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Abstract
White matter provides anatomic connections among brain regions and has received increasing
attention in understanding brain intrinsic networks and neurological disorders. Despite significant
progresses made in characterizing the white matter’s structural properties using post-mortem
techniques and in vivo diffusion-tensor-imaging (DTI) methods, its physiology remains poorly
understood. In the present study, cerebral blood flow (CBF) of the white matter was investigated
on a fiber-tract-specific basis using MRI (N=10, 25-33 years old). It was found that CBF in the
white matter varied considerably, up to a factor of two between fiber groups. Furthermore, a
paradoxically inverse correlation was observed between white matter CBF and structural and
functional connectivities (P<0.001). Fiber tracts that had a higher CBF tended to have a lower
fractional anisotropy in water diffusion, and the gray matter terminals connected to the tract also
tended to have a lower temporal synchrony in resting-state BOLD signal fluctuation. These
findings suggest a clear association between white matter perfusion and gray matter activity, but
the nature of this relationship requires further investigations given that they are negatively, rather
than positively, correlated.
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Introduction
White matter provides anatomic connections between spatially distinct cortical regions and
allows efficient propagation of neural signals (Waxman et al., 1995). Recent neuroimaging
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studies have provided evidences that temporal coherence of activities in different gray
matter regions is dependent upon the microstructural organization of the white matter
connecting them (Greicius et al., 2009; Honey et al., 2009; Skudlarski et al., 2008; van den
Heuvel et al., 2008; van den Heuvel et al., 2009). White matter structural changes have also
been implicated in neurological diseases that were previously thought to be primarily
affecting cortical regions (Kantarci et al., 2001; Voineskos et al., 2010). Despite mounting
evidence of the role of white matter in understanding brain function, relatively little is
known about the physiology of the white matter (van Gelderen et al., 2008; van Osch et al.,
2009). The present study aims to investigate blood supply to the white matter in the human
brain and its relationship with gray matter activity.

Neuroanatomy studies have revealed that blood vessels that perfuse white matter are
branches of intracortical arteries that penetrate the cortical ribbon and often travel in parallel
with the axon’s path (see Supplemental Figure S1 for an illustration). Previous
neuroimaging studies have also demonstrated the presence of blood flow in the white matter,
but have not studied its spatial distribution due to limited sensitivity, resolution and the lack
of supporting techniques. White matter contains highly specialized fiber tracts. These fibers
serve different functional purposes with some requiring long-distance and rapid signal
propagation (e.g. corticospinal tract) and others requiring dense but shorter connections (e.g.
tracts connecting association cortices) (Conturo et al., 1999; Mori et al., 1999). We therefore
hypothesized that cerebral blood flow (CBF) in the white matter varies between fiber tracts
and that the tract-specific CBF is correlated with the fiber’s structural property.
Furthermore, given previous findings that functional connectivity in the gray matter is
supported by white matter structural connection (Greicius et al., 2009), we hypothesized that
functional measures of the white matter, e.g. CBF, may have a strong relationship to gray
matter connectivity.

In the present study, we performed an MRI study with multiple sub-modalities. A recently
developed quantitative Arterial Spin Labeling (qASL) MRI was used to obtain maps of
absolute CBF (Aslan et al., 2010). Diffusion tensor imaging (DTI) was used to delineate ten
major fiber tracts in the brain. The resulting voxel masks served as the regions-of-interest
(ROIs) and were applied to the CBF maps to calculate the tract-specific CBF in the white
matter. Across fiber tracts, CBF showed a paradoxically inverse correlation with fractional
anisotropy (FA) obtained from DTI. Functional connectivity MRI (fcMRI) was performed to
allow the assessment of resting-state neural activity in the gray matter connected by each
tract. An inverse correlation was again observed between tract-specific CBF and the
functional connectivity.

Materials and Methods
Participants

Human subjects were recruited from local community via flyers posted in the University of
Texas (UT) Southwestern Medical Center campus. The Health Insurance Portability and
Accountability Act (HIPAA) compliant protocol was approved by the UT Southwestern
Institutional Review Board and written informed consent was obtained. All participants
underwent extensive screening and had no contraindications for MRI scanning (e.g.
pacemaker, implanted metallic objects, claustrophobia), and were generally of good health,
with no serious or unstable medical conditions such as neurological disease, brain injury,
uncontrollable shaking, or history of brain tumor. The participants had a narrow age range
(25-33 years old) and were considered a relatively young group of subjects, as aging may
change the distribution of CBF in the brain (Lu et al., 2010). A total of 10 subjects were
studied with a similar representation from men and women (6 males and 4 females).

Aslan et al. Page 2

Neuroimage. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Experiment
MRI investigations were performed on a 3 Tesla MR system (Philips Medical System, Best,
The Netherlands). A body coil was used for radiofrequency (RF) transmission and an 8-
channel head coil with parallel imaging capability was used for signal reception. Foam
padding was used to stabilize the head to minimize motion. The imaging protocol consisted
of five MR techniques: qASL, DTI, fcMRI, T2-weighted echo-planar-imaging (EPI), and
T1-weighted anatomic scan. In the following paragraphs, the detailed parameters of each of
these techniques are provided.

Our laboratory has recently developed a quantitative ASL method in which a Pseudo-
Continuous ASL (PCASL) sequence was combined with a phase-contrast sequence to obtain
voxel-by-voxel CBF estimation in units of ml blood per 100 g of tissue per min (ml/100g/
min) (Aslan et al., 2010). The ASL technique used in the present study was based on this
method with an exception. We used spin-echo EPI acquisition instead of the more widely
used gradient-echo so that the ASL image characteristics match that of DTI, enabling a more
precise image registration between DTI and ASL. The PCASL sequence parameters were:
Field-Of-View (FOV) = 200×200 mm2, matrix = 80×80, slice thickness = 2.5 mm, 42 axial
slices acquired in two packages, no gap between slices, voxel size = 2.5×2.5×2.5 mm3,
labeling duration = 1650 ms, post-labeling delay = 1525 ms, TR/TE = 4296ms/27ms,
SENSE factor 2.5, time interval between consecutive slice acquisitions = 54.2 ms, number
of controls/labels = 90 pairs, labeling RF pulse duration = 0.5 ms, pause between RF pulses
= 0.5 ms, labeling pulse flip angle = 18°, and scan duration of 18 min. The phase-contrast
MRI was performed to provide a calibration factor for CBF quantification (Aslan et al.,
2010) and used the following sequence parameters: slice location = perpendicular to the four
major feeding arteries (left/right internal carotid and vertebral arteries) at the level of
cervical spine 3 (C3), FOV = 230×230 mm2, voxel size = 0.45×0.45×5 mm3, TR/TE/flip
angle=20ms/7ms/15°, encoding velocity = 80 cm/s, and scan duration = 1.5 minutes. The
subject was instructed to fixate on a white cross-hair during the ASL scan to maintain their
attention and wakefulness.

DTI provided an assessment of anatomic connections between brain regions and also
delineated distinctive white matter structures through tractography (Mori et al., 1999). The
DTI scan used relatively standard parameters and the spatial resolution was identical to that
of ASL: single-shot spin-echo EPI, FOV = 200×200 mm2, matrix = 80×80, slice thickness =
2.5 mm, no gap between slices, voxel size = 2.5×2.5×2.5 mm3, 58 slices, SENSE factor 2.5,
TR/TE=5025ms/59ms. 30 gradient-encoding directions with a b value of 1000 s/mm2, scan
duration 3 minutes.

FcMRI used temporal correlations between gray matter MR signal time courses to assess
functional connectivity of the brain at rest (Biswal et al., 1995; Raichle et al., 2001). The
subject fixated on a cross-hair while Blood-Oxygenation-Level-Dependent (BOLD) images
were acquired. The sequence parameters were: FOV = 200×200, matrix = 80×80, slice
thickness = 5 mm, no gap between slices, voxel size=2.5×2.5×5 mm2, 29 axial slices, TR/
TE/flip angle=1500ms/30ms/60°, 400 image volumes, scan duration = 10 minutes. The in-
plane resolution of the fcMRI scan was identical to that of ASL and DTI, but the slice
thickness was greater to ensure a sufficient signal-to-noise ratio (SNR). In addition, fcMRI
used gradient-echo acquisition rather than spin-echo to maximize the BOLD contrast.

In addition to the three main techniques described above, two other scans were performed. A
T2-weighted EPI image was acquired immediately before the PCASL scan to serve as a
template to which all other images were coregistered. The sequence parameters were: single-
shot spin-echo EPI, FOV = 200×200 mm2, matrix = 80×80, slice thickness = 2.5 mm, no
gap between slices, voxel size = 2.5×2.5×2.5 mm3, 58 slices, SENSE factor 2.5, TR/TE/flip

Aslan et al. Page 3

Neuroimage. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



angle=5000ms/59ms/90°, four averages, duration = 20 seconds. The T2-weighted image had
the same contrast as the b0 image in DTI, making it straightforward to coregister between
these images. The image contrast of PCASL was slightly different from the T2 weighted
image due to the shorter TE (i.e. more proton-density weighted), but the time gap between
the two scans was less than 20 seconds (i.e. the preparation time of PCASL sequence) thus
we expected minimal motion between these two images. In addition, a high-resolution T1-
weighted image was acquired for anatomic reference and for the estimation of brain volume.
The sequence parameters were: Magnetization-Prepared-Rapid-Acquisition-of-Gradient-
Echo (MPRAGE) sequence, TR/TE/flip angle = 8.3ms/3.8ms/12°, 160 sagittal slices, voxel
size = 1×1×1 mm3, FOV = 256×256×160 mm3, and scan duration 4 min.

Data Pre-processing
PCASL image series were realigned to the first volume for motion correction (SPM2’s
realign function, University College London, UK). Similarly, the images in fcMRI were
realigned to its first volume. The images in T2 EPI were realigned to the last volume
because it was the closest to the PCASL scan. The DTI image series were coregistered to the
b0 image using an affine transformation (SPM2’s coregistration function). After these intra-
scan registrations, inter-scan registrations were conducted. The mean image in T2 EPI was
used as a template and the spatial transformation matrix between the other images and the
template was computed. Figure 1 shows a demonstration of image coregistration schemes
and representative parametric maps (e.g. FA, CBF, and white matter probability).

The labeled images in PCASL were subtracted from the control images and, after calibration
using the phase-contrast data (Aslan et al., 2010), CBF maps in units of ml/100g/min were
calculated (Matlab, Mathworks, Natick, MA). The CBF maps were then registered to the
template space using the transformation matrix computed earlier. DTI data were processed
using the software DTIStudio (The Johns Hopkins University, Baltimore, MD) to obtain
standard parametric maps of FA, apparent diffusion coefficient (ADC), and radial/axial
diffusivities. Fiber-tracking was performed on the DTI data. To avoid potential controversies
on the validity of the small fibers, the tract-specific CBF investigation was limited to ten
major fiber tracts that have been previously shown to be highly reproducible across raters
and across data sets (Wakana et al., 2007): forceps major of the corpus callosum, forceps
minor of the corpus callosum, cingulum in the cingulate cortex, cingulum to hippocampus,
anterior thalamic radiation, uncinate fasciculus, corticospinal tract, arcuate fasciculus,
inferior fronto-occipital fasciculus, and inferior longitudinal fasciculus. The masks of the
fiber tracts as well as the FA and ADC maps were transformed to the T2 EPI template space.
The T2 EPI image was segmented using SPM2’s segmentation function to yield probability
maps of white matter, gray matter and CSF. Unless otherwise specified, all further image
computation was carried out in the template space.

Data Post-processing
Tract-specific CBF was obtained by applying the DTI tract mask to the CBF map. To ensure
that our ROI included predominantly white matter and to minimize gray matter partial
volume effect, two procedures were undertaken. First, only voxels that had white matter
probability of >50% were included in the final ROI. Second, the resulting spatially averaged
CBF value was further divided by a correction factor, Pwm+2.5×Pgm, where the gray/white
matter CBF ratio was assumed to be 2.5. This strategy has previously shown to be useful in
correcting for gray/white matter partial volume in CBF data (Lu et al., 2005). Tract-specific
FA and ADC values were also obtained by averaging voxels in the final ROI.

Signal-to-noise ratio (SNR) of CBF in each fiber tract was computed from the PCASL data.
The voxels in the fiber tract was averaged to obtain a CBF time course of 90 points. The
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signal level was calculated as the mean of the time course and the noise level as the standard
error (i.e. standard deviation divided by ) (Aslan and Lu, 2010).

The fcMRI data provided an assessment of functional connectivity between two gray matter
regions that were connected by a specific fiber tract. In the present study, we defined the
fcMRI ROIs based on the white matter tract, in order to compare the correspondence
between gray matter connectivity and white matter CBF. In the DTI space, the fiber
terminals of each end of each tract were identified. Then, the mask containing the terminals
was expanded spherically by three voxels (7.5 mm in radius) using an Interactive Data
Language (IDL) program. A three-voxel expansion was chosen to make certain that the
entire cortical ribbon connected to the tract was included. The expanded mask was then
transformed to the T2 EPI template space. To ensure that only gray matter voxels were
included in the fcMRI analysis, the mask was thresholded at gray matter probability of
greater than 50% to yield the final fcMRI ROI. The corticospinal tract was excluded from
this analysis because the terminal of this tract was in the spinal cord which was beyond the
spatial coverage of our image acquisition.

Cross-correlation coefficient (cc) between the time courses from the two fcMRI ROIs was
computed. The conventional approach to compare cc values across connections was to
average the time courses of all voxels in each ROI and to calculate cc. However, different
tracts have different sizes, and thus the associated gray matter ROIs were also different in
their volume. This would result in different SNR for different tracts, which may affect the
comparison of cc values across tracts. Therefore, to minimize the effect of SNR on the
estimation of cc, we calculated the cc values using a modified approach. We first divided
each ROI into “blocks” of ten voxels. For example, if the two terminals of a tract had 300
and 400 voxels, respectively, then they would have 30 and 40 blocks, respectively. The cc
value between each possible pair of blocks can be calculated, yielding a total of 1,200 cc
values. These cc values were converted to z-scores by a Fisher transform, followed by
averaging and transforming back to cc by an inverse Fisher transform. The grouping of the
voxels into blocks was performed by random assignment via a Matlab script. The random
assignment was repeated 100 times and the averaged cc value was used in the statistical
analysis.

Assessment of white matter probability and layer index
Since gray and white matters are known to have different CBF values, potential partial
voluming of gray matter in our fiber tract ROI may affect the estimation of white matter
CBF. The variance in the extent of partial voluming across tracts may even cause a false-
positive correlation between CBF and FA. Therefore, we computed the white matter
probability for each tract using the probability map segmented from the T2 EPI image. The
fiber’s white matter probability was used as a covariate in the correlation analyses (detailed
below).

Given that arteries perfusing the white matter are branches originating from the cortical
surface (Duvernoy et al., 1981), it is possible that white matter CBF could also be dependent
on the location, with tissues close to the cortex having higher CBF and tissue deep in the
brain having lower CBF (i.e. watershed effect). This is especially relevant for ASL-derived
CBF in which the arterial transit time may increase from superficial to deep white matter
and may affect the CBF measurement (Alsop and Detre, 1996). We therefore estimated a
“layer index” for each voxel in the white matter. We used a stepwise erosion method in
which each step consisted of “peeling off” one layer of voxels from the white matter mask
and then assigned one layer index. Continuing this process resulted in a gradually decreasing
white matter volume with increasing layer indices (see Supplemental Figure S2 for an
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example of layer index map). With this procedure, each voxel was assigned a layer index
and the fiber tract’s layer index was calculated by averaging the indices of the voxels. The
white matter layer index of the tract was used as a covariate in the correlation analyses.

Statistical Analysis
We compared white matter CBF across fiber tracts using a one-way Analysis-of-Variance
(ANOVA). Post-hoc Tukey’s honest significance tests were conducted for pair-wise
comparisons.

Correlations between white matter CBF and FA across fiber tracts were assessed using a
meta-analysis method (Miller, 1981). Briefly, Pearson correlation coefficients between CBF
and FA were calculated for each subject. The cc values were then converted to z-scores
using a Fisher transform. A one-sample t test was then performed on the z-scores to
determine whether they were significantly different from zero. To account for potential
confounding effects from partial volume and/or white matter arterial transit time, the meta-
analysis approach described above was repeated using partial correlation (using matlab
function partialcorr.m) between CBF and FA, after factoring out the contributions from
white matter probability and layer index. The use of partial correlations was helpful for
controlling for other factors (e.g. partial voluming) that may have influenced the correlation
between CBF and FA, and has been widely used in previous neuroimaging studies (Achard
et al., 2006; Liu et al., 2008; Salvador et al., 2005; van den Heuvel et al., 2008). A
relationship was considered significant only if both the Pearson correlation and the partial
correlation had a multiple-comparison-corrected P value of 0.05 or less.

Similar meta-analyses were performed for correlations comparing CBF to radial diffusivity,
axial diffusivity, ADC, and fcMRI cc. We also studied correlations between FA and fcMRI
cc.

Correlation coefficients between the tract-specific CBF, white matter probability, and layer
index were calculated and one-sample t tests were performed.

In addition to the ROI analysis, a voxel-based spatial correlation was assessed for white
matter CBF and FA. For each voxel in the white matter (probability>50%), a CBF and FA
can be obtained. Thus the data from all white matter voxels in the brain can yield an array of
CBF and an array of FA. The Pearson correlation between these arrays was calculated for
each subject, which was converted to a z-score using Fisher transform and was subject to a
one-sample t test. The analysis was then repeated using partial correlations (i.e. after
factoring out the voxel-by-voxel white matter probability and layer index values). Again, the
relationship was considered significant only if both the Pearson correlation and the partial
correlation had a P value of 0.05 or less.

Results
Figures 2a and b show the locations of the major fiber tracts in a representative subject.
Table 1 summarizes the tract-specific CBF, FA, white matter probability, layer index, SNR
of tract-specific CBF as well as the fcMRI cc values from the gray matters that the
respective tract connects. Note that the white matter probabilities of the fiber tracts were all
above 90%, which suggest that 1) the calculated CBF was largely from the white matter
voxels and 2) the coregistration between image sub-modalities was effective because the
tract masks were delineated from DTI data while the probability maps were computed from
T2 EPI data. The average CBF values of all white matter tracts were 16.1±3.1 mL/100g/min.
Significant differences in CBF were observed across fiber tracts (ANOVA, omnibus F test,
P<0.001). Results of post-hoc pairwise comparison between tracts showed that the CBF was
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highly heterogeneous and a significant difference was detected in many of the comparisons
(after multi-comparison corrections) (Supplemental Table S1).

Figure 2c shows the scatter plots between CBF and FA for individual subjects. An inverse
correlation is observed in each subject. That is, a fiber tract that had a higher FA value
tended to have a lower CBF, and vice versa. Using data from all subjects, meta-analysis
showed a significant correlation between these two parameters (partial r=−0.66±0.18,
multiple-comparison-corrected P<0.001). We also investigated whether the correlation with
FA is associated with radial or axial diffusivity or both. It was observed that CBF was
positively correlated with radial diffusivity (partial r=0.46±0.22, multiple-comparison-
corrected P=0.001) and negatively correlated with axial diffusivity (partial r=−0.60±0.32,
P=0.003), suggesting that both of these diffusion components contributed to the FA
correlation. Figure 3 shows the scatter plot between CBF and radial and axial diffusivity for
the group-averaged data. Tract-specific CBF was also found to be inversely correlated with
ADC values (partial r=−0.53±0.16, P<0.001) (Figure 3c). The tract-based results were
confirmed by voxel-based results. Spatial partial correlation coefficient between CBF and
FA maps was found to be −0.19±0.02 (mean±std, N=10) (Supplemental Figure S3) and was
statistically significant (P<0.001).

Figure 4a shows the gray matter nodes (green) obtained from an expansion of white matter
(red) terminals using “cingulum-in-the-cingulated-cortex” tract as an example. The results
for other tracts were similar. Figure 4b shows the scatter plots between CBF and fcMRI cc
across fiber tracts, listed for each subject. An inverse correlation was observed in each
subject. That is, a fiber tract that had a higher CBF value tended to have a lower cc between
the two terminal gray matter regions connected by this tract, and vice versa. Using data from
all subjects, meta-analysis showed a significant correlation between these two parameters
(partial r=−0.52±0.20, multiple-comparison-corrected P<0.001). Comparing FA and fcMRI
cc values, a positive correlation was observed (partial r=0.76±0.09, P<0.001). Figure 5
shows the scatter plot between FA and cc for the group-averaged data. The ADC values of
the fiber tracts were not correlated with the fcMRI cc (P=0.74). Potential relationship
between gray matter CBF and fcMRI cc was also assessed. There was not a statistically
significant correlation between these parameters.

Tract-specific CBF was also compared to white matter probability. A trend toward an
inverse relationship was observed (multiple-comparison-corrected P=0.114) (see
Supplemental Figure S4 for a scatter plot), but the level of significance was much lower
compared to FA or fcMRI.

Erosion analysis revealed that white matter CBF gradually decreased from superficial layers
to deep layers (Supplemental Figure S5). However, this effect could not explain the
differences in CBF across fiber tracts because the layer index was not correlated with tract-
specific CBF (uncorrected P=0.266) (see Supplemental Figure S6 for a scatter plot).

Discussion
The present study provided a quantitative assessment of blood supply in the white matter. It
was found that CBF in the white matter was distributed heterogeneously and variation in
CBF across fiber tracts can be more than a factor of two. Furthermore, a strong correlation
was observed between white matter CBF and structural and functional connectivities as
measured by MRI techniques. Fiber tracts that had a higher CBF tended to have a lower
fractional anisotropy in water diffusion, and the gray matter terminals connected to the tract
also tended to have a lower temporal synchrony in resting-state BOLD signal fluctuation.
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In recent years, there has been a growing interest to understand functional connectivity
among distinctive brain regions (Biswal et al., 1995; Greicius et al., 2009; Honey et al.,
2009; Raichle et al., 2001; van den Heuvel et al., 2009). Some evidence has suggested that
such a functional connectivity is supported by structural connection via white matter fiber
tracts (Greicius et al., 2009; Honey et al., 2009; van den Heuvel et al., 2008). It can be
further hypothesized that functional measures of the white matter, e.g. perfusion, may have a
more direct link to gray matter connectivity, compared to simple structural measures. Our
study indeed confirmed the presence of a significant relationship between white matter CBF
and the degree of gray matter functional connectivity. The sign of correlation was, however,
negative, whereas the most intuitive expectation would have been a positive correlation
based on the presumption that fiber tracts providing a “stronger” connection would be
metabolically more active, thereby requiring higher CBF. These findings suggest that the
mechanism of the association may not be the neurovascular coupling that governs the
perfusion in the gray matter. This is possibly because in the white matter there is little
neurotransmitter release or astrocyte signaling that is thought to mediate the blood flow
response in the gray matter (Attwell and Iadecola, 2002; Zonta et al., 2003). This
observation also supports the notion that CBF is not coupled to action potentials (Logothetis
et al., 2001; Mathiesen et al., 1998).

To our knowledge, the present study is the first report of a tract-based CBF with an inverse
correlation between CBF, FA, and fcMRI cc values. In addition, FA was found to be
positively correlated with fcMRI cc value, which confirms a recent report by van den
Heuvel et al. (2008). The relationship between FA and fcMRI cc can also be readily
predicted from the observations that both are inversely correlated with CBF. Although this
report has focused on comparisons across fiber tracts, we have also tested the correlations
across subjects and found a similar inverse relationship between white matter CBF and FA
(partial r=−0.50±0.26, multiple-comparison-corrected P=0.001).

We propose three possible mechanisms that may be responsible for the observed inverse
correlations: 1) white matter CBF may be related to averaged axonal diameter of the tract; 2)
lower white matter CBF may reflect a higher efficiency of action potential propagation; 3)
white matter CBF may be affected by the mechanical tightness of the fiber bundle. Our
results show that CBF is negatively correlated with FA and axial diffusivity, but is positively
correlated with radial diffusivity. Similar relationships with these DTI parameters have
recently been reported for the axonal diameters. Barazany et al. showed that the mean
axonal diameter determined using an AxCaliber technique is negatively correlated with FA
and axial diffusivity, but is positively correlated with radial diffusivity (Barazany et al.,
2009). Using a different technique called orientationally invariant indices to estimate axonal
diameter, Alexander and colleagues demonstrated the same relationships (Alexander et al.,
2010). The similarity between these reports and findings in the present study leads to the
hypothesis that CBF in white matter tracts may be associated with the axonal diameter.
Axons of greater caliber tend to have a larger capacitance and may require more ion flux to
achieve depolarization and repolarization, which necessitates more activities of Na+/K+-
ATPase pumps and a greater blood supply. Indeed, some neuroanatomy literature suggests
that forceps minor and major which are located in the genu and splenium of the corpus
callosum, respectively, and manifest lower CBF in our data, have a relatively small mean
axonal diameter of 0.5-1.0 microns (Aboitiz et al., 1992; Lamantia and Rakic, 1990);
corticospinal tract which receives a larger CBF has a mean diameter of 1.2-2 microns
(Biedenbach et al., 1986; Deschenes and Landry, 1980); the thalamic-cortical tract which
shows an even greater CBF has an axonal diameter of 2-3 microns (Deschenes and Landry,
1980). In addition, for a given voxel size, larger axons would correspond to a lower axonal
density (Alexander et al., 2010). Thus there are fewer fibers to connect between the terminal

Aslan et al. Page 8

Neuroimage. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



gray matter regions, which may be responsible for the lower signal synchrony in the fcMRI
data.

There are other possible mechanisms for the observed relationships. FA is thought to
increase with myelin sheath (Avram et al., 2010; Song et al., 2002b), which restricts the
water motion in the cross-sectional direction thereby increasing the anisotropy of water
diffusion. Electrophysiologically, myelin sheath acts as an insulator and increases the
propagation efficiency of electrical signals in the axon so that Na+/K+-ATPase pumps are
only needed at discrete points called Nodes of Ranvier (Waxman et al., 1995). As such, the
energy demand may be inversely correlated with myelin sheath and its density, thus blood
supply is also inversely correlated with FA. Another possible mechanism is that the
relationship may simply reflect differential mechanical properties across fiber tracts. That is,
tracts that are tightly packed may be more difficult for the blood to perfuse due to the need
to counteract a greater pressure, whereas those that are more loosely structured may receive
more blood flow. Interestingly, this notion is consistent with recent literature that white
matter CBF in older subjects was found to be higher than that in younger subjects (Lu et al.,
2010), possibly because white matter in elderly is microstructurally less dense and shows a
lower FA (Salat et al., 2005). We also note that the possible explanations above are not
necessarily incompatible to each other. For example, voxels containing smaller caliber axon
tend to have a relatively larger fraction of myelin and may be easier to be packed densely.

In evaluating the validity of our results, we have paid special attention to partial voluming
effects to rule out the possibility that this observation was due to confounding factors. We
applied a threshold (50%) on white matter probability so that only voxels higher than the
threshold were included in the parametric assessment. As a result, the white matter
probability in the final tract ROIs was above 90% for all cases (Table 1). In addition, we
divided the averaged CBF values by Pwm+2.5×Pgm to further correct for the residual gray
matter partial volume (Lu et al., 2005). Moreover, in the correlation analyses between CBF
and other parameters, white matter probability was included as a covariate (Liu et al., 2008).
The results showed that the inverse correlation was still present after the inclusion of the
covariate. We have also considered the possible effect of the vascular anatomy on white
matter CBF. The arterial vessels in the white matter typically originate from the brain
surface and penetrate through the cortical ribbon to enter the white matter (Supplemental
Figure S1). Therefore, it may take more time for the blood to reach the deep white matter
compared to the superficial white matter. The ASL signal of deep white matter may then be
under-estimated due to greater T1 relaxation and, despite the addition of post-labeling delay
to reduce the sensitivity to timing (Alsop and Detre, 1996;Luh et al., 1999), it may still be
affected by the arterial transit time. Therefore, we used an image erosion method to obtain a
layer index (Layer 1 indicated the outermost layer, Supplemental Figure S2) for each voxel
and tract, and included this index as a covariate in all correlation analyses. Our results
showed that the inverse correlations were still present after factoring out the effect of layer
index. To further confirm the inverse correlation observed in the tract-based analysis, we
conducted a voxel-by-voxel spatial correlation analysis and the results again showed a
significant negative correlation. Therefore, the results from the different analysis approaches
seem to suggest a consistent negative correlation between white CBF and FA. This
relationship is further collaborated by the negative correlation between CBF and fcMRI cc
values. Note that the CBF and fcMRI cc were obtained from mutually exclusive ROIs (i.e.
CBF from white matter, fcMRI from gray matter), thus partial volume effect in the fiber
tracts could not possibly cause such a finding. We have also considered the possibility that
CBF may influence the estimation of FA. Voxels in the white matter contain both tissue and
vasculature. Although tissue (including axon and myelin) is often the primary focus in FA
considerations, a small amount of blood (about 1.4%) (Lu et al., 2005) is also present in the
white matter and may affect the FA value estimated from our DTI sequence. The signal

Aslan et al. Page 9

Neuroimage. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



attenuation of the blood signal with field gradient is often more rapid because of the
intravoxel incoherent motion (IVIM) mechanism (Le Bihan et al., 1986;Song et al., 2002a),
and is isotropic along all directions. This partial voluming may cause a CBF-dependent
under-estimation in FA. We have conducted a simulation in which the tissue FA was
assumed to be fixed at 0.50 and the CBF was varied from 10-20 ml/100g/min. The CBV was
varied with CBF according to Grubb’s equation (Grubb et al., 1974). We found that,
although CBF had an influence on the estimated FA, the size of the effect was very small.
Within the CBF range simulated, the FA only changed by 0.002, which is almost two orders
less than the observed FA variations. This could also be tested experimentally using blood
nulling or mild diffusion weighting in future studies.

The findings from the present study should be interpreted in view of a few limitations. First,
our analysis has primarily focused on ten major white matter tracts, but has not investigated
other smaller fibers. These ten tracts were selected because they were previously shown to
be highly reproducible across subjects and raters (Wakana et al., 2007). However, whether
the findings are extendable to other white matter requires further investigation. Second, the
SNR of ASL in the white matter is known to be relatively poor (van Gelderen et al., 2008).
Despite recent advances in ASL technologies (van Osch et al., 2009) and our efforts to
increase the sensitivity by using a long scan duration (18 min), the SNR in the present study
was still in a low range of 4.4-14.6. Therefore, our findings need to be replicated by future
studies with improved methodology (e.g. ASL at 7 Tesla). Third, the potential confounding
factor of arterial arrival time was assessed by including a layer index as a covariate in the
correlation analysis. An implicit assumption in using this approach was that the arrival time
was presumed to be solely dependent on the depth of the voxel (i.e. the deeper, the longer).
The actual arrival time, however, may be also dependent on the perfusion territory of
feeding arteries (Hendrikse et al., 2008; van Laar et al., 2006). Cerebral border zones may
have excessively long arrival time, which may result in smaller apparent ASL signals. In
future work, an arrival time map should be acquired and used as a covariate in place of the
lay index. Finally, the present study has only included young, healthy subjects. Whether the
observed relationship will be applicable for older group and patient populations requires
further investigation.

Conclusions
We found that blood flow in the white matter is inversely correlated with the anisotropy of
water diffusion as well as the gray matter’s temporal synchrony. These data suggest that
perfusion in the white matter is strongly associated with gray matter’s connectivity, but its
mechanism may be related to microstructural organization of the fiber tract rather than the
neurovascular coupling phenomenon that governs the relationship between neural activity
and hemodynamics in the gray matter.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Illustration of image coregistration procedures across modalities and examples of parametric
maps. The T2-weighted (T2w) EPI image was used as a template to which all other images
are coregistered. The T2w image was also used for segmentation of the brain into gray
matter, white matter and CSF. The probability map of the white matter is shown.
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Figure 2.
Relationship between tract-specific FA and CBF. (a,b) Illustration of ten major fiber tracts
overlaid on FA maps. For clarity, five fibers are shown in (a) and five are shown in (b). The
fibers in (a) are: forceps major of the corpus callosum (red), forceps minor of the corpus
callosum (blue), cingulum in the cingulate cortex (yellow), cingulum to hippocampus
(orange), and anterior thalamic radiation (green). The fibers in (b) are: uncinate fasciculus
(yellow), corticospinal tract (green), arcuate fasciculus (pink), inferior fronto-occipital
fasciculus (blue), and inferior longitudinal fasciculus (orange). (c) Scatter plots between FA
and CBF across fiber tracts. Each sub-plot displays data from one subject. Within a sub-plot,
different points indicate different tracts. An inverse correlation is observed in all subjects. In
statistical analysis, the cc values from the sub-plots are combined in a meta-analysis to yield
a t statistic.
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Figure 3.
Scatter plots between CBF and radial diffusivity (a), axial diffusivity (b) and ADC (c). Each
symbol represents data from one fiber tract averaged over all subjects. The error bars
indicate standard error of mean. CBF was positively correlated with radial diffusivity
(P=0.001), but was negatively correlated with axial diffusivity (P=0.003) and ADC
(P<0.001).
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Figure 4.
Relationship between tract-specific CBF and fcMRI cc values. (a) Illustration of “cingulum-
in-the-cingulated-cortex” tract and the gray matter nodes in the posterior cingulate cortex
and medial frontal cortex. (b) Scatter plots between CBF and fcMRI cc across fiber tracts.
Each sub-plot displays data from one subject. Within a sub-plot, different points indicate
different tracts. An inverse correlation is observed in all subjects.
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Figure 5.
Scatter plot between FA and fcMRI cc values. Each symbol represents data from one fiber
tract (and associated gray matter nodes) averaged over all subjects. The error bars indicate
standard error of mean. FA was positively correlated with fcMRI cc (P<0.001).

Aslan et al. Page 18

Neuroimage. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Aslan et al. Page 19

Ta
bl

e 
1

Su
m

m
ar

y 
of

 fi
be

r-
tra

ct
-s

pe
ci

fic
 C

B
F,

 F
A

, w
hi

te
 m

at
te

r p
ro

ba
bi

lit
y,

 la
ye

r i
nd

ex
, S

N
R

 o
f t

ra
ct

-s
pe

ci
fic

 C
B

F 
as

 w
el

l a
s t

he
 fc

M
R

I c
c 

va
lu

es
 fr

om
 th

e 
gr

ay
m

at
te

rs
 th

at
 th

e 
re

sp
ec

tiv
e 

tra
ct

 c
on

ne
ct

s. 
Th

e 
va

lu
es

 a
re

 li
st

ed
 a

s m
ea

n 
± 

st
an

da
rd

 d
ev

ia
tio

n 
(N

=1
0)

. T
he

 fi
be

r t
ra

ct
s a

re
 li

st
ed

 in
 a

sc
en

di
ng

 o
rd

er
 o

f C
B

F.
N

ot
e 

th
at

 th
e 

fc
M

R
I c

c 
va

lu
es

 sh
ow

n 
he

re
 a

re
 fr

om
 th

e 
en

tir
e 

R
O

Is
, w

hi
le

 th
e 

m
et

a-
an

al
ys

is
 w

as
 b

as
ed

 o
n 

cc
 v

al
ue

s f
ro

m
 1

0-
vo

xe
l b

lo
ck

s, 
in

 o
rd

er
 to

ac
co

un
t f

or
 v

ol
um

e 
di

ff
er

en
ce

s a
cr

os
s R

O
Is

. T
he

 c
or

tic
os

pi
na

l t
ra

ct
 w

as
 e

xc
lu

de
d 

fr
om

 th
e 

fc
M

R
I a

na
ly

si
s b

ec
au

se
 th

e 
te

rm
in

al
 o

f t
hi

s t
ra

ct
 w

as
 in

 th
e

sp
in

al
 c

or
d 

w
hi

ch
 w

as
 b

ey
on

d 
th

e 
sp

at
ia

l c
ov

er
ag

e 
of

 o
ur

 im
ag

e 
ac

qu
is

iti
on

C
B

F
(m

l/1
00

g/
m

in
)

FA
(u

ni
tle

ss
)

W
hi

te
m

at
te

r
pr

ob
ab

ili
ty

(%
)

L
ay

er
 in

de
x

(u
ni

tle
ss

)
SN

R
 o

f C
B

F
(u

ni
tle

ss
)

C
or

re
la

tio
n

C
oe

ffi
ci

en
t i

n
fc

M
R

I
(u

ni
tle

ss
)

Fo
rc

ep
s M

in
or

 o
f

C
or

pu
s C

al
lo

su
m

9.
7±

3.
9

0.
52

±0
.0

2
96

.0
±0

.6
2.

96
±0

.1
6

4.
42

±2
.2

1
0.

69
±0

.2
6

Fo
rc

ep
s M

aj
or

 o
f

C
or

pu
s C

al
lo

su
m

11
.0

±3
.1

0.
56

±0
.0

2
91

.3
±2

.4
2.

38
±0

.3
1

7.
51

±2
.5

5
0.

87
±0

.0
6

C
in

gu
lu

m
 in

 th
e

C
in

gu
la

te
 C

or
te

x
13

.4
±4

.1
0.

51
±0

.0
2

95
.3

±1
.3

2.
44

±0
.3

0
6.

71
±1

.8
0

0.
37

±0
.1

8

In
fe

ri
or

 F
ro

nt
o-

O
cc

ip
ita

l F
as

ci
cu

lu
s

13
.7

±3
.3

0.
50

±0
.0

2
95

.0
±1

.4
3.

23
±0

.9
4

9.
27

±2
.8

1
−
0.
09
±0
.1
2

In
fe

ri
or

 L
on

gi
tu

di
na

l
Fa

sc
ic

ul
us

14
.4

±3
.7

0.
48

±0
.0

2
94

.1
±1

.1
2.

87
±0

.1
7

9.
84

±3
.5

6
−
0.
08
±0
.1
4

U
nc

in
at

e 
Fa

sc
ic

ul
us

16
.4

±6
.1

0.
44

±1
.2

91
.4

±1
.2

2.
09

±0
.2

5
7.

24
±3

.5
9

0.
31

±0
.2

3

Ar
cu

at
e 

Fa
sc

ic
ul

us
16

.9
±2

.8
0.

48
±0

.0
3

96
.4

±1
.3

4.
44

±0
.5

6
10

.9
4±

2.
96

0.
18

±0
.2

7

C
or

tic
os

pi
na

l T
ra

ct
19

.2
±3

.7
0.

51
±0

.0
2

95
.4

±1
.2

5.
19

±0
.5

7
8.

84
±2

.7
7

-

An
te

ri
or

 T
ha

la
m

ic
Ra

di
at

io
n

21
.1

±4
.2

0.
44

±0
.0

1
94

.6
±0

.8
3.

41
±0

.2
5

14
.6

0±
2.

75
−
0.
05
±0
.2
6

C
in

gu
lu

m
 to

hi
pp

oc
am

pu
s

25
.7

±7
.8

0.
47

±0
.0

3
90

.9
±2

.1
1.

58
±0

.3
3

8.
33

±2
.9

7
0.

17
±0

.2
3

Neuroimage. Author manuscript; available in PMC 2012 June 1.


