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Sources of Functional Apparent Diffusion Coefﬁcient
Changes Investigated by Diffusion-Weighted Spin-Echo
fMRI
Tao Jin,1* Fuqiang Zhao,2 and Seong-Gi Kim1,2
The mechanism behind previously observed changes in the
apparent diffusion coefﬁcient (ADC) during brain activation is
not well understood. Therefore, we investigated the signal
source and spatial speciﬁcity of functional magnetic resonance
imaging (fMRI) ADC changes systematically in the visual cortex
of cats using diffusion-weighted (DW) spin-echo (SE) fMRI with
b-values of 2, 200, and 800 s/mm2, and echo times (TE) of 16, 28,
and 60 ms at 9.4 T. For b ≥ 200 s/mm2, no ADC changes were
detected in brain parenchyma, suggesting a minimal tissue
contribution to the ADC change. For b ≤ 200 s/mm2, TE-dependent ADC increases were observed. When the venous blood
contribution was minimized, the ADC change was higher at the
middle cortical layer than at the cortical surface, which is
mainly attributed to a functional elevation in arterial blood volume. At TE ⴝ 16 ms, the highest ADC changes occurred at the
cortical surface with its large draining veins, which can mainly
be explained by an additional contribution from the venous
blood oxygenation changes. Our TE-dependent ADC results
agree with computer simulations based on a three-compartment model. The contribution of arterial blood volume changes
in ADC fMRI offers an improvement in spatial localization for
SE-BOLD fMRI studies. Magn Reson Med 56:1283–1292, 2006.
© 2006 Wiley-Liss, Inc.
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The blood oxygenation level-dependent (BOLD) technique
is widely used in functional MRI (fMRI) research because
of its high sensitivity and easy implementation (1–3).
Since the BOLD signal source includes various deoxyhemoglobin-containing vascular networks ranging from
small capillaries to large draining veins, the spatial localization of BOLD signal can be distant from the actual sites
of neural activity. To overcome this shortfall of BOLD
fMRI, measurement of the apparent diffusion coefﬁcient
(ADC) of brain water has been suggested as an alternative
approach to detect stimulation-induced signal changes
(4 –9).
The measurement of ADC in fMRI is generally achieved
by varying the levels of diffusion weighting (usually quantiﬁed as b) and then ﬁtting the resulting attenuated signals
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to a monoexponential decaying function of b. According
to the intravoxel incoherent motion (IVIM) weighting
model (10), when the b-values are small (e.g., b ⬍ 200 –
300 s/mm2), the ADC contrast mainly comes from the
vascular network because the fast-moving proton spins in
blood are attenuated to much larger extent by the diffusion/IVIM weighting gradients than the tissue water spins.
Increasing the magnitude of diffusion weighting progressively attenuates the intravascular signals from larger to
smaller vessels, and therefore ADC contrast can be sensitive to different compartments of water motion depending
on the choice of b-values. Since high b-values (e.g., b ⬎
200 s/mm2) mostly eliminate the intravascular signal, any
detectable ADC change will likely occur in the extravascular (EV) space. A small transient decrease of ⬃0.8% in
ADC was observed at 1.5 T by Darquie et al. (9) in this
regime with slightly different temporal characteristics
compared to the BOLD response. The mechanism of this
ADC contrast was hypothetically attributed to neuronal
cell swelling during activation. In a recent report (11), this
transient ADC decrease was found to be caused by a small
dilation (⬃1.7%) of the slow water diffusion pool and
correspondingly a volume decrease in the fast water diffusion pool at the EV space, and was much faster (⬃2.4 s)
than the BOLD response. If this ADC decrease could be
conﬁrmed to originate from a cellular level, it could potentially offer better spatial localization of brain activation
than hemodynamic response-based BOLD contrast.
Song and colleagues (4 – 6,12–14) extensively studied
ADC changes using small diffusion weightings, and found
an 8 –15% increase of ADC during visual stimulation in
human brain at 3 and 4 T. Since the ADC response is
slightly faster (⬃1 s) than that of BOLD, the source of these
ADC increases was mainly attributed to an increase of
blood ﬂow in the arterioles and capillaries (4). However,
the ADC measured in a voxel by a diffusion-weighted
(DW) spin-echo (SE) or gradient-echo (GE) sequence is
related to the ADC values of tissue and arterial and venous
blood water, as well as their respective volume fractions
and relaxation times (T2 or T2*). Therefore, changes in
these parameters for any of the three compartments could
lead to a functional ADC change. Thus, it is crucial to
examine the nature of functional ADC changes and the
spatial speciﬁcity of ADC-based fMRI.
In the present study we measured the ADC response
using a DW SE echo-planar imaging (EPI) technique at
echo times (TEs) of 16, 28, and 60 ms, and diffusion
weightings of 2, 200, and 800 s/mm2 in a well-established
cat visual stimulation model at 9.4 T. One distinct advantage of using SE at 9.4 T is that one can substantially vary
the contribution of the venous BOLD signal change by
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changing the TE (15), which is not easily done at lower
ﬁelds. Because of the short T2 value (⬃6 ms) of venous
blood, the venous signal change is negligible at relatively
long TE values (⬎40 ms), while it can be easily detectable
at short TE values (⬍20 ms). Therefore, the application of
different diffusion weightings (b-values) could separate
the ADC changes from the blood and tissue pools, and the
application of different TEs could separate the ADC
changes from the arterial and venous blood pools. Additionally, a high in-plane spatial resolution of ⬃0.3 mm in
our animal studies allowed separation of the middle cortical region from the surface of the cortex, which has large
draining veins. This also helped us to determine the signal
source and spatial speciﬁcity of fMRI ADC changes. The
results of the ADC changes were compared with BOLD
results and computer simulations based on a three-compartment model.
MATERIALS AND METHODS
Three-Compartment Model of the ADC Change
It is assumed that the MR signal in an imaging voxel
consists of signals from tissue and arterial and venous
blood pools. In SE studies of diffusion, the MR signal is a
sum of these three pools weighted by their volume fraction, T2 value, and DW attenuation. According to the IVIM
model, the DW attenuation of the blood signal depends on
the vascular structures and the ﬂowing characteristics in
blood vessels (16). For simplicity, the signal attenuations
of both arterial and venous blood are assumed to be monoexponential, with D*a and D*v (D*a ⬎ D*v) representing the
pseudo-diffusion coefﬁcients of arterial and venous blood,
respectively. In an SE image with diffusion weighting (b),
the signal intensity at a TE, S(TE, b), can be described as
S共TE,b兲 ⫽ exp共 ⫺ b 䡠 ADC兲 ⫽  䡠 共1 ⫺ Va ⫺ Vv 兲 䡠 exp
共 ⫺ b 䡠 D兲 䡠 exp共 ⫺ TE 䡠 R2,t 兲 ⫹ Va 䡠 exp共 ⫺ b 䡠 D*a 兲 䡠 exp
共 ⫺ TE 䡠 R2,a 兲 ⫹ Vv 䡠 exp共 ⫺ b 䡠 D*v 兲 䡠 exp共 ⫺ TE 䡠 R2,v 兲,

[1]

where Va and Vv are the fractional arterial and venous
blood volumes (expressed in percentage), respectively;  is
the ratio between water contents of tissue and blood; D is
the diffusion coefﬁcient of tissue water; and R2,t, R2,a, and
R2,v are the R2 (⫽1/T2) value of tissue and arterial and
venous blood, respectively. The capillary blood volume is
divided into arterial and venous blood pools, and any T1
differences between tissue and blood water are ignored in
this model.
The ADC value can be determined from data with two
different diffusion weightings b1 and b2 (b1 ⬍ b2) as
ADC ⫽

1
S共b2 兲
ln
.
b1 ⫺ b2
S共b1 兲

[2]

From Eq. [1], the measured ADC is a weighted function
of D, D*a and D*v, and the weighting of each individual pool
is also dependent on the T2, TE, and b-values. Especially
in the small b-value regime (e.g., b ⱕ 200 s/mm2), the
relative contributions of D*a and D*v to ADC are quite sig-

niﬁcant. In fMRI, stimulation-induced changes in ADC can
be expressed as
⌬ADC ⫽

冉

冊

1
1 ⫹ ⌬S共b2 兲/S共b2 兲
ln
b1 ⫺ b2
1 ⫹ ⌬S共b1 兲/S共b1 兲
⬇

冋

册

⌬S共b1 兲 ⌬S共b2 兲
1
,
⫺
b2 ⫺ b1 S共b1 兲
S共b2 兲

[3]

where ⌬S(b1)/S(b1) and ⌬S(b2)/S(b2) are stimulation-induced BOLD fractional signal changes with diffusion
weightings of b1 and b2, respectively. In Eq. [3] the logarithmic relationship is expanded into a combination of
linear relationships because the fractional signal changes
are usually very small. Equation [3] shows that during
brain activation, the absolute change of ADC is directly
related to the difference in fractional signal changes of DW
BOLD signals, ⌬S(b)/S(b).
An ADC change during activation is obviously related to
any changes in the diffusion coefﬁcients D, D*a and D*v. In
addition to changes in water mobility, changes in the
fractional blood volume (Va, Vv) and relaxation rate (R2,v)
also modulate the relative weightings of arterial and venous pools, and consequently the measured ADC. To obtain insight into the signal source of the functional ADC
change, we performed computer simulations based on Eqs.
[1] and [3]. Blood T2 was calculated from a formula based
on the Luz-Meiboom exchange model (15,17):
R 2,v ⫽

1
⫽ 24 ⫹ 1125共1 ⫺ Y兲 2
T 2,v

冉

⫻ 1⫺

冊冉

冊

2 ex
2ex
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40
/ 1⫺
,
tanh
tanh
TE
2ex
40
2ex

[4]

where Y is the oxygenation level of blood. In our anesthetized animal study with ⬃33% O2 inhalation, Y is assumed to be 0.65 during baseline, which is slightly higher
than the value of 0.55– 0.6 observed during normal awake
conditions (18). ex is the correlation time of water exchange between erythrocyte and plasma, which ranges
from 1 to 10 ms (19 –21), and was assumed to be 1 ms here.
Two b-values of 2 and 200 s/mm2 used in experimental
studies were employed for three different types of simulations: 1) To estimate the individual effect of one physiological parameter change on the ADC response, one of the
parameters ⌬Va, ⌬Vv, or ⌬Y was varied with all other
parameters ﬁxed at the values listed in Table 1. 2) To
observe the effect of baseline Vv on the ADC change, variation of baseline Vv was simulated with a ﬁxed blood
oxygenation level change (⌬Y) of 0.05. 3) The increase in
blood velocity during brain activation may either increase
or decrease the ADC depending on vascular characteristics
(5). Here the ADC response was simulated with variations
in baseline D*a and D*v values and a ﬁxed functional increase of 50% in D*a and D*v.
Animal Preparation and Stimulation
A total of 13 female adolescent cats were studied under an
animal protocol approved by the Institutional Animal Care
and Use Committee at the University of Pittsburgh. Details
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Table 1
Parameter values in three-compartment model simulations
Parameter
Baseline parameters
ex

D
Da*
Dv*
Va
Vv
Y
R2
Stimulation-induced changes
⌬Va
⌬Vv
⌬Y
⌬Da*/Da*
⌬Dv*/Dv*

Description

Value/units

Average exchange time
Water content ratio between tissue and blood
Diffusion coefﬁcient of tissue water
Pseudo-diffusion coefﬁcient of arterial blood
Pseudo-diffusion coefﬁcient of venous blood
Baseline fractional arterial blood volume
Baseline fractional venous blood volume
Baseline blood oxygenation level
Baseline tissue relaxation rate

1 msa
1.03b
0.8 ⫻ 10⫺3 mm2/s
20–150 (default 100) ⫻ 10⫺3 mm2/sc
10–40 (default 20) ⫻ 10⫺3 mm2/sc
1.3%
2–5% (default 3.5%)
0.65c
25 s⫺1d

Fractional arterial blood volume change
Fractional venous blood volume change
Functional blood oxygenation change
Percentage change in Da*
Percentage change in Dv*

0.1–0.4%
0.1–0.4%
0.025–0.1
50%
50%

a

From references 38 and 19.
From reference 39.
c
See text in the “Three-Compartment Model of the ADC Change” section.
d
From reference 40.
b

of the animal preparation procedure were described previously (15). Brieﬂy, the animals were intubated and artiﬁcially ventilated under 0.8⫺1.2% isoﬂurane in a 2:1
air:O2 mixture. The cephalic vein was cannulated to deliver pancuronium bromide (⬃0.2 mg/kg/h). The end-tidal
CO2 level was kept within 3.5% ⫾ 0.5% by adjusting the
respiration rate and volume, and the rectal temperature
was controlled at 38.5°C ⫾ 0.5°C using a water circulating
pad. The animal’s head was ﬁxed with an in-house-made
head frame with bite and ear bars. Each animal was
scanned for 4 – 6 hr inside the magnet.
The animals were presented binocularly with high contrast drifting square-wave gratings during the stimulation
condition. The temporal and spatial frequencies of the
gratings were two cycles/s and 0.15 cycle/degree. Stationary gratings of the same spatial frequency were presented
during the control condition. This stimulation paradigm
has been routinely used to detect neural activities related
to moving gratings (22).
MR Experiments
All MR experiments were carried out on a 9.4 T/31-cm
horizontal magnet (Magnex, UK) interfaced to a Unity
INOVA console (Varian, Palo Alto, CA, USA). The actively
shielded 12-cm-diameter gradient insert (Magnex, UK) operates at a maximum gradient strength of 40 gauss/cm and
a rise time of 130 s. A 1.6-cm-diameter surface coil was
placed on top of the animal’s head for radiofrequency (RF)
excitation and reception. Fast low-angle shot (FLASH) images were obtained to identify 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 volume to yield a water spectral linewidth below
25 Hz. From multislice “scout” GE-EPI BOLD fMRI studies, a single 2-mm coronal slice perpendicular to the surface of the cortex that yielded a high-quality EPI image and

robust BOLD contrast was chosen. All subsequent experiments were conducted on that slice with a 2 ⫻ 2 cm2 ﬁeld
of view (FOV) and 2-mm thickness. For anatomical reference, a T1-weighted image was acquired by four-shot SEEPI with a 128 ⫻ 128 matrix.
All fMRI data were acquired with a 64 ⫻ 64 matrix,
using a double-SE EPI sequence with adiabatic half- and
full-passage pulses (23). Two unipolar diffusion-weighting
gradients along all three axes were placed on both sides of
the second 180° pulse, and the order of the b-values was
pseudo-randomized. To evaluate the contribution of the
intravascular BOLD signal to the functional ADC change,
data were acquired at three different values of TE (16, 28,
and 60 ms).
For the short-TE value of 16 ms (N ⫽ 7 animals), the
accommodation of diffusion-weighting gradients in a single-shot EPI sequence is not feasible; therefore, a two-shot
SE-EPI with center-out k-space sampling was used. The
repetition time (TR) ⫽ 2 s (1 s for each shot), the gradient
pulse duration (␦) ⫽ 2 ms, and the time interval between
the two gradient pulses (⌬) ⫽ 7 ms. In each run, two
b-values of 2 and 200 s/mm2 were arrayed, for a temporal
resolution of 4 s. The 800 s/mm2 was not sampled for TE ⫽
16 ms. For experiments with TE ⫽ 28 and 60 ms (N ⫽ 6
animals), single-shot EPI was used with shifted echo acquisition to reduce the effective TE (Fig. 1C in Ref. 24),
where the zero k-space line was shifted by 24 lines from
the center (echo center located at the eighth line of the
k-space). Other parameters were TR ⫽ 1.2 s, ␦ ⫽ 3 ms, and
⌬ ⫽ 13 ms. Although the different EPI acquisition schemes
for short TE (16 ms) and long TE (28 and 60 ms) may have
different image distortion characteristics, the effect on our
results will be small since we performed an ROI-based
analysis of functional signal percentage changes, and the
short- and long-TE studies were performed on separate
animals. In each run, data were acquired sequentially with
a series of three b-values of 2, 200, and 800 s/mm2, for a
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temporal resolution of 3.6 s. In each study, runs with TEs
of 28 and 60 ms were interleaved. For all TE values the
stimulation paradigm included 10 control, 10 stimulation,
and 10 control images for each b-value. The stimulation
duration was therefore 36 s or 40 s, and there was a 1-min
rest between repetitive runs. About 20 runs were averaged
to improve the signal-to-noise ratio (SNR). Because of time
restrictions, studies with TE ⫽ 16 ms were performed
separately from those from TE ⫽ 28 and 60 ms.
fMRI Data Analysis
Data were analyzed with the use of Matlab威 programs and
STIMULATE software (25). Since sequential data sampling was performed, images with different b-values were
obtained at different time points. To avoid erroneous results when analyzing the dynamic ADC signal change,
images with same diffusion weighting were grouped together, and then linear temporal interpolation was performed to take into account their different time origins. For
each experiment, two series of ADC images were calculated using Eq. [2]: one from images with b ⫽ 2 and
200 s/mm2, and the other from images with b ⫽ 200 and
800 s/mm2, which will be referred to as small and large
b-value pairs, respectively.
Student’s t-test was performed on a pixel-by-pixel basis
to detect the activated area. A t-value threshold of 2 (P ⬍
0.03) and a minimal cluster size of three pixels were applied. Signal percentage changes were then calculated for
the statistically active pixels. For quantitative analyses,
two ROIs (120 –150 pixels each) were drawn based on the
activation map with b ⫽ 2 s/mm2 and the anatomic image:
a middle cortical ROI and a cortical surface ROI were
hand-traced each with 1–2 pixels thickness to encompass
approximately the middle 1/3 and the surface 1/3 of the
cortex, respectively. When the BOLD and ADC maps were
compared, functional data with b ⫽ 2 s/mm2 were used as
BOLD images. TE-dependent BOLD and ADC signal percentage changes were computed within the ROIs. To calculate the signal percentage change, the baseline periods
were deﬁned as eight images (32 or 28.8 s) of prestimulation data (excluding the ﬁrst and 10th images), while the
activation periods were deﬁned as data from the third to
10th images (e.g., 8 – 40 s or 7.2–36 s) after the onset of
stimulation.
The spatial characteristics of the BOLD and ADC responses were analyzed as a function of cortical depth (26).
Rectangular sections within area 18 of the visual cortex
were selected ﬁrst (27). Pixels were then spatially interpolated along the direction normal to the cortical surface
using the nearest-neighbor resampling method (28), and
ﬁnally the averaged signal proﬁles across cortical layers
were plotted as a function of distance from the surface of
the cortex. The full width at half maximum (FWHM), peak
position, and peak amplitude were determined from the
averaged proﬁle. All data are reported as the mean ⫾
standard deviation (SD) unless noted otherwise.
RESULTS
Simulations at 9.4 T With the Three-Compartment Model
Although many physiological parameters change simultaneously during stimulation, to gain a better understanding
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of the signal source of ADC change, we evaluated the
contribution of each parameter change separately under
the assumption that there were no other stimulation-induced parameter changes (see Table 1). Figure 1a and b
show the ADC changes induced by ⌬Va and ⌬Vv, respectively, as a function of TE. An increase in fractional arterial
blood volume (⌬Va) induces a linear increase in ADC,
which is almost independent of TE (Fig. 1a). In contrast,
the contribution of ⌬Vv to the ADC percentage change (Fig.
1b) is negligible for TE ⬎ 20 ms due to the short T2 value
of venous blood, but increases signiﬁcantly at very short
TE values. The contributions from a venous oxygenation
level change (⌬Y) are shown in Fig. 1c and d. In Fig. 1c ⌬Y
is varied with a ﬁxed baseline Vv value of 3.5%, whereas in
Fig. 1d Vv is varied with a ﬁxed ⌬Y value of 0.05. The ADC
change is nearly proportional to ⌬Y and Vv, but is dependent on TE in both cases.
The effect of increasing arterial and venous blood velocity (or D*) to the ADC change is related to the baseline D*
(Fig. 1e and f). The ADC change is nearly TE-independent
above TE ⫽ 10 ms for arterial blood (Da*), whereas the
effect of D*v is strongly TE-dependent below TE ⫽ 20 ms. A
50% increase in D*a reduces the functional ADC, while an
increase in D*v can either increase or decrease the ADC for
TE ⬍ 20 ms (Fig. 1f). The ADC increases for baseline D*v ⬍
20 ⫻ 10–3 mm2/s, and decreases for other baseline D*v
values.
Source of Stimulation-Induced ADC Changes
Figure 2 shows DW SE-BOLD percentage change maps at
three TEs. For data with TE ⫽ 16 ms, the highest signal
change (yellow pixels) is located at the surface of the
cortex when b is 2 s/mm2 (Fig. 2a), and is mostly suppressed when a diffusion weighting of b ⫽ 200 s/mm2 is
applied (Fig. 2b), suggesting that the major contribution to
the SE-BOLD signal change is from venous blood (15). In
data with TE ⫽ 28 and 60 ms (Fig. 2d–i), large regions of
activation can be seen within the gray matter area (depicted by the green contour), regardless of b-value. This
indicates that BOLD signal changes come mostly from the
EV compartment. For TE ⫽ 60 ms, a slight difference
between different b-value data was observed due to different SNRs. For TE ⫽ 28 ms, the difference in the signal
change between b ⫽ 2 and 200 s/mm2 is more noticeable
than for TE ⫽ 60 ms because there is small intravascular
BOLD signal change at this intermediate TE value (15).
Quantitative analyses were performed for the averaged
percentage signal changes (⌬S/S) of the surface and middle
cortical ROIs (depicted by the pink and yellow pixels,
respectively, in Fig. 2c), and the results are shown as a
function of TE in Fig. 3a and b. At the middle cortical ROI
(Fig. 3a), ⌬S/S decreases as b increases from 2 to 200 s/
mm2 for all three TE values, while the ⌬S/S at b ⫽ 800 s/
mm2 is almost identical to that of b ⫽ 200 s/mm2 for both
TE ⫽ 28 and 60 ms. At the cortical surface ROI (Fig. 3b),
the difference in ⌬S/S between b ⫽ 2 and 200 s/mm2 is not
signiﬁcant for TE ⫽ 60 ms, while there is a signiﬁcant
difference for TE ⫽ 16 ms and TE ⫽ 28 ms. Interestingly,
the ⌬S/S at b ⫽ 800 s/mm2 was slightly higher than that of
b ⫽ 200 s/mm2.
Absolute ADC changes were calculated from both ROIs
at each of the three TE values using Eq. [3] (Fig. 3c). The

ADC Changes in SE fMRI

1287

FIG. 1. Simulated percentage change of
ADC as a function of TE at 9.4 T based on
the three-compartment model. The ADC
values were calculated from b ⫽ 2 and
200 s/mm2. Parameter values for fractional
arterial blood volume change ⌬Va (a), fractional venous blood volume change ⌬Vv (b),
blood oxygenation level change ⌬Y (c),
baseline fractional venous blood volume Vv
(d), arterial pseudo-diffusion coefﬁcient Da*
(units of 10–3 mm2/s) (e), and venous pseudo-diffusion coefﬁcient Dv* (unit of 10–3
mm2/s) (f) were varied, while other parameter values were ﬁxed as listed in Table 1. In
e and f, it was assumed that Da* and Dv*,
respectively, increase by 50% during
stimulation.

stimulation-induced ADC change is not signiﬁcantly different from zero at the middle cortical ROI when obtained
from the large b-value pair for TE ⫽ 28 or 60 ms (P ⬎ 0.09,
N ⫽ 6), suggesting that the contribution of tissue signals to
functional ADC change is minimal. At the cortical surface,
there is a very small (⬍0.3%) but statistically signiﬁcant
functional ADC decrease from the large b-value pair for
both TE ⫽ 28 and 60 ms (P ⬍ 0.02). For both ROIs, ⌬ADC
at TE ⫽ 16 ms obtained from the small b-value pair is
signiﬁcantly larger than the corresponding values at TE ⫽
28 and 60 ms. For TE ⫽ 28 and 60 ms, ⌬ADC values from
the middle ROI obtained from the small b-value pair are
not statistically different (P ⫽ 0.23, N ⫽ 6). At the cortical
surface, however, ⌬ADC is slightly larger (P ⫽ 0.03, N ⫽ 6)
at TE ⫽ 28 ms than at TE ⫽ 60 ms.
In order to visualize the ADC activation, functional ADC
t-maps were obtained from the DW data of the study
shown in Fig. 2. The ADC t-maps calculated from the small
b-value pair for all three TEs (Fig. 4a– c) show a functional
ADC increase within the cortex, which is consistent with
results from the middle cortical ROI for all animals (Fig.
3c). For the TE ⫽ 60 ms image, a Gaussian ﬁlter with an
FWHM of 1.5 pixel was applied. Although a large number
of activated pixels were observed in all three ADC t-maps,

their spatial characteristics show a strong dependence on
TE. For TE ⫽ 16 ms, the ADC activation is highest at the
surface of the cortex, while the activated pixels with highest ADC changes appear within parenchyma for TE ⫽ 28
and 60 ms. In Fig. 4d, the ADC activation map calculated
from the large b-value pair at TE ⫽ 28 ms has few ADCincreased pixels within the parenchyma, consistent with
Fig. 3c, and also ADC-decreased pixels at the surface of the
cortex. Similar results were found for TE ⫽ 60 ms (not
shown).
Further insights into the functional ADC change can be
obtained from its temporal characteristics. ADC dynamics
will follow a typical hemodynamic response pattern if the
hemodynamic response is the major source of functional
ADC changes. Figure 5 shows the averaged time courses
(N ⫽ 6) of ADC responses with TE ⫽ 28 ms in the middle
cortical ROI. The baseline ADC values calculated from the
small and large b-value pairs for the ROI are 0.92 and
0.82 ⫻ 10–3 mm2/s, respectively. In the middle cortical
ROI, the ADC response is expected to be slightly faster
than the BOLD response because the BOLD signal originates mostly from small vessels on the venous side, while
the ADC signal has a signiﬁcant arterial blood contribution. However, our temporal resolution (3.6 s) was too

FIG. 2. DW SE-BOLD signal percentage change maps overlaid on
T1-weighted images. Results are
shown for TE ⫽ 16 ms with (a) b ⫽
2 s/mm2 and (b) 200 s/mm2 on
one animal. The remaining images are from a second animal for
TE ⫽ 28 ms with (d) b ⫽ 2 s/mm2,
(e) 200 s/mm2, and (f) 800 s/mm2,
and for TE ⫽ 60 ms with (g) b ⫽
2 s/mm2, (h) 200 s/mm2, and (i)
800 s/mm2. In c, ROIs are shown
as deﬁned, where pink represents
the cortical surface ROI and yellow represents the middle cortical
ROI. All maps were calculated on
pixels with t-value ⱖ 2 and cluster
size ⱖ 3. Note the difference in
the color bar scales for different
TE values.
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ADC values, the ⌬ADC/ADC calculated from the small
b-value pair, and the ⌬S/S values of BOLD signals (b ⫽
2 s/mm2 results) are shown as a function of cortical depth
in Fig. 6, where the horizontal axis represents the distance
from the surface of the cortex. The cortical thickness of the
gray matter in the visual cortex is around 1.6 mm, and the
upper, middle, and lower cortical regions were determined based on literature values (29). The baseline ADC
values are similar for all three TE values (Fig. 6a), with
values at the middle and lower cortical regions within the
range of 0.85 ⫺ 0.95 ⫻ 10–3 mm2/s, and gradually increasing to ⬃2 ⫻ 10–3 mm2/s at the surface of the cortex. This
increase in the upper cortex is likely caused by the partialvolume effect of cerebrospinal ﬂuid (CSF), which has a
larger diffusion coefﬁcient than tissue water (⬃2.5 ⫻ 10–3
mm2/s), and/or faster blood movement in the large surface
vessels. For TE ⫽ 16 ms, a broad peak of ⌬ADC/ADC is
observed at the middle of the cortex even though the
highest value of ⌬ADC/ADC is located at the cortical surface. In contrast, the BOLD signal change for TE ⫽ 16 ms
monotonically decreases with cortical depth. These large
ADC and BOLD changes at the surface of the cortex are due
to signiﬁcant venous blood contributions. For both TE ⫽
28 and 60 ms, ⌬ADC/ADC (Fig. 6b) peaks at the boundary
of the middle and deeper cortical layers (⬃1.1 mm),
slightly shifted compared to the SE-BOLD responses (Fig.
6c). The ratio of ⌬ADC/ADC at the middle of the cortex to
that at the surface of the cortex is signiﬁcantly higher than
the same comparison for the BOLD signal changes (⌬S/S at
the middle of the cortex is about ⬃50% higher than at the
cortical surface for TE ⫽ 28 and 60 ms data, while ⌬ADC/
ADC at the middle of the cortex is ⬃2 and 4 times the
surface values for TE ⫽ 28 and 60 ms, respectively). The
FWHM of the peak, peak position, and peak intensity of
ADC, SE-BOLD, and CBV-weighted results are listed in
Table 2. The FWHM of the ADC response is slightly
broader than that of the CBV response, but is much narrower than that of the BOLD response (⬃33% for TE ⫽
60 ms). This indicates that the spatial origin of the ADC
change is better localized to the middle cortical region as
compared to SE BOLD.
DISCUSSION
FIG. 3. Quantitative results of regional analysis (N ⫽ 7 for TE ⫽
16 ms; N ⫽ 6 for TE ⫽ 28 and 60 ms). The BOLD signal percentage
change is graphed as a function of TE for three b-values from within
(a) the middle cortical ROI and (b) the cortical surface ROI. c:
Absolute ADC change was calculated from the small and large
b-value pairs for both ROIs. The paired t-test results are represented by symbols: n/s ⫽ not signiﬁcant (P ⬎ 0.05), * P ⬍ 0.05, **
P ⬍ 0.01, and *** P ⬍ 0.001.

slow to detect such a difference (4). The time course of
ADC calculated from the small b-value pair was very similar to the BOLD response (b ⫽ 2 s/mm2), while no change
was detected for the ADC data calculated from the large
b-value pair.
Spatial Localization of ADC Changes
Signal proﬁles across the cortex were obtained to determine the spatial speciﬁcity of the ADC response. Baseline

Since an imaging voxel in the parenchyma contains tissue
and arterial and venous blood water, the measured ADC
value is a weighted function of ADC values from these
pools. When the signal from the venous pool is suppressed
by using a long TE value at 9.4 T, only tissue and arterial
blood pools contribute to the ADC. Additionally, b-values
of 200 and 800 s/mm2 will suppress the arterial blood
contribution, leaving mostly signals from the tissue pool.
Therefore, based on multiple TE and b-value studies, the
relative contribution of these three pools to functional
ADC changes can be evaluated. Our results show that 1) an
ADC change in the tissue pool was not detected with our
experimental settings; 2) in the small b-value regime, an
arterial blood volume increase is likely to be the major
source of ADC change when the venous signal contribution is removed; 3) at short TE values, the contribution of
the venous signal change can be signiﬁcant, even dominant at 9.4 T, and is mostly due to the venous blood
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FIG. 4. Functional ADC t-maps. Values are
calculated from the small b-value pair for
TE ⫽ 16 ms (a), 28 ms (b), and 60 ms (c),
and from the large b-value pair for TE ⫽
28 ms (d). All pixels were calculated using
t ⱖ 2 and cluster size ⱖ 3. For the TE ⫽
60 ms image, a Gaussian ﬁlter with an
FWHM of 1.5 pixels was applied.

oxygenation level change; and 4) the ADC activation maps
show better spatial localization to the middle cortical layer
than the BOLD SE maps.
Origins of Functional ADC Change
Tissue
In previous studies (9,11) a small transient decrease in
ADC was observed in the tissue pool and attributed to cell
swelling during stimulation. In our experiments, no ADC
change was detected in the tissue compartment, while
very small ADC decreases (⬍0.3%) were observed at the
cortical surface using the large b-value pair. Our inability
to observe the ADC decrease at the parenchyma may be

FIG. 5. Averaged time course of ADC and BOLD percentage
change for TE ⫽ 28 ms at the middle of the cortex (N ⫽ 6). The open
circles indicate ADC calculated from the small b-value pair, the
squares indicate ADC calculated from the large b-value pair, and the
gray triangles indicate the BOLD (b ⫽ 2 s/mm2) signal percentage
changes. The black bar shows the stimulation period.

FIG. 6. Cortical depth proﬁles of the baseline ADC (a), and the ADC
and BOLD percentage change (b and c) at three TEs. The choice of
areas for proﬁle calculation appears as red boxes on a T1-weighted
image in the inset in a. ADC data were calculated from b ⫽ 2 and
200 s/mm2, and BOLD data were obtained from b ⫽ 2 s/mm2. The
yellow background represents the middle cortical layer. Data points
are shown as the mean ⫾ standard error of the mean (SEM).
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Table 2
Comparison of Cortical Depth-Dependent Functional ADC, BOLD, and CBV Changes

⌬ADC/ADC (TE ⫽ 28 ms)
⌬ADC/ADC (TE ⫽ 60 ms)
⌬S/S (SE-BOLD, TE ⫽ 28 ms)
⌬S/S (SE-BOLD, TE ⫽ 60 ms)
⌬CBV/CBV (GE)a
⌬CBV/CBV (SE)a
a

FWHM
(mm)

Peak position
(mm)

Peak intensity
(%)

1.05
0.96
1.33
1.42
0.92 ⫾ 0.09
0.79 ⫾ 0.14

1.10
1.12
0.97
0.99
1.00 ⫾ 0.09
1.00 ⫾ 0.08

1.17
1.17
0.74
1.34
9.96 ⫾ 4.12
5.55 ⫾ 1.80

From reference 36.

due to inadequate SNR and suboptimal b-values. Additionally, our DW SE sequence can have confounding effects on the functional ADC change. As shown by previous
reports (30 –34), coupling (or the cross-term) between the
diffusion-weighting gradients and the background inhomogeneity gradients reduces the measured ADC value for
a pulsed-gradient SE (PGSE) type sequence. The magnitude of this effect is dependent on the strength of the
background gradients and on experimental parameters,
such as TE and diffusion time. In fMRI studies using a
PGSE sequence, the decrease of intravascular susceptibility during activation will cause an increase in the measured EV ADC (8). This effect is present in both the small
and the large b-value regimes, and is expected to be more
larger at high ﬁelds. This cross-term contribution to fMRI
ADC measurement may cancel out any ADC-decreasing
effect. We can roughly estimate how large this effect might
be in our experiments assuming the ADC decrease is linearly dependent on the increase in ﬁeld inhomogeneity
(⌬R*2) (32). For typical functional ⌬R*2 values of cat visual
stimulation (26), the ADC decrease due to the susceptibility effect change would not exceed 0.3% at the parenchyma and 0.5% at the cortical surface for our experimental parameters. Therefore, the contribution of the susceptibility effect to the ADC measurement (especially at the
parenchyma) is expected to be small in our results. Nevertheless, in order to detect a weak ADC decrease in the
large b regime, one must ﬁrst minimize background susceptibility effects. For this purpose one can use a bipolarpaired PGSE sequence that utilizes a pair of bipolar gradients that are antisymmetrical about the 180° refocusing
pulse (31,32). Further studies are needed to determine
whether any tissue ADC change is detectable at high ﬁeld
using the bipolar-paired PGSE sequence or other techniques that can minimize the contribution from the susceptibility effect.
Arterial and Venous Blood
In our 9.4 T studies the functional ADC change from the
tissue pool was minimal, and therefore the changes mostly
arose from the arterial and venous blood pools. In the
small b-value regime, the relative contributions of the arterial and venous compartments to the ADC response were
drastically different due to their different T2 values at
9.4 T. Since T2 of arterial blood is similar to that of tissue
(40 ms), the contribution from the change of arterial blood
volume and ﬂow to the ADC response is nearly TE-independent. In contrast, T2 of venous blood is much shorter

(⬃6 ms) than tissue T2, and the contribution from the
venous blood signal change is therefore strongly dependent on TE (it is negligible for long TE (⬎40 ms), and
increases to a peak at a TE value of 10 –15 ms (15)). At
TE ⫽ 28 or 60 ms, there is small or negligible intravascular
BOLD signal change from venous blood, and the ADC
change mostly comes from a change in arterial blood ﬂow
and volume. Since an elevation of arterial blood volume
would increase ADC (Fig. 1a), and an increase in velocity
(or Da*) would decrease it (Fig. 1e), the observed small
positive ADC change suggests that an arterial CBV increase
is more dominant than a velocity increase. According to
our simulation, an increase in D*v would decrease the ADC
for voxels containing mainly large vessels with large D*v,
but would increase the ADC for those containing microvessels, including postcapillary venules and capillaries. It should be noted that this transition point of the D*
value is dependent on the two b-values used for the ADC
measurement. Using computer simulations, Song et al. (5)
observed similar effects of a blood velocity increase on
ADC changes.
At a TE of 16 ms, both arterial and venous blood signals
contribute to the ADC change. The venous blood contribution is more prominent at the area with large surface
vessels, due to a higher baseline Vv. Since the arterial
volume contribution to the functional ADC change is almost TE-independent, the difference between ADC values
measured at 60 ms (with minimal venous blood contribution) and 16 ms is likely due to an increase in venous
oxygenation level. Our simulations indicate that changes
in venous CBV (Fig. 1b) and blood velocity (represented by
D*v, Fig. 1f) also contribute to TE-dependent ADC changes,
but with a smaller effect than venous oxygenation level
changes for the three TEs used in our experiments.
At low magnetic ﬁelds, it is difﬁcult to separate arterial
and venous blood contributions to functional ADC
changes when only one TE is used. Furthermore, the T2 of
arterial blood is much longer than the T2 of tissue. Venous
blood T2 is also quite long (e.g., 90 –180 ms at 1.5 T
depending on Y) and comparable to or signiﬁcantly longer
than T2 of tissue (⬃ 90 ms in gray matter at 1.5 T) (35).
Thus, when the TE is equal to the tissue T2 value, the
contribution of arterial and venous blood is higher at low
ﬁelds than at 9.4 T, and consequently the ADC change
induced by both arterial and venous blood would be
higher. This can partially explain the large discrepancy
between the small ADC changes we observed (1–2%) and
the larger values reported for human studies at 3– 4 T
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(8 –15%), as well as the obvious differences between
awake humans and anesthetized cats.

comments on the manuscript, and Dr. Allen W. Song at
Duke University for valuable discussions.

Spatial Localization of the Functional ADC Change
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