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Abstract: Functional magnetic resonance imaging (fMRI) has become one of the primary tools used
for noninvasively measuring brain activity in humans. For the most part, the blood oxygen leveldependent (BOLD) contrast is used, which reflects the changes in hemodynamics associated with
active brain tissue. The main advantage of the BOLD signal is that it is relatively easy to measure
and thus is often used as a proxy for comparing brain function across population groups (i.e., control vs. patient). However, it is particularly weighted toward veins whose structural architecture is
known to vary considerably across the brain. This makes it difficult to interpret whether differences in BOLD between cortical areas reflect true differences in neural activity or vascular structure.
We therefore investigated how regional variations of vascular density (VAD) relate to the amplitude of resting-state and task-evoked BOLD signals. To address this issue, we first developed an
automated method for segmenting veins in images acquired with susceptibility-weighted imaging,
allowing us to visualize the venous vascular tree across the brain. In 19 healthy subjects, we then
applied voxel-based morphometry (VBM) to T1-weighted images and computed regional measures
of gray matter density (GMD). We found that, independent of spatial scale, regional variations in
resting-state and task-evoked fMRI amplitudes were better correlated to VAD compared to GMD.
Using a general linear model (GLM), it was observed that the bulk of regional variance in restingstate activity could be modeled by VAD. Cortical areas whose resting-state activity was most suppressed by VAD correction included Cuneus, Precuneus, Culmen, and BA 9, 10, and 47. Taken together, our results suggest that resting-state BOLD signals are significantly related to the
underlying structure of the brain vascular system. Calibrating resting BOLD activity by venous
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structure may result in a more accurate interpretation of differences observed between cortical
areas and/or individuals.
Key words: fMRI; blood oxygenation-level dependent (BOLD) effect; cerebral Vasculature; vessel segmentation; susceptibility-weighted imaging (SWI); vascular density
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INTRODUCTION

Raichle, 2001], whereas areas with an insufficient vascular
network, that is low vascular density (VAD), may not produce functional response at all [Harrison et al., 2002]. This
could be owing to the fact that areas with higher VAD
reflect an increased signal-to-noise ratio of the BOLD signal and as a result increase the chances of detecting a difference between experimental conditions [Weber et al.,
2008]. It is therefore important to fully characterize wholebrain venous vasculature prior to interpreting BOLD
responses between brain areas and/or individuals.
The issue of venous vasculature and how it complicates
the interpretation of BOLD amplitude is not new. Menon
et al. [1993] were one of the first to show that vessels (and
therefore voxels with a high fractional blood volume)
show the largest BOLD signal changes. This was also
observed in subsequent modeling studies of cortical hemodynamics [Bandettini and Wong, 1995; Ogawa et al., 1993].
As it is now well accepted that BOLD signals are most
pronounced near large vessels [Bianciardi et al., 2011; Hoogenraad et al., 1999; Kim et al., 1994; Leontiev and Buxton,
2007], it is plausible that BOLD signals in heavily vascularized areas will appear artificially amplified compared to
other areas with less dense vascularization [Bandettini,
2012]. Indeed, studies in animal and humans have shown
that variations in VAD within a single cortical area (e.g.,
auditory cortex) are tightly linked to stimulus-evoked
response magnitude [Casciaro et al., 2008; Hall et al.,
2002]. Although these studies have quantified the effects
of vasculature on BOLD activity within a single area, it is
unclear how whole-brain vessel architecture affects widespread fMRI activity patterns encompassing multiple brain
areas. Addressing this is particularly important, given the
growing number of RS fMRI studies which use the amplitude of spontaneous BOLD signals to infer the magnitude
of neural activity [Qi et al., 2012] and compare it across
different cortical areas and populations [Jiao et al., 2011;
Wang et al., 2011; Xi et al., 2012; Zang et al., 2007].
Early attempts aimed at suppressing the effects of venous structure on BOLD signals were made by using a
hypercapnic challenge (breathing CO2) to identify and correct the contribution from large veins [Bandettini and
Wong, 1997; Davis et al., 1998]. Later studies used a similar methodology to correct for population differences in
vasculature [Thomason et al., 2007], and more recent highfield (7T) study used vessel-size imaging to characterize its
effect on BOLD signal amplitude [Jochimsen et al., 2010].

During the last two decades, several functional magnetic
resonance imaging (fMRI) studies have been carried out
using the blood oxygenation level-dependent (BOLD) contrast to map brain function in humans performing a task
(T-fMRI) and/or during rest (RS-fMRI). Using the variation of the oxy/deoxygenated blood ratio and blood volume in the brain following neural activation, the BOLD
signal is a surrogate measure of neural activity, reflecting
hemodynamic changes caused by a complex interaction of
cerebral blood flow (CBF), cerebral blood volume (CBV),
and cerebral metabolic rate of oxygen (CMRO2) [Attwell
and Iadecola, 2002; Attwell et al., 2010; Bandettini et al.,
1993; Biswal et al., 1995; Fox and Raichle, 2007, 1986; Nair,
2005; Ogawa et al., 1993; Uluda#
g et al., 2009]. BOLD contrast at fields below 4T mainly arises from changes in oxygenation in venules and veins lying relatively close to the
site of increased neuronal activity [Song et al., 1996;
Turner, 2002] and studies in animals have demonstrated
that both stimulus-induced and spontaneous changes in
BOLD contrast are tightly linked to corresponding changes
in neural activity [Logothetis, 2002; Pan et al., 2011;
Sch€
olvinck et al., 2010]. However, inferring the magnitude
(i.e., amplitude) of neural activity from BOLD fluctuations
is not straight forward. This is because the magnitude of a
BOLD fMRI response is weighted by baseline CBVvenous
and stimulus-induced venous oxygenation level changes
[Kim and Ogawa, 2012]. Cortical areas with higher baseline CBVvenous values will therefore show a higher BOLD
response [Moon et al., 2013; Yu et al., 2012; Zhao et al.,
2006] even if underlying oxygen level and neural changes
are the same [Davis et al., 1998]. Interestingly, a recent
study demonstrated that the amplitude of baseline (resting-state [RS]) BOLD activity is also highly correlated to
its task-evoked modulation [Kannurpatti et al., 2012]. One
possible explanation for this is that baseline BOLD activity
is directly related to inherent vascular venous structure,
which is known to vary considerably across human cortex
[Duvernoy et al., 1981]. Thus, comparing task-related
BOLD responses between areas and/or individuals is difficult to interpret [Ances et al., 2008; Buxton et al., 2004],
given that regional variations in the brain venous network
may predetermine the ability to detect reliable BOLD signals [Ekstrom, 2010] and thus explain the reason why certain brain areas are routinely found to be “activated”
across a wide range of cognitive tasks [Gusnard and
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However, typical experiments involving hypercapnic challenges (breathing CO2 or breath holding) can require relatively long scan times [Handwerker et al., 2012] and may
be difficult or even dangerous to implement in certain
patient groups [Brevard et al., 2003; Bright et al., 2009].
Thus, a more direct approach to imaging the venous vasculature and removing its contribution to the BOLD signal
would be useful, particularly for clinical fMRI studies at
1.5T which are known to be very susceptible to tissue containing venules and large veins [Seiyama et al., 2004].
In this study, we use a novel method to reinvestigate
the well-known, yet often neglected impact of cerebral vascularization on the interpretation of RS and task-evoked
BOLD signals. We first developed an automated approach
of segmenting vessels based on susceptibility-weighted
images (SWIs) from which we then compute regional
measures of VAD at various spatial scales. We found that
regional variations in VAD could explain a significant portion of amplitude variations in RS and task-evoked BOLD
fluctuations. These results therefore highlight the importance of incorporating vessel structure when comparing
fMRI signals between different areas and subjects.

perform Roland’s Hometown Walking Task [Roland et al.,
1987]. Prior to scanning, each subject chose five familiar
walking routes. The majority of the subjects chose their
home residence as starting point followed by commonly
travelled points such as a grocery store, pharmacy, and
pubs. They were not required to find the fastest, easiest, or
most common route, only instructed to “follow the most
familiar route.” Familiarity with each destination was
assured before scanning, and all subjects were debriefed
afterward to ensure compliance. As a baseline condition,
subjects were asked to silently count backward by 3 from
271 at a rate of about one number per second. To prevent
movement artifacts, subjects were instructed to refrain
completely from talking throughout the scanning period.

METHODS

Susceptibility-Weighted Imaging

Subjects

Images of the brain vasculature were acquired using a
SWI sequence [Haacke et al., 2006]. Slices of 1.6 mm thickness were obtained with a 320 3 260 acquisition matrix,
TR/TE of 49/40 ms. Voxel size was 0.719 3 0.719 3
1.6 mm.

Resting-State Functional Magnetic
Resonance Image
RS-fMRI data were acquired using the same imaging parameters as the T-fMRI. The subjects were instructed to
remain still, close their eyes, and not fall asleep. The total
scan time for RS-fMRI was 3 min.

Nineteen (19) right-handed subjects (four females, ages,
20–33 years) were recruited for the study. All subjects
were native French speakers and had no psychiatric or
neurologic symptoms at the time of scanning or in the
past. This study was performed according to the guidelines of the Internal Review Board of the Centre Hospitalier Universitaire de Sherbrooke (CHUS).

Image Processing
The main purpose of this study was to investigate the
relationship between structural features of the brain (gray
matter [GM], white matter [WM], and veins) and the amplitude of the BOLD signal obtained with fMRI. For this,
we used AFNI [Cox, 1996] (http://afni.nimh.nih.gov/afni)
for functional analysis, along with FSL [Smith et al., 2004;
Woolrich et al., 2009] (http://www.fmrib.ox.ac.uk/fsl) and
the SPM8-VBM8 toolkit (http://dbm.neuro.uni-jena.de/
vbm/) for structural analysis. Further analysis was performed using in-house routines developed in MATLAB
(Mathworks, Natick, USA).

Image Acquisition
Imaging data were acquired using a 1.5T Siemens Magnetom (Vision). Each session started with separate fMRI
acquisitions during a task (T-fMRI) and at rest (RS-fMRI),
followed by a SWI acquisition and finally an anatomical
T1-weighted 1 mm isotropic (TR/TE 6.57/2.52 ms)
acquisition.

Task-Induced fMRI
Structural Analysis

Continuous imaging of brain activity was done using a
standard echo planar imaging (EPI) sequence. Thirty axial
image slices of 3 mm thickness (no gap) were obtained
with a 64 3 64 matrix, field of view 240 mm, TR/TE
3864/40 ms. Voxel size was 3.75 3 3.75 3 3 mm. Data
were acquired in a box-car format, with subjects alternating between baseline and task conditions via short auditory cues. Subjects performed 11 alternating epochs of 30 s
each, resulting in a total scan time of 5 min and 30 s. For
the task, subjects were asked to silently (eyes closed)
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Voxel-based morphometry
The brain was first extracted from the skull using the
AFNI command 3dSkullStrip and then subdivided into
structural classes (GM, WM, and cerebrospinal fluid) using
the VBM method implemented in SPM8-VBM8 (http://
dbm.neuro.uni-jena.de/vbm/). As a result, each voxel had
a probability of belonging to each structural class, and
those whose probability exceeded 50% (threshold based on
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the previous studies [Zuo et al., 2010]) were isolated and
used to create binary masks of GM and WM.

case, we recursively added 0.05 to the activation threshold
(0.35 1 0.05 1 0.05, etc.) to reduce the cluster size to
around its main activation site or to separate a large cluster into multiple subclusters, until the total number of voxels within a cluster was between 35 and 120. These values
were found to be a good trade-off between retaining small
but spatially focused activations sites and breaking up
larger ones into a series of smaller and better localized
sites (for an illustration of this method, see Supporting Information Fig. 3). An average of 10 clusters per subjects
was obtained for the Roland task, for total of 199 activation clusters across the 19 subjects.

Vasculature segmentation
Veins and sinuses were automatically segmented from
the SWI volumes using the method developed by Descoteaux et al. [2004, 2008] for black blood contrast modalities
based on the vesselness measure of Frangi et al. [1998].
Briefly, this method takes advantage of the dark contrast
of the vessels in the SWI volumes to detect the local tubelike structures of vessels at different radii. The vesselness
measure is a multiscale measure based on the eigenvalue
decomposition of the local Hessian operator and was
shown to robustly highlight vessels of variable diameters.
Full details of this method are described in the previously
published literature [Descoteaux et al., 2008]. A threshold
of 0.01 on the vesselness measure was found to produce a
reliable map, showing all major vessels corresponding to
the known human anatomy (http://www.radnet.
ucla.edu/sections/DINR/). Results of this method are
shown in Supporting Information Figs. 1 and 2.

Standardization
The RS-fMRI, T-fMRI, and SWI volumes were all
aligned to the skull-stripped anatomical T1-weighted volume (native space) using FLIRT, a linear registration algorithm from FSL. Afterward, the native space anatomical
volume was registered to icbm-452 standard brain (http://
www.loni.ucla.edu/Atlases/ICBM452), using FLIRT, followed by a nonlinear registration given by FNIRT (FSL) to
refine the final result. The linear registration transformation matrix and the deformation field given by the nonlinear registration were conserved and applied to the three
other imaging modalities to enable regional analysis in
standard space.

Functional Analysis
RS-fMRI analysis
To quantify the amplitude of the RS BOLD signal (amplitude of low-frequency fluctuations [ALFFs]), RS-fMRI
volumes were preprocessed using the steps described in
Zuo et al. [2010]. Briefly, images were motion corrected,
spatially smoothed (full-width at half-maximum [FWHM],
6 mm), despiked, and detrended. Finally, using the Fourier
Transform, the power spectrum of the time series was
obtained and the summation of its amplitude between frequencies of 0.01 and 0.1 Hz gave the ALFF for each voxel.
These were then converted into Z-scores.

Statistical Analysis
Three levels of resolution were used to ensure invariance to different resolutions and to various regional
sizes. First, for the standard space RS data (RS-fMRI)
regional analysis, the brain was divided into 50 different regions based on the Talairach–Tournoux atlas provided with AFNI (http://afni.nimh.nih.gov/pub/dist/
tgz/). For each of these regions, the number of voxels
belonging to each of the three studied types of structure (GM, WM, and veins) was divided by the total
number of voxels in the region. This resulted in 50 regional measures of GMD, WM density (WMD), and
VAD. The average ALFF was also computed in each of
these regions and the CC was computed separately in
each subject.
Second, for the high-resolution approach, the fraction
of voxels (1 3 1 3 1 mm) from the binary GM, WM,
and vein masks (for details on the mask, see sections
Voxel-based morphometry and Vasculature segmentation)
were computed within a single fMRI voxel (3.75 3 3.75
3 3 mm), and thus resulting in the measures of GMD,
WMD, and VAD within each fMRI voxel. The GMD,
WMD, and VAD were then divided in 5% bins, in which
the corresponding ALFF voxels were averaged (e.g., for
every voxel where the structural density is, e.g., between
50 and 55%, the ALFF of the voxels associated to that
bin were averaged), and the evolution of the amplitude

T-fMRI analysis
T-fMRI volumes were first motion corrected and then
slice time corrected, spatially smoothed (FWHM, 5 mm),
and temporally filtered using a band-pass filter of 0.005
and 0.1 Hz. In each voxel, we computed the Pearson’s correlation coefficient (CC) between the processed BOLD signal and a hemodynamic response function-convolved
stimulus time series. Values between the activation threshold of 0.35 (20.35 > CC < 0.35, equivalent to P-value
threshold of 9.2 3 1024, uncorrected) were set to 0, and
the remaining were converted to Z-scores. Activation (CC
> 0.35) clusters of 35 or more contiguous voxels were created using an in-house clustering technique. To avoid the
formation of clusters with two or more main bodies connected by thin bridges, we also slightly eroded (1 mm) the
previously formed clusters before proceeding to a recursive local thresholding process: Cluster-by-cluster, we
tested if it included more than 120 voxels. If it was the
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Figure 1.
Example of segmented (A) GM, (B) WM, and (C) veins from a single subject (registered to
icbm-452 (1 3 1 3 1 mm) standard template. (D–F) Group average of binary masks shown in
(A–C). Group average color-coded maps of (A) GMD, (B) WMD, and (C) VAD in 50 regions
defined from atlas template.
in function of the structural density (by 5% increases)
could be observed. The CC was then computed between
ALFF and GMD, WMD and VAD on a voxel-by-voxel
basis for each subject. A GLM analysis was then used in
MATLAB to quantify the impact of structure on the functional amplitude.

r

Finally, with activation data (T-fMRI), structural density
values were computed within each functionally defined
cluster (for details, see METHODS). Activation amplitude
was defined as the percentage of change between baseline
and activation (% change) of the average fMRI signal
within each cluster.
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Figure 2.
(A–C): Regional analysis (N 5 50 regions from atlas template) of relationship between (A)
GMD, (B) WMD, and (C) VAD and ALFF Z-score acorss subjects. (D) Average correlation
across regions and subjects between structural density and ALFF Z-score. The three structures’
CCs are statistically significant (P < 0.05). Error bars reflect SEM. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

Talairach–Tournoux atlas) brain areas and their associated
GMD, WMD, and VAD, respectively, sorted in descending
order.

RESULTS
Structural Results
Figure 1a–c shows three structural masks (GM, WM, and
veins) of a single subject obtained from VBM/vasculature
segmentation. The average density, computed from the
GMD, WMD, and VAD masks of the 19 subjects is shown in
Figure 1d–f. Figure 1g–i shows the structural density for the
atlas regions. More details on the regional densities are summarized in Supporting Information Tables 1–3, which
regroup a list of the 50 anatomically defined (by the

r

Functional Results
Regional relationship between structural density and
amplitude of the RS-fMRI BOLD signal
Figure 2 shows the relationship between ALFF Z-score
and GMD (Fig. 2a), WMD (Fig. 2b), and VAD (Fig. 2c)
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Figure 3.
Voxel-wise analysis of relationship between (A) GMD, (B) WMD, and
(C) VAD and ALFF Z-score acorss subjects. In each subject, GMD,
WMD, and VAD values were divided in 20 bins of 5% density each.
Each bin contains the average and standard deviation for more than 19
subjects of the ALFF Z-score for that percentage of structure density.

(D) Average of the CC between the three structure densities (GMD,
WMD, and VAD) and the ALFF Z-score. VAD and WMD correlations
were statistically significant (P < 0.05). Error bars reflect SEM. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

for the 50 brain areas defined by the Talairach–Tournoux
atlas. Each cross represents the ALFF Z-score and the
structural densities from one region, averaged across subjects. Error bars represent the standard error of the mean
(SEM). The correlation for GMD (Fig. 2a) was 0.2922 (P
< 0.05), 20.5494 (P < 0.0001) for WMD (Fig. 2b), and
0.4311 (P < 0.005) for VAD (Fig. 2c). Figure 2d shows
the average CC across subjects for the three different
tissue types studied. At this low-resolution level, all three
types were significantly correlated (P < 0.05) to ALFF Zscore.

Voxel-wise relationship between structural density
and amplitude of the RS-fMRI BOLD signal

r

Figure 3a–c shows the results from the high-resolution
analysis, averaged across all subjects, whereas Figure 3d
shows the average correlations across all subjects. In Figure
3a, the correlation between GMD and ALFF Z-score was
0.6394, higher than its regional counterpart. However,
above a GMD of 20%, the ALFF Z-score stabilized and did
not change significantly. The ALFF correlation with VAD
was still greater than the one with GMD at this level, and
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Figure 4.
(A) ALFF Z-Score averaged for more than 19 subjects. (B) VAD averaged for more than 19 subjects (vesselness measure thresholded at 0.01 for every subject). (C) Residual ALFF Z-score after
linear regression of VAD. (D) Panel A minus Panel C, revealing regions where the effect of VAD
is most prominent.
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Figure 5.
Cluster-wise (N 5 199) analysis of relationship between (A) GMD, (B) WMD, and (C) VAD and
T-fMRI % change during activation for 19 subjects. (D) Average correlation across clusters and
subjects between structural density and T-fMRI % change during activation. VAD and WMD correlations were statistically significant (P < 0.05). Error bars reflect SEM. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
19 subjects. To proceed to a direct comparison between
ALFF Z-score and VAD on a voxel-wise basis, a spatial
smoothing (FWHM, 6 mm) was first applied to the VAD
volume to reduce the mismatch effect of high-resolution
SWI and low-resolution EPI images, and then subsequently used as a predictor in a GLM. The residuals of
this fit (i.e., voxels whose ALFF could not be explained by
VAD) are shown in Figure 4c. It is important to note that
how a large portion of the voxels originally exhibiting
high ALFF values (red/yellow sites, Fig. 4a) is largely suppressed after VAD correction. This effect is particularly
strong for voxels within the Cuneus, Culmen, and Frontal
Gyrus (Fig. 4d).

also higher in terms of absolute value than the WMD one.
The strong relationship between VAD and RS-fMRI BOLD
was also evident at the single-subject level (Supporting Information Fig. 4). Figure 3d shows the voxel-by-voxel averaged CC between the three structures and the ALFF Zscore across all subjects. The results confirmed the previous
regional approach (Fig. 2) for the VAD and WMD, though
not for GMD whose correlations were not significant.
As VAD was the best positively correlated to ALFF
Z-score in both low- and high-resolution approaches, we
performed a GLM analysis to study the impact of VAD
on the ALFF Z-score. Figure 4 shows the ALFF Z-score
(Fig. 4a) and the VAD (Fig. 4b), both averaged across the
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Figure 6.
Visualization of VAD and its effect on T-fMRI signal amplitude.
(A, B) An activation cluster (red) overlaid on a segmented SWI
image from one subject (A: sagittal view. B: axial view). The
VAD of this cluster was 25.63%. (C) The average BOLD signal
from this activation cluster showed a % change of 3.98%. (D, E)

A separate activation cluster (green) from the same subject. The
VAD of this cluster was smaller (9.03%) than that of panels A
and B. (F) The average BOLD signal from the green activation
cluster showed a % change of 0.9786%.

Relationship between structural density and
amplitude of the T-fMRI BOLD signal

Higher RS ALFF is related to higher % change
during task

The correlation between GMD, WMD, and VAD and the
% change during a task is shown in Figure 5a–c. The
GMD showed no significant correlation with the %
change. On the other hand, WMD and VAD show significant negative and positive correlation, respectively, as the
RS-fMRI voxel-wise analysis showed. Also, in line with
the previous regional and voxel approach in RS-fMRI, TfMRI correlations were weakest with GMD compared to
VAD and WMD (Fig. 5d).
A graphic representation of the effect of VAD on the TfMRI BOLD signal is shown in Figure 6 in which two activation clusters are overlaid on a segmented SWI image (veins
image) from a single participant. One activation cluster
showed strong modulation (Fig. 6a–c, 3.98%, red), whereas
the other was relatively weak (Fig. 6d–f, 0.9786%, green).
When normalizing both signals by their respective VAD,
similar modulations were found in both activation clusters.

The relatively strong correlation between VAD–RS-fMRI and
VAD–T-fMRI suggests that the amplitude of a task-evoked
BOLD signal is related to its amplitude at rest. To investigate
this, we compared the ALFF and % change values across activation clusters and subjects (total of 199 clusters). This is shown
in Figure 7. The two were significantly correlated, indicating a
strong link between the amplitude at rest and the capacity to
have pronounced modulation when activated.

r

DISCUSSION
In this study, we used MRI to derive regional measures
of GMD and VAD in healthy humans and compared them
to BOLD signals obtained during rest (RS-fMRI) and task
(T-fMRI). For RS-fMRI, we found a significant positive correlation between regional BOLD amplitude (ALFF) and
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ALFF results were approximately consistent with those
without GM correction, implying that the differences
observed with ALFF could not be explained by regional
GM atrophy. Our findings therefore add to the growing
body of evidence, suggesting that regional variations in
GMD (as derived from VBM) are not strong predictors of
the BOLD response amplitude. The reason behind this is
unclear. On the one hand, the underlying cytoarchitecture
giving rise to VBM–GMD measurements may not directly
relate to the amplitude of hemodynamic activity measured
with fMRI. However, it is difficult to accurately interpret
the meaning of GMD measures as they should not be confused with cell-packing density measured cytoarchitectonically [Mechelli et al., 2005].
Concerning the WM, several studies have found that
that the amplitude of the BOLD signal is approximately
60–80% greater in GM than in WM [Biswal et al., 1995;
Cordes et al., 2001; Yan et al., 2009; Zang et al., 2007; Zou
et al., 2008; Zuo et al., 2010]. We observed a negative correlation between ALFF and WMD, as well as for T-fMRI
amplitude. These findings are well in line with the studies
of Polimeni et al. [2010] and Zuo et al. [2010], respectively.
However, as this structure is often discarded in BOLD
fMRI studies, it is left for further study.

Figure 7.
ALFF Z-score versus the % change for each T-fMRI activation
cluster of each subject. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
VAD, whereas correlations with GMD were considerably
lower. Similar results were obtained for T-fMRI. Our findings confirm that the amplitude of the BOLD signal is heavily influenced by the surrounding vasculature, as expected
by previous experimental and modeling studies [Bandettini
and Wong, 1995, 1997; Menon et al., 1993; Ogawa et al.,
1993]. Our study proposes a novel way of suppressing this
effect by first computing whole-brain VAD and then correcting the BOLD response accordingly to better interpret
BOLD amplitude in task and resting conditions.

Correlation Between Regional Measures of VAD
and BOLD Amplitude
Compared to GMD, we found that regional variations in
VAD were significantly better correlated to RS-fMRI and
T-fMRI. It is well established that BOLD signals arise
mainly from changes in oxygenation in venules and veins
lying relatively close to the site of increased neuronal activity [Song et al., 1996]. We demonstrated that the density
of such venules has a significant impact on the observed
amplitude of the BOLD signal. This is supported by the
modeling study by Turner [2002], who found that neuralinduced changes in oxygenation become diluted at greater
distances along the draining vein. Therefore, voxels embedded in an area rich in vasculature will have, on average, a shorter distance to the nearest vein. In these voxels,
the dilution effect would be less and thus reflect stronger
BOLD amplitude. This is in line with the seminal study of
Kim et al. [1994], who observed that the temporal variance
of the BOLD signal during rest was greater within large
veins than within cortex. This may be caused by mechanical factors such as vascular vasomotion and cerebral
microcirculation [Mayhew et al., 1996; Mitra et al., 1997;
Razavi et al., 2008; Shmueli et al., 2007], which oscillate at
a frequency of approximately 0.1 Hz. These oscillations
are most likely prominent in large veins and may contribute to the ALFF measure (e.g., via partial volume effects)
by increasing the 0.1 Hz amplitude in the power spectrum
of voxels within a heavily vascularized area. We also
observed a significant correlation between VAD and TfMRI though the source of this relationship is less clear.

Correlation Between Regional Measures of GMD,
WMD, and BOLD Amplitude
Of the three structures investigated in this study, GMD
consistently showed the lowest correlation with BOLD amplitude. This was the case during both RS-fMRI and TfMRI. The latter is in line with the study by Oakes et al.
[2007] who found that the bulk of fMRI activation clusters
were unaffected when using GMD as a covariate, suggesting that the fMRI activations may not solely be driven by
GM differences. This is also supported by two recent studies which measured brain structure and fMRI activity
before and after extensive training of a visuospatial task.
In both cases, they found that regional changes in GMD
[Thomas et al., 2009] and GM thickness [Haier et al., 2009]
did not match the changes in fMRI, indicating that a structural change in one brain area does not necessarily result
in functional change in the same location. Concerning RSfMRI signals, Wang et al. [2011] measured ALFF in
healthy controls and Alzheimer’s disease patients. They
found that while taking GM volume as covariate, the
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better correlate of BOLD than spiking activity [Logothetis,
2008], the relationship between LFP and BOLD is also
region dependent [Conner et al., 2011; Devonshire et al.,
2012; Sloan et al., 2010]. The reason how regional variations in the relationship between neural and hemodynamic
signals relate to VAD is left for further study. Taken together, our findings indicate that while variations in fMRI
activity are neural in nature [Magri et al., 2012; Pan et al.,
2011; Sch€
olvinck et al., 2010], brain areas with high VAD
may cause the BOLD response to appear amplified relative
to others.

Given the tight link between baseline CBVvenous and taskevoked BOLD amplitude [Moon et al., 2013; Yu et al.,
2012; Zhao et al., 2006], cortical areas with different CBVvenous (and consequently, different VADs) will have different
stimulus-evoked BOLD responses even if oxygenation
level changes are similar between them [Kim and Ogawa,
2012]. This would also explain the strong correlation we
observed between ALFF and % change (Fig. 7). However,
in separate areas with similar CBVvenous, the one with a
stronger stimulus-evoked CBF response will induce higher
oxygenation and consequently, a higher BOLD response.
Owing to the limited field strength used in our study
(1.5T), the vessels segmented by our algorithm are most
likely to be the larger vessels with high CBF (according to
Poiseuille’s equation of a Newtonian fluid). It would be
very interesting to repeat our study at higher field strength
and investigate whether our algorithm can detect areas
densely packed with smaller venules (i.e., areas with high
VAD though low CBF), and how BOLD amplitude is
modulated in these areas. Taken together, notwithstanding
its biological underpinnings, the tight link between VAD
and T-fMRI suggests that certain brain areas are inherently
structured to elicit larger BOLD responses.

CONCLUSIONS
Our study adds to the growing body of the literature
aimed at accounting for hemodynamic variability over
space [Ances et al., 2008; Bandettini and Wong, 1995;
Chiarelli et al., 2007; Hoge et al., 1999; Kannurpatti et al.,
2012; Kida et al., 2007; Menon et al., 1993; Ogawa et al.,
1993; Thomason et al., 2007]. As SWI sequences are available on most MR scanners, we would recommend—as
stated by Haacke and Ye [2012]—that all fMRI experiments that collect T1-weighted images for anatomical information also collect a high-resolution SWI scan to
monitor the venous vasculature in the activated regions of
interest or across different subject groups. Using the measures of VAD as a covariate in RS fMRI studies can help to
more precisely detect the neural portion of the BOLD signal, and thus provide improved interpretation of brain
function in humans. The procedure for vesselness computation and VAD modeling of the fMRI will soon be available
as a Statistical Parametric Mapping (SPM) plugin (http://
pages.usherbrooke.ca/vesselsegmentation/).

Implications
Regional variations in VAD carry important implications
on the interpretation of neural activity derived from fMRI
(neurovascular coupling). First, we found that using VAD
as a covariate in fMRI analysis helps remove false positives in RS activity (i.e., voxels with ALFF values greater
than a given threshold value). Although not explicitly
studied here, segmented SWI images (VAD) may also aid
in suppressing downstream sites with large venous contribution and thus increase the spatial specificity of BOLD
activation maps [Barth and Norris, 2007; Menon, 2002;
Rowe and Logan, 2004]. Normalizing BOLD activity by
vascular structure may be particularly important for clinical fMRI studies where there are a growing number of
studies reporting on differences in RS amplitude between
healthy controls and patients with various neurological
disorders [Chen et al., 2009; Jiao et al., 2011; Wang et al.,
2011; Xi et al., 2012; Zang et al., 2007]. Without correcting
for vascular structure, our findings suggest that, particularly in patients with neurovascular disorders, a diminished BOLD response should not be simply interpreted as
a decrease in neural activity, but could reflect damage or a
change in vascular architecture. Second, the measures of
VAD may also help reconcile regional discrepancies in
neurovascular coupling. For instance, in area MT, Rees
et al. [2000] found that a 1% change in the fMRI signal corresponded to a change in average firing rate of nine
spikes/second per neuron, whereas in area V1, Heeger
et al. [2000] found 0.4 spikes/second per neuron for each
1% change in the fMRI signal. Although converging evidence points to the local field potential (LFP) as being a
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