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Diffusion-weighted (DW) functional magnetic resonance imaging (fMRI) signal changes have been noted as a
promising marker of neural activity. Although there is no agreement on the signal origin, the blood oxygen
level dependent (BOLD) effect has figured as one of the most likely sources. In order to investigate possible
BOLDand non-BOLD contributions to the signal, DW fMRIwas performed onnormal volunteers using a sequence
with two echo-planar acquisitions after pulsed-gradient spin-echo. Along with the changes to the signal
amplitude (ΔS/S) measured at both echo-times, this sequence allowed changes to the transverse relaxation
rate (ΔR2) to be estimated for multiple b-values during hypercapnia (HC) and visual stimulation (VS). ΔS/S
andΔR2 observedduringHCwere relatively insensitive to increasingb-value. On the other hand,ΔS/S demonstrated
a clear dependence on b-value at both echo-times for VS. In addition,ΔR2 during the latter half of VSwas significant-
ly more negative at b = 1400 s/mm2 than for the time-courses at lower b-value, but ΔR2 during the post-stimulus
undershoot was independent of b-value. The results have been discussed in terms of two models: the standard
intravascular-extravascular model for fMRI and a three-compartment model (one intra- and two extravascular
compartments).Within these interpretations the results suggest that themajority of the response is linked to chang-
es in transverse relaxation, but possible contributions from other sources may not be ruled out.

© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).

Introduction

MRI with blood oxygen level dependent (BOLD) contrast has been
widely used as a functional imaging tool, and it is now one of the most
important methods in the neuroscience field (Ogawa et al., 1992,
1993). The BOLD signal reflects deoxyhaemoglobin concentration
changes in the bloodstream in response to changes to the cerebral met-
abolic rate of oxygen (CMRO2), cerebral blood flow and cerebral blood
volume (CBV). Therefore, BOLD reveals changes in neural activity only
indirectly (Buxton, 2012; Obata et al., 2004). For this reason many re-
searchers have attempted to develop diffusion-weighted functional

MRI (DW fMRI) methods that provide more direct information about
neural activation (Aso et al., 2009; Darquie et al., 2001; Harshbarger
and Song, 2004; Jin and Kim, 2008; Jin et al., 2006; Kershaw et al.,
2009; Kohno et al., 2009; Le Bihan et al., 2006; Miller et al., 2007;
Yacoub et al., 2008). An example of this is the two-phase functional dif-
fusion model that Le Bihan et al. introduced as a means to interpret
heavily DW fMRI (Le Bihan et al., 2006). Within this model, tissue
water molecules are said to undergo slow exchange between a slow-
diffusion phase (SDP) and a fast-diffusion phase (FDP), and the fMRI sig-
nal change is understood as an expansion (contraction) of the SDP
(FDP) during the application of a stimulus. Hence, it was hypothesised
that measuring changes to the SDP expansion coefficient might provide
anMRI-basedmethod for directly observing cell swelling during neuro-
nal activity. If that hypothesis holds true, DW-fMRI would become a
functional imaging method with the potential to directly detect neural
activity.

Motivated by this possibility, Miller et al. (2007) performed a DW-
fMRI study using a protocol similar to that of Le Bihan et al. They
observed similar signal changes not only during visual stimulation
(VS), but also under hypercapnia (HC), which suggests that the DW-
fMRI signal changes are largely due to the haemodynamic response

NeuroImage 98 (2014) 258–265

Abbreviations: BOLD, blood oxygen level dependent; CBV, cerebral blood volume;
CMRO2, cerebral metabolic rate of oxygen; CSF, cerebrospinal fluid; DW, diffusion-
weighted; EPI, echo planar imaging; EV, extravascular; FDP, fast-diffusion phase; FIV,
fast intravascular phase; fMRI, functional magnetic resonance imaging; HC, hypercapnia;
IV, intravascular; MPG, motion-probing gradient; PGSE, pulsed-gradient spin echo;
PSCR, positive stimulus-correlated response; PSU, post-stimulus undershoot; SDP, slow-
diffusion phase; VS, visual stimulation.
⁎ Corresponding author at: Research Center for Charged Particle Therapy, National

Institute of Radiological Sciences, Anagawa 4-9-1, Inage-ku, Chiba 263-8555, Japan.
E-mail address: t_obata@nirs.go.jp (T. Obata).

http://dx.doi.org/10.1016/j.neuroimage.2014.04.050
1053-8119/© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

Contents lists available at ScienceDirect

NeuroImage

j ourna l homepage: www.e lsev ie r .com/ locate /yn img

http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuroimage.2014.04.050&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://dx.doi.org/10.1016/j.neuroimage.2014.04.050
mailto:t_obata@nirs.go.jp
http://dx.doi.org/10.1016/j.neuroimage.2014.04.050
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://www.sciencedirect.com/science/journal/10538119


rather than neuronal cell-swelling. On the other hand, other groups
have found the response to hypercapnia at high b-value to be signifi-
cantly smaller than that during visual stimulation (Kuroiwa et al.,
2008; Urayama et al., 2008). Overall, no conclusive agreement on
the origin of the DW-fMRI signal has been arrived at, but the BOLD
effect has figured as one of the most prominent suggested sources
(Rudrapatna et al., 2012).

As originally proposed, the BOLD signal model for fMRI consists of in-
travascular (IV) and extravascular (EV) contributions so that the fraction-
al signal changeΔS/S=(ΔSi+ΔSe) / S (Buxton et al., 1998). The EVBOLD
model predicts that ΔSe increases with TE, so it is often convenient to
characterise the EV contribution as a change in the transverse relaxation
rate of a single-exponential decay Se = S0e exp(−TE R2e). However, to
also account for a possible non-BOLD contribution (ΔS0e/S0e), the change
can be written as ΔSe ≈ [ΔS0e/S0e − TE ΔR2e] S0e exp(−TE R2e). The
IV contribution ΔSi is thought to be substantially attenuated for
b N 200 s/mm2 (Le Bihan et al., 1988), so that in the limit of large b
it is expected that ΔS/S ≈ ΔSe/Se = ΔS0e/S0e − TE ΔR2e. Note that
if ΔS0e is zero then the total signal change is due to ΔR2e alone.
Now, if the IV–EV model is an adequate description for DW-fMRI, a
measurement of−ΔR2,which representsminus the change to the over-
all apparent transverse relaxation rate R2, should approach−ΔR2e and
have a time-course with shape similar to that of ΔS/S at high b-value. It
follows that simultaneous measurements of ΔS/S and−ΔR2 may pro-
vide useful information to investigate the contribution of BOLD and
other effects to DW-fMRI signal changes.

In this work, a second 180-degree RF pulse was added to a standard
pulsed-gradient SE (PGSE) echo-planar imaging (EPI) sequence so that
the transversemagnetisation refocuses again at TE2 (Fig. 1). Alongwith
the usual b-value dependent changes to the signal amplitude obtained
from DW-fMRI experiments, the EPI acquisitions at TE1 and TE2
allowed the transverse relaxation rate (R2 = 1/T2) at different diffusion
weightings to be estimated during the performance of a task. Experi-
ments were performed for both hypercapnia and visual stimulus tasks.

Materials and methods

This studywas approved by the Institutional Ethics Committee of the
National Institute of Radiological Sciences, Chiba, Japan and signed
informed consent was obtained from each participant.

Data acquisition

DW fMRI experiments during HC and VS were conducted on a
whole-body 3 T MRI system (Signa HDx, GE Healthcare, Milwaukee,
WI, USA). Acquisitions were performed using a multiple SE EPI
sequence with PGSE diffusion-weighting (Fig. 1). The diffusion-
weighting gradients were placed on either side of the first refocusing
RF-pulse and directed along the readout axis. The repetition time (TR)
was 2000 ms for the VS, and 1000 ms for the HC experiments. The

following imaging parameters were common to both the VS and
HC experiments: TE1 = 71.3 ms, TE2 = 129.2 ms, 64 × 64 matrix,
3.75× 3.75 × 5mm3 pixel size, and 4 slices. The amplitude of the pulsed
gradient was altered while the timing was fixed to obtain b-values of 1,
200 or 1400 s/mm2. Pairs of b-values were selected (either b = 1400
and 1, or 1400 and 200 s/mm2), and the higher and lower
diffusion weightings were alternated every TR to minimize the effects of
motion. Since the highest b-value images have lower SNR, a b-value of
1400 s/mm2 was included in both pairs of diffusion weightings to
increase the number of data points. The order of the b-value pairs was al-
ternated to avoid possible systematic bias.

Hypercapnia

Eight healthy volunteers participated in the HC experiments. To in-
duce temporary hypercapnia, 5% CO2 gas (together with 21% O2 and
74% N2) was administered for 60 s followed by 120 s of normal air
with end-tidal CO2 monitored. The paradigm consisted of 2 cycles of
60 s administration and 120 s rest repeated once for each b-value pair
on each volunteer. Imaging slices were set to cover the same parts of
the visual cortex as for the VS experiments.

Visual stimulation

Twelve healthy volunteers participated in the VS experiments. Visu-
al stimulation was provided by a black-and-white checkerboard alter-
nating at 8 Hz. A small horizontal arrow was placed in the center of
the checkerboard, and it randomly changed direction from right to left
or from left to right during activation. To avoid sleepiness and monitor
vigilance, the subjects had to push amouse button if the arrow changed
direction. Prior to the DW fMRI experiments, a T2*-BOLD fMRI experi-
ment with slices covering the whole brain was performed to search
for the most activated slice in the visual cortex. The VS protocol for
this preliminary experiment was 3 cycles of 30 s activation and 30 s
rest. The four slices used for DW fMRI were selected from a functional
map created by the BrainWave software (GE Healthcare). After slice se-
lection, DW fMRI duringVSwas performedwith a stimulation paradigm
of 4 cycles of 40 s activation and 80 s rest. The paradigm was repeated
twice for each b-value pair on each volunteer.

Data processing

After smoothing all images (3 × 3 spatial + 7-point (HC) or 3-point
(VS) temporal box filters) and averaging over all stimulus cycles, acti-
vated pixels in the first-echo (TE1) image sets were identified for both
HC and VS with a pixel-by-pixel t-test analysis between stimulation
and baseline time points. The intervals for the HC data set were 15
time points during CO2 administration (31–60 s after onset) and 16
points (149–180 s after onset) to define the baseline. The intervals
selected for the t-test applied to the VS data set were 5 central
time points during VS (16–34 s after stimulus onset) and 9 points
(88–120 s after onset) to define the baseline. All voxels in the b =
200 and 1400 s/mm2 data sets with t-value of more than 4 at TE1
(p b 10−4, uncorrected for multiple comparisons) were defined as
activated, and the same voxels were used to perform the analysis of
all b-value and TE data from a particular subject. The regions of interest
(ROIs) were manually selected from the whole cortex (except the fron-
tal cortex) for HC and from the activated pixels in the visual cortex for
VS. The frontal cortex was ignored for HC because of the susceptibility
artefact in the vicinity of the frontal sinus. The DW fMRI time-series
were averaged over the ROI selected for each subject before the frac-
tional signal change was calculated. Note that the two repetitions of
the acquisition paradigm performed for the VS experiments were
analysed separately and the resultant time-series were averaged. The
time-series were then averaged over all subjects for both the first and
second echoes.
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Fig. 1. Pulsed-gradient spin-echo (PGSE) with double EPI acquisition. After standard PGSE
diffusion-weighting, MR signals at two echo-times (TE1= 71.3 ms and TE2= 129.2 ms)
were obtained so as to estimate R2 at each b-value.
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