examine whether the inflow effect contributed to ADC changes, the inflow effect was reduced using a
lower flip angle and a longer TR; ADC maps from the large b-value pair are shown for two other animals (D and E). Clearly, the number of active pixels is
reduced, suggesting that ADC change is likely to be due to hemodynamic responses. For further quantitative analysis, cortical surface (red) and middle cortical
ROIs (yellow) were selected from a T1-weighted SE-EPI image (F).
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were calculated; the former was from the averaged pre-stimulus
baseline signal divided by the temporal SD of the pre-stimulus
baseline images, and the latter was signal difference (ΔS) between
the baseline and activation period divided by the baseline temporal
SD.

Results

Gradient-echo vs. pulsed-gradient spin-echo ADC measurements

Due to the coupling between diffusion-weighting and background
field gradients, extravascular water ADCvalues can be sensitive to the
susceptibility effect induced by paramagnetic deoxyhemoglobin.
Consequently, tissue ADC values can be influenced by BOLD
signals. To examine this effect, GE-EPI with bipolar diffusion
gradients and PGSE-EPI with unipolar gradients weremeasured in rat
brain at various doses of MION. Fig. 1 shows the normalized ADC
values versus ΔR2,MION, obtained from cortical ROIs (inset image).
Before the injection of MION, the baseline ADC value was 0.69±
0.02 and 0.73±0.01×10–3 mm2/s (n=5) for GE and PGSE
measurements, respectively. ΔR2,MION reflects the magnitude of
elevated field inhomogeneity due to the addition of MION. For
PGSE-EPI, the measured ADC decrease was almost linearly
dependent on ΔR2,MION, and can be fitted as: normalized ADC=1–
0.01·ΔR2,MION (R=0.90), whereΔR2,MION is expressed in units of s

−1.
For GE-EPI, the dependence on ΔR2,MION was much weaker, and a
linear regression fit gave: normalized ADC=1–0.0012·ΔR2,MION

(R=0.55). When the administration of 5 mg/kg MION induced ΔR2,

MION of about 5 s−1 in the parenchyma, the decrease in the ADC
induced by susceptibility effects was 5% and 0.6% in PGSE and GE
measurements, respectively. Our results indicate that the GE-EPI
sequence with bipolar gradients is insensitive to field inhomogeneity.

Hence, the GE technique with bipolar gradients was used for all
functional ADC studies.

GE-ADC-fMRI: Spatial specificity and dynamics

GE fMRIwith three b-values was performed on cat visual cortex.
Fig. 2A–C show the results from one representative animal. Baseline
ADC images (Fig. 2B and C) show that the ADC value of gray
matter (outlined by green contours) is much lower than that at the
surface of the cortex and between the two hemispheres, where CSF
exists (bright pixels). The diffusion anisotropy for different white
matter orientations can be seen as light gray and dark pixels in the
baseline ADC image (green and red arrows in Fig. 2E). In GEBOLD
(b=5 s/mm2, Fig. 2A), the highest positive BOLD signal change
(yellow pixels) appeared at the cortical surface and between the two
hemispheres. The functional ADC map that was obtained from the
small b-value pair (Fig. 2B) showed mostly an ADC increase at the
brain parenchyma and the cortical surface. With higher diffusion-
weighting (b=200 and 1000 s/mm2, Fig. 2C), both negative and
positive changes were observed in the functional ADC map; ADC
decreases were detected at the parenchyma as well as at the cortical
surface, while ADC increases were seen mostly at the surface of the
cortex, where positive change was also observed in both the BOLD
map and the functional ADC map of the small b-value pair.

To examine whether inflow effects contribute to functional ADC
changes observed at the large b-value pair, different imaging parameters
were used to reduce the inflow effects. As shown in Fig. 2D and E, the
spatial extent of positive pixels was significantly reduced (compared
with Fig. 2C) when a longer TR of 1 s and a smaller flip angle
were used. The average number of positive pixels was 48±18 (n=6)
and 19±12 (n=3) for TR=0.5 and 1 s (unpaired t-test, pb0.05),
respectively. In contrast, the number of negative pixels was 83±34 and

Fig. 3. Average time courses (n=6) of fMRI datawithoutMION. ThreeDW-fMRI time courseswere obtained from themiddle cortical ROI (A) and surface ROI (B).
The average ADC time course from the middle cortical ROI (C) showed an increase in ADC for the small b-value pair, but a decrease for the large b-value pair. To
compare dynamic properties, BOLD (from b=5 s/mm2) and ADC time courses at the middle cortical ROI (D) were normalized by its corresponding peak and
smoothed by a three-point temporal average. Gray bars: stimulation period; error bars: standard errors of means.
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54±7 for TR=0.5 and 1 s (pN0.1), respectively. In the middle cortical
ROI, the baseline SNR of ADC images was 236±46 and 204±36, and
the CNR of b=200 s/mm2 runs was 1.70±0.35 and 1.70±0.18 for
TR=0.5 and 1 s, respectively. Because there was no statistically
significant difference in SNR (pN0.3) and CNR (pN0.99), the
difference in fMRI maps was not due to the sensitivity, but rather due
to the inflow effects.

The averaged time courses with three diffusion-weightings
were obtained for the two ROIs illustrated in Fig. 2F, and are
plotted in Fig. 3A and B. In both ROIs, all time courses behaved
similarly, with higher peak intensities in the surface ROI;
functional signal changes (ΔS/S) decreased during the stimulation
period, and undershoot after the offset of stimulation. In the middle
of the cortex (Fig. 3A), ΔS/S of b=200 s/mm2 was slightly less
than that of b=5 and 1000 s/mm2. To examine the dynamics of
ADC changes, ADC time courses were determined in the middle
cortical ROI (Fig. 3C). Because both negative and positive ADC
changes were detected for the large b-value pair at the cortical
surface (Fig. 2C), ADC time courses of the surface ROI were not
analyzed. The average baseline ADC values (n=6) were 0.88±0.06
and 0.72±0.05×10−3 mm2/s in the middle cortical ROI and 1.44
±0.11 and 1.04±0.08×10− 3 mm2/s in the surface ROI for the

small and large b-value pair, respectively. In the middle cortical
ROI, ADC responses obtained with the small and large b-value pair
showed positive and negative functional changes with ΔADC/ADC
of 0.45% and −0.13%, respectively. Unlike DW-fMRI signals (Fig.
3A and B), no significant post-stimulus undershoot was observed in
either ADC time course. This can be predicted from similar under-
shoot magnitudes in DW-fMRI time courses, because the absolute
ADC change is proportional to the difference in ΔS/S under the two
b-weightings (Jin et al., 2006c).

To compare their temporal characteristics at the middle of the
cortex, the averaged ADC responses and the BOLD time course
were normalized by their respective peak changes and smoothed by
a three-point average (Fig. 3D). It is noteworthy that the
comparison of temporal properties of individual animals was not
possible due to the low SNR of ADC time courses. Nonetheless,
the ADC response from the small b-value pair started to increase
earlier but peaked at a later time thanBOLD, similar to the time course
of the CBV response in tissue from a similar cat visual stimulation
experiment (Jin et al., 2006a; Yacoub et al., 2005) (see also Fig. 5A).
TheADC response from the large b-value pair rose slightly faster than
BOLD for the onset and time-to-peak, and returned to baseline faster
after stimulation cessation.

Fig. 4. Functional maps of all seven animals after the removal of intravascular signals with MION. Percentage change maps for DW-fMRI with b=50 (A) and
b=1050 s/mm2 (B) and the corresponding ADC-fMRI change map (C) were obtained from one representative animal. Gray matter areas were outlined in
green. The color bar for DW-fMRI maps is shown in (A) and (B). Horizontal grayscale bars: baseline ADC values in units of 10−3 mm2/s; color bar on right:
percentage ADC changes. (D–I) ADC percentage change maps from the other six animals, overlaid on corresponding baseline ADC images. The activated
pixels appeared mostly on the cortical surface.
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ADC-fMRI with MION: Source of ADC changes

To examine whether the ADC decrease for the large b-value pair
originated from intravascular sources, blood signals were sup-
pressed by injection of 5 mg/kg MION such that only extravascular
signals remained. Figs. 4A and B show DW-fMRI maps for b=50
and 1050 s/mm2 after MION injection, respectively. Note that the
MION dose was lower than the dosage used for our CBV-weighted
fMRI studies at 9.4 T (≥10 mg/kg) (Zhao et al., 2005). Con-
sequently, for both b-weightings, the fMRI signal decreased at the
middle of the cortex, while many pixels at the surface of the cortex
showed positive changes (see Discussion). The ΔADC/ADC map
was calculated from two-b-value data; Fig. 4C shows data from the
animal in Fig. 4A and B, while Fig. 4D–I show data from the other
six animals. Very few activated pixels, either positive or negative,
could be found within the parenchyma, while someADC-decreasing

pixels were observed around the cortical surface. The reduction of
active pixels after MION injection could partly be due to a lower
SNR of the baseline ADC images with MION (156±46, n=7)
compared with that without MION (225±43, n=9) in the middle
cortical ROI (unpaired t-test, pb0.003).

To detect small ADC changes and to compare with ADC dyna-
mics before MION injection (Fig. 3C), time courses were obtained
from the middle and surface ROIs (Fig. 5). The time course of
b=50 s/mm2 data was very close to that of b=1050 s/mm2 at the
middle of the cortex, but was substantially different at the cortical
surface ROI. The average baseline ADC value at the middle and
surface ROI was 0.74±0.02 and 1.03±0.05×10−3 mm2/s (n=7),
respectively. The functional ADC change was negligible at the
middle of the cortex (−0.03%), but significant (−0.53%) at the
cortical surface. Note that the ADC time course in the surface ROI
(Fig. 5, magenta) was quite different from the high b-value DW-
fMRI response (Fig. 5B, red), indicating that their signal sources are
different.

Fig. 5. Average time courses (n=7 animals) of fMRI data withMION. (A and
B): DW-fMRI data at the middle cortical ROI (A) and surface ROI (B).
(C) average ADC time courses (n=7) at both ROIs. Decreased ADC changes
were detected at the cortical surface, which may have been induced by a
partial volume change of CSF. Gray bars: stimulation period; error bars:
standard errors of means.

Fig. 6. Sites of functional ADC-decreasing pixels. (A and B): Scatter plot of
ADC change versus baseline ADC value for ADC-decreasing pixels without
(A) andwith (B)MION injection.WithoutMION, 51.4%and60%of negative
pixels were inside the parenchyma (with baseline ADC≤0.8×10−3 mm2/s,
indicated by a vertical dashed line) for TR=0.5 s (n=6) and 1 s (n=3) data,
respectively. With MION (n=7), 27% of pixels were in the parenchyma.
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Sites of functional ADC decreases

To determine the spatial origin of the negative ADC response
quantitatively, baseline ADC versus relative ADC change for ADC-
decreasing pixels was plotted in Fig. 6. ADC data without MION
obtained from the large b-value pair were used (Fig. 6B)—six animals
from TR=0.5 s (red circles) and three animals from TR=1.0 s (blue
stars) data. Because the pre-stimulus baseline ADC value measured at
the middle cortical ROI was 0.72±0.04×10−3 mm2/s without MION
(n=9 animals) and 0.74±0.02×10−3 mm2/s with MION (n=7), we
considered pixels with a baseline ADC≤0.8×10−3 mm2/s to be located
within the parenchyma, the same cutoff chosen by Song et al. (2002a).
Because the ADC of CSF is ~2.5×10−3 mm2/s, pixels with significant
CSF contribution are expected to have larger ADC values. The fraction
of active pixels within the parenchyma was 51.4% and 60% before the
MION injection for data with TR=0.5 s and 1 s (Fig. 6A), respectively,
and decreased to 27% after MION injection (Fig. 6B). This indicates
that a significant portion of ADC-decreasing pixels were located at the
surface of the cortex, especially after the removal of intravascular
signals.

Discussion

In our GE-ADC studies of the cat visual cortex, an increase of
ADC was observed for a small b-value pair, which can be attributed
to blood volume and flow increases.We also found that a decrease in
the ADC determined from the large b-value pair within the
parenchyma and on the surface of the cortex, but the contrast almost
disappeared in the parenchyma and remained at the surface of the
cortex after MION injection. A lack of negative ADC change in the
parenchyma after the suppression of intravascular signals suggests
that the observed negative ADC change is not of tissue origin.

GE-ADC vs. PGSE-ADC measurements

Because the accommodation of diffusion gradients is easier in SE
than inGE techniques, most ADC studies with large b-values have used
SE approaches. A common diffusion-sensitizing approach is to place
two unipolar pulsed-gradients on both sides of the SE refocusing pulse,
as proposed by Stejskal and Tanner (1965). As demonstrated in Fig. 1,
such PGSE-ADC measurement is affected by the coupling between

diffusion and background susceptibility gradients. Because visual
stimulation induces a functional ΔR2 of about −0.2 s−1 in cat brain at
9.4 T (Zhao et al., 2004), such blood susceptibility decreases will
increase PGSE-based ADC values by 0.2% and GE-ADC values by
~0.03%. In our currentGE-ADCexperimentswith a b-value of 200 and
1000 s/mm2, ADC decreased about 0.2% (see Fig. 3C), while in our
previous PGSE experiments, no detectable ADC change was obser-
ved with a b-value of 200 and 800 s/mm2 (Jin et al., 2006c). This
discrepancy can be well explained by the differential coupling effect.
Our ADC versus ΔR2, MION result is consistent with the findings of
Does et al., wherein a linear dependence of the PGSE-ADC
measurement on the susceptibility effect was observed, and the
dependence was stronger for longer TE values (Does et al., 1999).
According to a theoretical model (Zhong et al., 1991), the relative
change in ADC due to coupling between diffusion and background
gradients is proportional toΔ · (TE−Δ /2)2 in a PGSE sequence (Zhong
et al., 1991), and is proportional to Δ · (Δ+δ)2 in the GE sequence with
bipolar diffusion gradients. Hence, for our parameters in Experiment #1,
the contribution of coupling effects to the ADC was proportional to
20·(45−10)2 in PGSE versus 9·(9+4.5)2 in the GE sequence, which is
reasonably consistent with our experimental result, 0.01 versus 0.0012.
In order tominimize coupling effects for SEmeasurements, two pairs of
bipolar gradients on both sides of the SE refocusing pulse (Hong and
Dixon, 1992), or a double-refocused spin-echo sequence with
interleaved bipolar gradients (Le Bihan et al., 2006) can be utilized.

DW-fMRI vs. ADC-fMRI

Although DW-fMRI with a high b-value often indicates the
change in water diffusion characteristics during activation (Le Bihan
et al., 2006), it should be noted that the signal changes detected
by DW-fMRI contain many confounding effects. In DW-fMRI, the
signal intensity for GE acquisition can be written as:

S bð Þ=S0 ¼
X
i

ci � Vi � exp �b � ADCið Þ � exp �TE=T T
2;i

� �

� 1� exp �TR=T1;i
� �� � ð1Þ

where i indicates the tissue, arterial and venous blood, and CSF
compartments; c and V are the proton density and volume fraction,
and T2⁎ and T1 are the apparent transverse and the longitudinal

Fig. 7. Simulated ADC values as a function of blood pseudo-diffusion coefficient (A) and blood velocity (B). ADC values were calculated based on Eqs. (2a) and
(2b), assuming CBV=3% and tissueD=0.75×10−3 mm2/s. Three ADC values were calculated from b-value pairs of 5 and 200 s/mm2 (red), 200 and 1000 s/mm2

(blue), and 1000 and 2000 s/mm2 (black).
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relaxation rates, respectively. Even for a single tissue compartment,
it is obvious from Eq. (1) that DW-fMRI signal changes have con-
tributions from the tissue volume fraction change and the change
in extravascular T2⁎ induced by the blood susceptibility effect. The
contribution of the susceptibility effect to DW-fMRI is appreciable in
Fig. 4B, wherein functional signal decreases at the parenchyma but
increases at the cortical surface. Such a spatially opposite contrast
is due to the competitive effect of two susceptibility agents: a decrease
in deoxyhemoglobin and an increase in MION content. At the mid-
dle of the cortex, fMRI signals decreases when the increased field
inhomogeneity induced by blood vessel dilation overwhelms the
BOLD effect. At the cortical surface with numerous large pial veins,
theBOLDeffect becomes comparable or larger than theCBV-induced
susceptibility change. When blood signal is suppressed using a large
b-value (at least 1500 s/mm2) and if the extravascular BOLD signal
change is relatively small, decreases in tissue volume fractionsmay be
observable as negative DW-fMRI changes (Harshbarger and Song,
2006).

To obtain information on true tissue diffusivity using fMRI, the
aforementioned confounding hemodynamic effects should be mini-
mized. This may be achieved by ADC-fMRI, which is usually cal-
culated fromDW-fMRIwith twoormore different diffusion-weightings
(b-values). Thus, for the single tissue compartment, the contribu-
tions of volume fraction, T2⁎ and T1 in Eq. (1), will cancel out, and
the change in tissue diffusion can be extracted. In the presence of
signals from the blood and CSF compartments, the source of functio-
nal ADC change becomes more complicated.

ADC increase in the small b-value regime

In our functional GE-ADC studies with a b-value of 5 and 200 s/
mm2, an ADC increase was observed. This is likely caused by an
increase in arterial and capillary blood volume and flow (Jin et al.,
2006c), because the coupling between background and susceptibility
gradients was negligible (Fig. 1) and intravascular venous contribu-
tion was minimal due to its short T2⁎ (shorter than 5 ms at a venous
oxygenation level of 60% at 9.4 T (Lee et al., 1999)). The observed
ADC increase is consistent with our previous PGSE-ADC data in the
same animal model (Jin et al., 2006c). However, compared with
the PGSE results, the magnitude of the GE-ADC increase is larger at
the cortical surface but smaller at themiddle of the cortex. Because the
GE-ADC increase at the cortical surface modulates with TR and flip
angle, a larger GE-ADC change is mainly due to the inflow effect,
which was almost absent in our PGSE results with non-selective
excitation. Within the parenchyma, the contribution from the CBV
change was expected to be significant (Jin et al., 2006c). This inter-
pretation is supported by the similarity between the temporal cha-
racteristics of the ADC and CBV responses: both ADC and CBV
changes at themiddle of the cortex started earlier and peaked later than
the corresponding BOLD responses (see Fig. 3D). At the surface of
the cortex, the onset time and the time-to-peak of CBV were shorter
than those of BOLD (unpublished data), suggesting that temporal
characteristics are sensitive to the choice of ROI.

Because functional ADC increases in the parenchyma mainly
reflect a change in physiological parameters, the quantitative GE-
and PGSE-based ADC-fMRI results are expected to be similar at
the middle of the cortex. However, the relative ADC change ob-
tained with GE-ADC-fMRI (~0.45%) was only half that of PGSE
(Jin et al., 2006c). This discrepancy can be explained by several
factors. First, because a functional change of blood susceptibility led
to a ~0.2% increase for PGSE-based ADC but not for GE-ADC, the

difference in the coupling effect can contribute. Second, a larger
initial b-value used in our current study (5 s/mm2 here vs. 2 s/mm2 in
PGSE) led to a greater reduction of signals that originated from fast-
flowing blood, decreasing functional ADC change. Finally, GE
BOLD signal changes in the current study were about 0.8% in the
middle of the cortex, which is less than those in two previous GE
BOLD studies (about 1.2% in both) with very similar experimental
parameters (Jin et al., 2006b; Zhao et al., 2004), suggesting that
different animal groups can contribute to the variation in ADC
increases.

ADC decrease in the large b-value regime

Recently, a small functional ADC decrease was observed in
humans during neural stimulation with large b-values (Darquie et al.,
2001; Kershaw et al., 2007; Le Bihan et al., 2006). In in vitro and
animal studies, large ADC decreases have been reported during
intense neuronal activation (Latour et al., 1994; Zhong et al., 1997,
1993), potentially indicating changes in tissue watermobility. On the
other hand, Gulani et al. reported that no ADC change was detected
for electrical stimulation on excised tissue without any blood, and
suggested that the ADC decreases observed in vivomight be related
to blood flow and volume changes (Gulani et al., 1999). Indeed, our
data indicate that activation-induced ADC decreases may not be of
tissue origin. When the background susceptibility contribution is
minimized using GE-EPI, a weak functional ADC decrease was
observed within the brain parenchyma, and responded slightly faster
than BOLD at the middle of the cortex. However, the activated
pixels within the parenchyma were not well localized to the middle
cortical layer, suggesting that the ADC decrease unlikely origina-
ted from the tissue diffusion change induced by neuronal activity.
Upon the suppression of the intravascular signal using MION,
the ADC-decreasing effect at the parenchyma became almost un-
detectable, indicating that the origin of the ADC decrease obser-
ved before MION is likely to be vascular. A vascular source of
the ADC decrease is also supported by a recent human hypercap-
nia stimulation study (Miller et al., 2007). From our data, the
underlying physiological sources of functional ADC decreases
could be the remaining intravascular signals and partial volume
effect of CSF.

Based on computer simulations (see Appendix), slow-moving
intravascular signals cannot be fully dephased by a b-value of 200 s/
mm2; thus an ADC decrease may arise from an increase in blood
velocity in microvessels. In fact, Le Bihan et al. observed a residual
vascular BOLD component with a b-value of 250 s/mm2, which was
totally removed at higher b-values (Le Bihan et al., 2006). Our
simulations show that a b-value of N1000 s/mm2 is sufficient to
remove all intravascular signals. Therefore, decreases in ADC at
very high b-values in human studies (e.g., 1200–2400 s/mm2) can
hardly be explained by the remaining intravascular signals. Alter-
natively, a change in the relative partial volume of fast-diffusing
CSF and slow-diffusing tissue components may partially explain
ADC decreases at such high b-values.

With bN200 s/mm2, ADC decreases were consistently obser-
ved at the cortical surface in almost all of our ADC-fMRI studies,
namely, using PGSE-EPI (Jin et al., 2006c) and using GE-EPI with
and without MION injection. Similarly, large DW-fMRI signal
increases in human studies appeared to be close to the cortical
surface, even though it was difficult to pinpoint the exact location
due to limited resolution (Le Bihan et al., 2006). Nonetheless, the
source of these ADC decreases at the cortical surface is certainly not
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of neuronal origin. The cortical surface voxels are likely to have a
significant partial volume of CSF. Because the water diffusion
coefficient in the more compliable CSF compartment is much larger
than that in the more rigid tissue compartment, ADC decreases can
be induced by a functional decrease in CSF partial volume, which
may be caused by either a dilation of the surface vessels or a shift in
tissue volume due to parenchymal vessel dilation. Such a hypothesis
is supported by a recent report showing a small decrease inCSFpartial
volume from 10.7% at rest to 10.1% during human visual stimulation,
although the variation across subjects was large due to the low
sensitivity of the doubling nulling measurement (Donahue et al.,
2006). Relative decreases in CSF partial volume of up to ~5% have
also been reported during human hypercapania and visual stimulation
(Piechnik et al., 2007; Scouten and Constable, 2008). To obtain
insight into functional ADC changes, we simulated the ADC using a
two-compartment (tissue and CSF)model based on Eq. (1) with tissue
D of 0.75×10−3 mm2/s andCSFD of 2.5×10−3 mm2/s, neglectingT1
and T2⁎ effects. When the CSF partial volume decreased from 10.7%
to 10.1%, the ADC value calculated with our b-values of 50 and
1050 s/mm2 decreased by ~0.6%, which is fairly consistent with our
experimental data (see Fig. 5C). Further experimental and theoretical
studies are necessary to examine whether a change in CSF partial
volume contributes significantly to ADC-fMRI with higher b-values.

Comparison with human SE ADC-fMRI studies

In DW-fMRI, the extravascular BOLD signal change is usually
assumed to be identical for different b-values, and thus is canceled
out or minimized in the functional ADC response (Le Bihan et al.,
2006). However, this assumption may need further examination. For
SE-based fMRI, theoretical models have shown that extravascular
ΔR2 is dependent on vessel size, water diffusion coefficient, and
local field inhomogeneity (Boxerman et al., 1995; Fujita, 2001;
Kennan et al., 1998; Weisskoff et al., 1994). Consequently, tissue
water pools with fast and slow diffusion coefficients may contribute
differently to the diffusion-averagingΔR2; i.e,ΔR2, slow≠ΔR2, fast. At
b~0, all extravascular water contributes; thus ΔR2 (and conse-
quently ΔS/S) is a weighted average of ΔR2, slow and ΔR2, fast. With a
higher b-value, the faster diffusion water pool is suppressed; at
an extremely high b-value, only ΔR2, slow contributes to ΔS/S. Such
b-value-dependence of ΔS/S could lead to an apparent change in
ADC-fMRI. Recently, Kershaw et al. suggested that signal increa-
ses in DW-fMRI with bN200 s/mm2 might be explained by the
differential extravascular BOLD effect of fast and slow diffusion
components (Kershaw et al., 2007). In our GE-EPI measurements
at the static dephasing domain (which is likely to be satisfied at
9.4 T (Yablonskiy and Haacke, 1994)), ΔS/S is independent of the
diffusion effect; thus the contribution of diffusion-dependent ΔR2

expected in SE acquisitions is likely to be absent. Further theoretical
and experimental studies are necessary to evaluate whether the effect
of diffusion-weighting on the extravascular T2 (T2⁎) change is
significant.

Additional differences between our GE-ADC studies and the
human SEADC-fMRI studies include the ranges of b-values, spatial
resolutions, diffusion times, and magnetic fields (Darquie et al.,
2001; Kershaw et al., 2007; Le Bihan et al., 2006; Miller et al.,
2007). Even at a higher magnetic field of 9.4 T, our small voxel size
significantly decreased the SNR compared with low-resolution
human studies. In order to achieve an adequate SNR for ADC-fMRI,
the b-values used in our study were ≤1200 s/mm2, which is lower
than those used in recent human studies (up to 2400 s/mm2). Although

the b-value of ~1200 s/mm2 is expected to be sensitive to the change
of tissue diffusivity with ADC values of ~0.8×10−3 mm2/s, a higher
b-value could be more sensitive to probe the expansion of a com-
partment (presumably cell membrane) with a slower diffusion co-
efficient (~0.2×10−3 mm2/s). In our GE-based ADC-fMRI, the
diffusion time was much shorter (5 ms) than that used in human
SE-based ADC-fMRI (N20 ms). For restricted diffusion, a shorter
diffusion time is less efficient in probing the conformational
information of tissue cells and their activation-induced structural
changes. The dependence of diffusion time on water diffusivity in
brain tissue has been extensively studied; no significant difference in
the ADC was detected for td longer than 8 ms (Clark et al., 2001; Le
Bihan et al., 1993; Moonen et al., 1991; Van Gelderen et al., 1994).
Does et al. observed a small increase (~4%) in the ADC in normal rat
brainwhen diffusion timewas decreased from 9.75ms to ~5ms, and a
24% increase when the td value was further shortened to 0.375 ms
(Does et al., 2003). These results suggested that a diffusion time of
5 ms could detect conformational changes in brain tissue, similar to
longer td values, with only slightly lower sensitivity. Although the
ADC change of tissue origin could be not observed under our ex-
perimental conditions, one cannot rule out the possibility that acti-
vation-induced changes in neuronal cell microstructure can slightly
affect water diffusivity, which may become detectable with more
optimized parameters and improved techniques.

Conclusions

In the small b-value regime (b-value≤200 s/mm2), functional
ADC increases were detected at the parenchyma and at the cortical
surface due to blood volume and flow changes. On the contrary, an
ADC decrease during brain activation was observed using medium
to large b-values (200≤b≤1200 s/mm2). However, the spatial pat-
tern of ADC-decreasing responses was not well localized to the
middle of the visual cortex. After intravascular signals were totally
suppressed using an exogenous contrast agent, ADC decreases were
observed mostly at the cortical surface. Thus, an ADC decrease
observed at the parenchyma before MION injection has a significant
contribution from the residual intravascular signals, and the ADC
decrease at the surface of the cortex may be due to a decrease in the
partial volume of CSF.
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Appendix A

The intravascular signal from small blood vessels such as ca-
pillaries, small arterioles, and venules may not be fully crushed by
medium diffusion-weighting gradients. To examine the contribution
from residual intravascular signals, we used a two-compartment
model wherein the brain water within the parenchyma consists of
tissue and blood. The exchange between blood and tissue compart-
ments is negligible because of the short imaging time (b50 ms)
relative to thewater exchange time (more than 500ms) (Labadie et al.,
1994; Sanders and Orrison, 1995). According to the IVIM model (Le
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Bihan et al., 1986), the attenuation of the blood signal is dependent on
the diffusion time of the diffusion gradients, blood velocity, and
average length of the vessel segments. If blood water travels through
several segments of vessels during the diffusion time td, the at-
tenuation of the intravascular signal can be modeled as pseudo-
diffusion. Ignoring T1 and T2 relaxations, the signal intensity as a
function of diffusion-weighting is expressed as

S bð Þ=S0 ¼ CBV � exp �b � DT� �þ 1� CBVð Þ � exp �b � Dð Þ
¼ exp �b � ADCð Þ ð2aÞ

whereCBV is the volume fraction of blood,D⁎ is the pseudo-diffusion
coefficient of the blood, andD is the diffusion coefficient of the tissue
water.

If, during the diffusion time, blood water mostly flows within
one vessel segment, the blood signal attenuates due to the phase
dispersion in the voxel from randomly orientated blood vessels
(LeBihan et al., 1988), and the signal intensity can be written as:

S bð Þ=S0 ¼ CBV � jsin c � vð Þ= c � vð Þj þ 1� CBVð Þ½ � � exp �b � Dð Þ
¼ exp �b � ADCð Þ ð2bÞ

where c=γ gδ Δ is the first gradient moment and ν the blood velocity.
The b-value can be converted to c using c ¼ D � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

b= D� d=3ð Þp
. It is

assumed that bloodwater undergoes diffusion in addition to flow, and
the diffusion coefficient is assumed to be same as the tissue ADC. In
the middle of the cortex, which contains mainly microvessels with an
average length microvessel segment l=57 μm and vb5 mm/s (Le
Bihan et al., 1988), Eq. (2b) is more relevant to our functional GE
experiments with td of 5 ms (i.e., during td, blood travels a
distanceb25 μm).

Based on the above equations, ADC values were calculated as a
function of D⁎ or ν for three pairs of diffusion-weighting: b=5 and
200 s/mm2, b=200 and 1000 s/mm2, and b=1000 and 2000 s/mm2.
We assumed a CBVof 3% and a tissue waterD of 0.75×10−3 mm2/s.
Fig. 7 shows simulated ADC values as a function of blood D⁎ or ν.
The general patterns are similar for both types of signal attenuation.
The calculatedADCobtained from small b-values of 5 and 200 s/mm2

is significantly larger than tissueD. The intravascular signal is mostly
crushed for b=1000 and 2000 s/mm2, wherein the calculated ADC is
nearly equal to the tissue D. If the blood velocity in microvessels
increases from 1 mm/s to 2 mm/s without any other physiological
changes during activation, the ADC value would significantly
increase for b=5 and 200 s/mm2 and would slightly decrease for
b=200 and 1000 s/mm2. Similar results were found for D⁎.
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