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a b s t r a c t
Diffusion-weighted functional MRI (DfMRI) has been reported to have a different response pattern in the
visual cortex than that of BOLD-fMRI. Especially, the DfMRI signal shows a constantly faster response at
both onset and offset of the stimulus, suggesting that the DfMRI signal might be more directly linked to neuronal events than the hemodynamic response. However, because the DfMRI response also contains a residual
sensitivity to BOLD this hypothesis has been challenged. Using a verbal working memory task we show that
the DfMRI time-course features are preserved outside visual cortices, but also less liable to between-subject/
between-regional variation than the BOLD response. The overall ﬁndings not only support the feasibility of
DfMRI as an approach for functional brain imaging, but also strengthen the uniqueness of the DfMRI signal
origin.
© 2012 Elsevier Inc. All rights reserved.

Introduction
It is known that there are acute changes in the microscopic structure
of neural tissues accompanying neuronal activation in the vertebrate
brain. Such phenomena were initially observed as a change in tissue
optical properties (light transmittance) occurring during activation and
interpreted as cell swelling (Andrew and MacVicar, 1994; Lipton, 1973;
MacVicar and Hochman, 1991). This hypothesis has been later conﬁrmed
through the observation of a transient decrease of the extracellular
volume by ion-sensing microelectrodes (Dietzel et al., 1980; Pannasch
et al., 2011).On the other hand, a transient decrease in water diffusion
in the activated visual cortex has been reported in the human and rat
brain using heavily sensitized diffusion fMRI (DfMRI) (Le Bihan et al.,
2006; Yacoub et al., 2008). The temporal precedence up to 4 s in
time-to-peak of the DfMRI signal response to that of hemodynamic
BOLD-fMRI suggests a non-vascular mechanism, superimposed to a
residual tissue BOLD component (Aso et al., 2009). This temporal precedence of the DfMRI response to hemodynamic events was further
extended to near-infrared spectroscopy (NIRS) signals which was close
to BOLD response, but not with DfMRI (Kohno et al., 2009). Furthermore,
the sharp onset and offset of the DfMRI signal at both the initiation and
termination of the stimulus matches the expected neuronal response,
while the temporal proﬁle of the BOLD fMRI response lags several seconds, reﬂecting the astrocyte response which is known to mediate the
blood ﬂow increase (Schummers et al., 2008). Similarly, the asymmetric
shape and timing of the intrinsic DfMRI response also closely mimic
the infrared transmittance optical signal features observed during the
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activation of brain slices ex vivo, to the opposite of the hemodynamic
BOLD fMRI response. As more direct evidence, the activation-induced
decrease in water diffusion has also been observed with diffusion MRI
in such brain slices where no blood ﬂow is present (Flint et al., 2009).
Based on the exquisite sensitivity of diffusion MRI to variations of cell
volume (Anderson et al., 1996; Sotak, 2004), those activation-induced
changes in water diffusion have been tentatively ascribed to cell swelling
in the neuropil (Le Bihan, 2007; Le Bihan et al., 2006). However, this proposal has been challenged by some groups who believe that DfMRI only
reﬂects vascular events, although they do not suggest mechanisms (Kim
and Kim, 2006; Miller et al., 2007).
In the present study our aim was to investigate whether the DfMRI
response features initially reported in the visual cortex (Le Bihan et al.,
2006) could also be observed in other brain cortical regions activated
with more cognitive paradigms. The stability of this DfMRI response
(obtained using a spin-echo sequence with b = 1800 s/mm 2) was
also assessed across brain regions and across individuals, and compared with the spatial/individual variations of the BOLD fMRI signals
acquired with both spin-echo (SE) MRI (b = 0) and gradient-echo
(GRE) sequences, as the two methods are known to be sensitive to
different vascular pools (Boxerman et al., 1995; van Zijl et al., 1998).
The ﬁndings altogether suggest that BOLD and diffusion fMRI rely on
different mechanisms.
Materials and methods
Subjects
Twenty-one healthy Japanese subjects participated in the study.
Experiments were approved by a local ethics committee and all
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volunteers gave informed consent. Subjects were excluded prior to the
experiment if they had any medical, neurological, or psychiatric illness
or if they were taking any prescription medications. Furthermore, we
selected subjects known for their good head immobility during MRI
scanning (b5 mm among all the fMRI volumes of a whole session),
based on their previous participation in various BOLD fMRI studies
in our laboratory, to ensure good quality for both BOLD and DfMRI
datasets.
Data acquisition
Visual stimulation
The 2-back working memory paradigm consisted in the random presentation of single Kanji characters from a small database (20-character
subset for each run from a pool of 200 Kanjis) projected at 1 Hz created
on a PC using Cogent toolbox (University College London, http://www.
vislab.ucl.ac.uk/Cogent/) with MATLAB (MathWorks, Natick, US) and
delivered with a digital light processing projector (Kaga components,
Tokyo, Japan) from outside the scanner room. Subjects were asked to
press a button when the present Kanji was identical to the second previous one (2 s memory retention period). Each task block lasted for 8 s
(8 characters) separated by a 24 s resting period (Fig. 1).

MRI acquisition
Because of the prohibitive acquisition length to perform DfMRI,
SE and GRE BOLD fMRI acquisitions, our subject population was split
in two groups, one group (13 subjects) with DfMRI/SE-BOLD and the
other group (8 subjects) with DfMRI/GRE-BOLD. More subjects were
recruited for SE-BOLD group in order to obtain a clean time course compensating for relatively lower signal:noise ratio (SNR) than GRE-BOLD.
All MRI measurements were carried out with a 3 T whole-body
scanner (Trio, Siemens, Erlangen, Germany) with an 8-channel phasedarray head coil. The DfMRI and SE-BOLD acquisition were performed
with a twice-refocusing spin-echo DWI sequence implemented by
Siemens for clinical DWI (Aso et al., 2009; Reese et al., 2003), and the
GRE-BOLD acquisition was obtained using Siemens standard product
sequence. The slice position was selected in semi-coronal orientation
covering the occipital and parietal lobes. Each subject went through
eight DfMRI, four SE-BOLD or four GRE-BOLD fMRI runs each lasting
312 s in an intermixed and balanced order. Other imaging parameters
were as follows: FOV 192× 180 mm, image matrix 64 60 voxels, slice
thickness 4 mm, slice gap 2 mm, the number of slices 8, phase-encode
direction R/L, the number of volumes (TRs) 312, partial Fourier factor
3/4 (no acceleration), TR 1000 ms, TEs 85/85/30 ms for DfMRI/SEBOLD/GRE-BOLD, b-values 1800/0 s/mm2 for DfMRI/SE-BOLD. After all
fMRI scans, T1-weighted 3D acquisition with MPRAGE sequence was
carried out to obtain anatomical information with the same imaging
parameters described in a previous paper (Aso et al., 2009). Adjustable
ﬁxation arms of the coil unit restricted the head motion bilaterally. Because diffusion MRI is highly sensitive to body motion (Anderson and
Gore, 1994), careful instruction was given to the subjects not to move
their heads during the whole session. Subjects were also asked not
to communicate orally during the session if possible, using instead a
hand-held rubber squeeze bulb, to avoid jaw joint and head movement.

Button press
Stimulus

Fig. 1. Single letter, two-back working memory task lasted 8 s separated by 24 s rest.

Data processing
Preprocessing
All MRI data were processed using SPM8 (http://www.ﬁl.ion.ucl.
ac.uk/spm/). Images were corrected for slice-timing of the interleaved
acquisition and for head motion. The head motion parameters were
used later as confounding variables in the statistical analysis. All of
the preprocessing steps were conducted separately for the DfMRI and
the BOLD-fMRI data sets. Automatic spatial registration of DfMRI volumes with anatomical images was prone to fail because diffusion MRI
images present asymmetric signal intensity in the white matter due
to diffusion anisotropy effects in ﬁber bundle. Instead, coregistration
between DfMRI and anatomical images was veriﬁed by careful visual
inspection of brain contours and adjusted, if necessary, by manually
giving the parameters for a rigid-body transformation using SPM8.
To improve co-registration of the sulcal structure spatial normalization to the MNI brain template was done using DARTEL (Ashburner,
2007). Since our acquisition FOV did not include anterior part of
the brain, we limited the bounding box of the ﬁnal normalized volumes at Y = − 15 mm plane (MNI atlas). Normalized volumes were
re-sliced to have 3 mm isotropic voxels. Finally spatial smoothing
was applied on the volumes using an 8 × 8 × 6mm FWHM Gaussian
kernel.
First level (individual) activation maps
Brain activation was estimated ﬁrst for each individual for each of
the fMRI methods (DfMRI, SE-BOLD, GE-BOLD) using the canonical
Hemodynamic Response Function (HRF) and its derivative. By including the ﬁrst temporal derivative in the design matrix, possible temporal shifts of the response due to inter-area/subject variation can be
compensated (Friston et al., 1998). This was necessary because our
goal was to evaluate response variation across subjects/brain areas.
Head motion parameters were added to the individual design matrix
in order for the ﬁrst-order motion artifact to be regressed out. SPM
analysis was conducted using the default settings except for the estimation of autocorrelation using AR(1) model. We cancelled this feature implemented to model the noises in order to avoid possible
differential effect on the three signal types because its effect on relatively noisy data has not been established. As described below, individual activation maps were then used to infer brain response in
general population based on the random-effect model. We created a
ﬁgure to demonstrate the distribution of individual activation by the
number of individuals.
Second level (group) activation maps
In a previous report we used anatomically-deﬁned ROI in the
calcarine sulci to avoid bias arising from voxel selection method
(Aso et al., 2009). This time we conducted a group analysis to check
whether DfMRI activation is detectable with speciﬁcity from broader
brain regions, using the commonly used approach to process BOLD
fMRI data. The group analysis was conducted separately for the three
fMRI datasets (DfMRI, SE- and GRE-BOLD) as the second-level analysis
based on a random-effect model (Friston et al., 1999) to build or population level inference from individual parametric maps. The resulting
maps were thresholded at p b 0.001, uncorrected for multiple comparisons. We chose this uncorrected threshold to include as many voxels
as possible to evaluate variation in response features across detected
voxels at the cost of false-positives.
ROI analyses
Our secondary aim in conducting group activation mapping was
to test how the temporal relationship between DfMRI and BOLD is
preserved against voxel selection criteria. Since the GRE-BOLD dataset
was from 7 subjects which is small sample for t-test, only the SE-BOLD
activation map was used to deﬁne the BOLD-based ROI for the following analyses.
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as masks, which lied within the SE-BOLD ROIs, did not change the
results signiﬁcantly.
To further investigate this point, we also looked at the time courses
of voxels detected as activated for SE-BOLD but not for DfMRI, using
a threshold of P = 0.05 to create the exclusive mask to assure “no
activation” in DfMRI group SPM.
Amplitude correlation analysis. We conducted a correlation analysis
on response magnitude of DfMRI/BOLD to see how inter-individual
variation is correlated between DfMRI and BOLD.

Rise time
Fig. 2. Deﬁnition of the temporal proﬁle parameters. After ﬁltering by a three-point
moving average, the last TR of the resting period was used as the baseline from which
the peak amplitude/latency is measured. The 50% peak height is then used to deﬁne
onset/offset slopes.

Group ROI analysis. The left V1, IPS and basal occipitotemporal junction (basal OTJ, centered in the posterior part of the fusiform gyri)
were deﬁned using the Automated Anatomical Labeling (AAL) atlas
(Tzourio-Mazoyer et al., 2002) and ROIs were drawn from those
areas in the group activation maps obtained for DfMRI (n = 20) or
SE-BOLD (n = 13). For the response proﬁle analysis described later,
all voxels that are detected by both DfMRI and SE-BOLD group analyses were used. For plotting the time course, we used only voxels within the 15 mm-radius spheres centered at the cluster peaks in order to
eliminate marginal voxels.
The SE BOLD-ROIs were used to extract the signal time course of
the DfMRI and BOLD fMRI (Fig. 5). Taking the DfMRI identiﬁed ROIs

DfMRI

Individual ROI analysis. To conﬁrm the ﬁndings by group-based ROI
results, signals from individual DfMRI activation map (thresholded
at p b 0.001, uncorrected) was extracted from the bilateral primary
visual (V1, the calcarine sulci), the bilateral IPS and the left basal
OTJ. ROIs were deﬁned for each individual automatically by masking
the activation map with the corresponding AAL region map (left fusiform gyrus template was used for the basal OTJ).
Amplitude comparison. To compare the 3 fMRI methods in terms of
response magnitude variation, time courses were extracted separately
from the corresponding activation map from DfMRI or BOLD (either
SE- or GRE-). This is the only analysis in the present study where

+12
+48

0

+36

-12

+24

20

Subject count
y = -64

x = -30

0
BOLD-fMRI

Fig. 3. Overlayed individual activation maps from all subjects for DfMRI (top) and SE-BOLDfMRI (bottom) (thresholded at P=0.001, uncorrected). The color scale represents the
number of subjects whose voxels were activated at each location.

Fig. 4. Group activation maps from the 3 fMRI datasets. Maps are overlaid on the normalized gray matter template created by DARTEL from the individual brain volumes.
DfMRI cluster is almost overlapped by the SE-BOLD clusters. GRE-BOLD cluster is
small because of a fewer subjects of the GRE-BOLD group.
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different set of voxels were used for the 3 fMRI signals in order to focus
on the “best” voxels for the methods.
Response proﬁle analysis
The spatial variation of the response time proﬁles was investigated using the voxels that were commonly detected by DfMRI and
SE-BOLD group analyses. The signal response in each activated voxel
was extracted and pooled over all subjects before temporal proﬁles
were calculated. In addition temporal smoothing was applied to the
raw responses using three-point moving average before generating
spatial maps of the response time proﬁle features. The following parameters were investigated: Time-to-peak from the task onset, 50%
rise time after stimulus onset and 50% decay time after stimulus offset. Those rise and decay times were deﬁned as the time when the
signal reaches 50% of the difference between response peak and the
last time point before the task onset and offset, respectively. We created maps showing these parameters as voxel values to visualize its
spatial distribution (Fig. 2). We also created histograms of the values
from these maps using all voxels.

Signal responses in the BOLD group activation map
Fig. 5 shows the signal responses extracted from the group-wise
activated voxels deﬁned by SE-BOLD fMRI. The normalized DfMRI
response showed clear time precedence over both GE and SE BOLD
responses, conﬁrming our previous report in the visual cortex (Aso
et al., 2009; Le Bihan et al., 2006). Interestingly, while the time proﬁle
of the diffusion response is uniform across V1 and IPS, the initial slope
and the late undershoot differed between SE- and GRE-BOLD responses,
and between brain regions. Although the onset was later in SE than GRE,
the time-to-peak and the offset decay time were not so much different
between the two BOLD signals.
Fig. 6 shows signal response pooled over all 1846 voxels from
whole brain that were detected with SE-BOLD, but not with DfMRI
even at the low threshold of p = 0.05, uncorrected. A DfMRI response
can nevertheless be seen with a marked temporal precedence over
the BOLD response (time-to-peak of DfMRI/SE/GRE-BOLD = 7.5/9.5/
9.5 s). Failure to detect those voxels as activated likely results from
using the HRF model. Such a fast response would be better detectable
using the appropriate DhRF model (Aso et al., 2009).

Results
Individual and group activation maps
Brain activation was successfully detected in the dorsal and ventral visual information streams (Mishkin and Ungerleider, 1982) in
both DfMRI and BOLD-fMRI maps. Although the voxel clusters were
smaller and more scattered in DfMRI than BOLD, they clearly distributed to certain speciﬁcity in the primary visual (V1), IPS and basal OTJ
cortices (Fig. 3).
The group activation maps were similar across the three fMRI
methods, demonstrating selective activations centered in the primary
to extrastriate visual cortices, as well as in the banks of IPS (Fig. 4).
The overlapping voxels form a white cluster in the center. As can be
found in the maps, both cluster size and the number of voxels in each
ROI were smaller in DfMRI than in SE-BOLD: DfMRI/SE-BOLD in Left
V1 = 228/624, Left IPS 55/675, Left basal OTJ 40/183).

normalized

percent signal change

Lt V1, 624 voxels

Amplitude correlation analysis
Fig. 7A shows the inter-subject correlation between the DfMRI and
BOLD response amplitudes. There was no signiﬁcant correlation between
the DfMRI and BOLD magnitude over subjects (r=0.18, P=0.45).
Individual ROI analysis
Fig. 7B shows the individual response magnitude from the 20
subjects. The corresponding activation map for each method was
used in this analysis, unlike the previous one, in order to measure
highest response amplitude in each individual. There was smaller
inter-subject variation in DfMRI magnitude than BOLD as shown by
the error bar (95% conﬁdence interval), suggesting uncommon mechanisms of signal change.
The raw signal time courses extracted from those regions are shown
in Supplementary Fig. 1. The diffusion-weighted signal response started
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Fig. 5. fMRI time courses extracted from group-activated SE-BOLD clusters. Using three-point moving average, the curves are provided in addition to the raw values indicated by
small crosses. The response proﬁles such as the time-to-peak and amplitude are essentially the same with those from individual clusters (Supplementary Fig. 1). Percent signal
change plots (top) have error bars indicating standard error of mean over subjects.
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Voxels detected only by BOLD fMRI

Table 1
Response properties compared over regions and fMRI methods (Mean ± SD). All voxels
in the SE-BOLD group activation map masked with the AAL anatomical templates of the
three cortical regions were used.

0.6

Percent signal change

DfMRI
SE-BOLD

DfMRI Group 1/2

GRE-BOLD
0.3
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SE-BOLD

scaled DfMRI

V1
(calcarine sulci)

Left parietal lobe

Left fusiform
gyrus

7.0 ± 1.4
10.6 ± 1.2
9.3 ± 1.4
2.9 ± 1.8
6.5 ± 2.2
4.2 ± 0.8
2.0 ± 2.0
5.6 ± 1.4
5.3 ± 1.5
(2.4, −76.5, 7.5)

6.6 ± 2.0
10.4 ± 0.9
9.7 ± 2.2
3.1 ± 2.1
6.8 ± 2.0
5.1 ± 1.1
2.4 ± 3.4
5.7 ± 1.6
5.7 ± 2.7
Left/Right
(−34.9, −51.8, 57.0)/
(33.8, −53.6, 57.0)

7.9 ± 3.5
10.2 ± 2.1
8.9 ± 2.1
4.3 ± 4.2
6.5 ± 2.2
4.4 ± 0.7
1.8 ± 2.3
5.3 ± 1.8
4.7 ± 2.5
(−33.2, −48.7,
−16.0)
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Fig. 6. Response time courses averaged over all the 1180 voxels that were detected by SEBOLD group analysis (p=0.001, uncorrected, 2706 voxels) but not by DfMRI (p=0.05,
uncorrected, 1149 voxels). There is small DfMRI response peaking at 7.5 s after onset,
which is too fast for the HRF model resulting in false-negative. Error bars indicate standard
error of mean over subjects (n of D/SE/GRE=20/13/7).

and ended earlier than the BOLD signal in all three separate regions,
indicating the precedence of the diffusion response over BOLD is not
speciﬁc to visual cortices. Response parameters are summarized in
Table 1. The difference in time-to-peak from BOLD response was significant in all three regions by paired t-test across subjects (V1: P b 0.0001,
IPS: P = 0.005, basal OTJ: P = 0.0004). Comparing the left 2 panels,
the temporal proﬁle of the DfMRI response was preserved between
the two different subject groups.

order to obtain reliable values from each single voxel, time-to-peak
appear sometime shorter than the stimulus duration (8 s) for the
DfMRI response (Fig. 8A, top). It is also found in the smoothed time
course plots in the Fig. 5 peaking just before the offset, while the original signal starts to decrease only after the offset (crosses around the
lines, Fig. 5). The histograms show that the DfMRI response is faster
than BOLD in most voxels. The offset-time distribution appeared larger
for the DfMRI responses than the BOLD responses. From the proﬁle
maps (Fig. 8B), it appears that the BOLD response varies largely between brain regions while the DfMRI response is more homogeneous,
with some variations within clusters (arrowhead).

Response proﬁle mapping
Discussion
To investigate the spatial variations of the temporal proﬁles of the
responses we generated maps of the time-to-peak, rise and decay
times from the group data. Fig. 8A shows the histogram of the voxel
population for time-to-peak and 50% decay time. Because we applied
temporal smoothing before calculating those timing parameters in

A

The present results conﬁrmed earlier reports that the DfMRI signal
response precedes the BOLD signal in the visual cortex (Aso et al.,
2009; Le Bihan et al., 2006). Further, the temporal precedence seen
in the visual cortex during sensory stimulation was also found outside
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Fig. 7. A, Comparison of inter-individual response variation measured in all the activated voxels by SE-BOLD fMRI. Each point represents one subject to show the relationship
between the diffusion and BOLD (either of SE/GRE) response amplitudes. No correlation is found (r = 0.18, P = 0.45). B, Amplitude of the pooled responses in individual activation
clusters of corresponding fMRI signals. DfMRI response shows smaller inter-individual variation. Error bars show conﬁdence interval (n = 20, 13 and 7 for DfMRI, SE- and GRE-BOLD
respectively).
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Fig. 8. A, Histograms showing distribution of time-to-peak and offset time among voxels. All voxels that are commonly detected by DfMRI and SE-BOLD group analyses were used.
DfMRI response is faster than BOLD in both measures, but with a broad histogram only in decay time. The narrow histograms for time-to-peak (and rise time, not shown) may
indicate homogeneity in source of signal change while offset decay time suffers contamination by BOLD effect. B. Maps showing spatial distribution of the temporal proﬁle. The
3 parameters are color-coded in commonly activated voxels (6 s–12 s after onset for time-to-peak and 0 s–8 s for 50% rise/decay time). Within-cluster variation is small in the
rise time of DfMRI response.

the occipital lobe using a cognitive task and survived a random-effect
model in a similar manner as BOLD-fMRI. The way the DfMRI response
varied across regions and individuals also differed from BOLD, further
reinforcing the assumption that the physiological surrogate of the
DfMRI and BOLD signals is different.

An important feature of the present study is the use of a common
response template, the canonical HRF and its temporal derivative, to
assure non-biased comparison between methods. This strategy leads,
however, to a slight decrease in sensitivity for DfMRI which would be
better analyzed using a DRF (or DhRF) template (Aso et al., 2009), as
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suggested by the presence of false negative voxels in DfMRI maps
(Fig. 6). The localization of the DfMRI “activated” clusters was in very
good agreement with those revealed by BOLD-fMRI, although the clusters remain smaller. The use of a suboptimal template and the lower
SNR of the DfMRI data are certainly responsible this difference in size,
but we cannot exclude a differential distribution of the physiological
sources at the origin of the DfMRI and BOLD signal. This issue should
await future studies with higher spatial resolution.
In spite of the similarity in activity localization, the DfMRI and
BOLD signal responses differed in many aspects. Regarding the amplitude it is particularly interesting to note that the variance of the
response magnitude was lower for DfMRI than BOLD in spite of relatively higher signal SNR in BOLD fMRI (Aso et al., 2009). We also
failed to ﬁnd any amplitude correlation between those two methods
over subjects. Those observations are compatible with the fact the
DfMRI signal might be more directly related to neuronal responses
that the BOLD signal, as the degree of neurovascular coupling varies
across brain regions and individuals (Handwerker et al., 2004). On
the other hand the temporal precedence of diffusion response was
clearly present across subjects in all activated regions at the onset,
time-to-peak and offset of the responses. Furthermore, the variance
of those time markers across regions (such as V1 and the parietal
lobe) was signiﬁcantly lower for DfMRI than BOLD, again suggesting
that the DfMRI signal is closer to the neuronal response than the
hemodynamic BOLD response which is known to be highly variable.
Looking more precisely at our DfMRI results, it is important to note
that the variation in the offset-time was larger than in the onsettime across regions. This ﬁnding is perfectly in line with our model
(Aso et al., 2009) which predicts that the DfMRI response is 100%
driven by diffusion at onset and 100% driven by the residual BOLD
response seconds after the end of the stimulus, especially during the
post-stimulus undershoot.
Interestingly, there was a notable delay in the initial slope of
the SE-BOLD response relative to GRE-BOLD. To our knowledge this
difference in time course between SE and GRE BOLD has not been
reported earlier. In fact not many attempts have been made to compare
in detail the response proﬁle between those sequences, especially at
this level of precision and with our subject sample size. For example,
Hulvershorn et al. (2005) showed an earlier response of SE-BOLD than
GRE-BOLD by 1 s in the time-to-peak of an impulse response function
using only four subjects. Their analysis was based on a linear system assumption, which may not hold with longer stimuli (Birn and Bandettini,
2005). Also, our TE was signiﬁcantly longer because we used our DfMRI
sequence with b = 0, which might shift the BOLD sensitivity balance
towards different pools of blood vessels (Boxerman et al., 1995; van
Zijl et al., 1998). In any case, since the SE-BOLD and DfMRI signals were
obtained with the uniform TE the temporal precedence of the DfMRI
response reported here is, thus, particularly relevant and signiﬁcant.
Our results clearly show that the BOLD and DfMRI signals differ
in many aspects, suggesting that both approaches have different
physiological origins. While the hemodynamic nature of the BOLD response has been well established, the neuronal origin of the genuine
diffusion component of the DfMRI response, and even more its relation with cell swelling, remain, of course, to be demonstrated. Indeed,
several groups have tried to reproduce our earlier results, however
with mitigated success. For instance, Autio et al. (2011) failed to observe a time difference between BOLD and DfMRI responses. There
were, however, two major differences in their experimental settings
compared to ours: The magnetic ﬁeld strength and the brain region
investigated (primary somatosensory cortex). It is known that the
diffusion-weighted DfMRI signal response includes a residual BOLD
component and only the calculation of the ADC from the DfMRI response would provide a BOLD free response (Le Bihan et al., 2006).
While the diffusion component of the response does not depend on
magnetic ﬁeld, the BOLD response is, by principle, largely sensitive
to ﬁeld strength. At 7 T the BOLD signal change is expected to be

31

1.5–2 times larger than at 3 T (Schäfer et al., 2008), and even more
when intravascular signal is suppressed by diffusion weighting (Yacoub
et al., 2003). Hence, the fraction of the BOLD component to the DfMRI
signal at high ﬁeld is expected to be much higher and may overshadow
the pure diffusion response, so that differences between DfMRI and
BOLD responses may be more difﬁcult to observe (Yacoub et al., 2008).
As for the primary somatosensory cortex, it is known for exhibiting a
rather fast and strong onset response followed by a quick habituation
(Nangini et al., 2005), as conﬁrmed from electrophysiological recording
(Schroeder and Foxe, 2002). Furthermore, fMRI responses in the somatosensory areas invoked by electric ﬁnger nerve stimulation are notoriously unstable (Spiegel et al., 1999).
In the cat visual cortex Jin et al. (2008) failed to detect unique
response with a gradient-echo based diffusion MRI sequence. This
is not surprising, as effects of local magnetic ﬁeld gradients induced
by deoxyhemoglobin are much larger with gradient-echo based sequences. The abolition of the spin-echo response in the presence of
iron based contrast agents is also not surprising, as it results in a
strong negative response largely overwhelming the (positive) BOLD
response and interfering with the diffusion response (Le Bihan et
al., 2012). In summary, in light of those experimental differences,
we consider that those earlier reports, although interesting, dot not
allow to reject the existence of a pure diffusion component in the
DfMRI signal reﬂecting acute structural changes in the cortex tissue,
as acknowledged by those authors.
Indeed, some particular care is necessary to successfully carry out
DfMRI experiments, mainly because the MRI signal obtained at high
level of diffusion sensitization is low. Efforts must be made to obtain
a SNR as high as possible (for instance by reducing TE as possible,
which implies that gradient pulses are played on 3 axes simultaneously, by using phased-array coils, parallel imaging and partial Fourier acquisition schemes, etc.), while keeping sources of signal
ﬂuctuations (head motion, mechanical vibrations (Gallichan et al.,
2010), electrical instabilities in the gradient hardware, etc.) as low as
possible. It is always a good practice to check the SNR and the signal
stability level (for instance by looking at maps of the signal variance
across slices) before analyzing DfMRI data.
In conclusion, while it is clear that BOLD fMRI is an easier and more
robust approach to perform fMRI, especially in human subjects, DfMRI
potentially presents important advantages. If its neuronal origin is
conﬁrmed, DfMRI may overtake BOLD fMRI when neurovascular coupling fails, preventing BOLD responses to be seen while the underlying
brain activity remains normal. Such uncoupling has been reported in
speciﬁc situation, such as tissue close to arteriovenous malformation
(Lehericy et al., 2002), or in the presence of drugs which might
interfere with the neurovascular coupling, such as antihistaminic
agents and more importantly anesthetic drugs used in animal studies
(Masamoto et al., 2007). DfMRI may also be a better approach when
response time courses need to be known with some accuracy, for
instance to look at synchronization across brain regions during activation or estimate resting state network with higher frequency component than allowed with BOLD fMRI. In any case, DfMRI would highly
beneﬁt from technical progress to improve SNR, especially dedicated
gradient systems for diffusion-weighting (Feldman et al., 2011).
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.neuroimage.2012.11.005.
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