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A B S T R A C T

Functional MRI (fMRI) signals are robustly detectable in white matter (WM) but they have been largely ignored in the fMRI literature. Their nature, interpretation,
and relevance as potential indicators of brain function remain under explored and even controversial. Blood oxygenation level dependent (BOLD) contrast has for
over 25 years been exploited for detecting localized neural activity in the cortex using fMRI. While BOLD signals have been reliably detected in grey matter (GM) in a
very large number of studies, such signals have rarely been reported from WM. However, it is clear from our own and other studies that although BOLD effects are
weaker in WM, using appropriate detection and analysis methods they are robustly detectable both in response to stimuli and in a resting state. BOLD fluctuations in a
resting state exhibit similar temporal and spectral profiles in both GM and WM, and their relative low frequency (0.01–0.1 Hz) signal powers are comparable. They
also vary with baseline neural activity e.g. as induced by different levels of anesthesia, and alter in response to a stimulus. In previous work we reported that BOLD
signals in WM in a resting state exhibit anisotropic temporal correlations with neighboring voxels. On the basis of these findings, we derived functional correlation
tensors that quantify the correlational anisotropy in WM BOLD signals. We found that, along many WM tracts, the directional preferences of these functional
correlation tensors in a resting state are grossly consistent with those revealed by diffusion tensors, and that external stimuli tend to enhance visualization of specific
and relevant fiber pathways. These findings support the proposition that variations in WM BOLD signals represent tract-specific responses to neural activity. We have
more recently shown that sensory stimulations induce explicit BOLD responses along parts of the projection fiber pathways, and that task-related BOLD changes in
WM occur synchronously with the temporal pattern of stimuli. WM tracts also show a transient signal response following short stimuli analogous to but different from
the hemodynamic response function (HRF) characteristic of GM. Thus there is converging and compelling evidence that WM exhibits both resting state fluctuations
and stimulus-evoked BOLD signals very similar (albeit weaker) to those in GM. A number of studies from other laboratories have also reported reliable observations
of WM activations. Detection of BOLD signals in WM has been enhanced by using specialized tasks or modified data analysis methods. In this mini-review we report
summaries of some of our recent studies that provide evidence that BOLD signals in WM are related to brain functional activity and deserve greater attention by the
neuroimaging community.

1. Introduction

Functional MRI based on the BOLD (blood oxygenation level de-
pendent) effect is well established for studies of cortical activity both in
a resting state and in response to stimulation, but the occurrence and
significance of similar signals in white matter (WM) have received
much less attention and even remain controversial. In this mini-review
we report summaries of some recent studies of task-evoked and resting
state MRI signals in WM that demonstrate that BOLD effects in WM (a)
are readily detectable using appropriate methods (b) behave similarly
to BOLD signals from cortex but are weaker and of longer latency, and

(c) are modulated by neural activity in grey matter (GM) volumes to
which they connect. Collectively these results, in combination with
reports from others, provide compelling evidence that BOLD signals in
WM deserve greater emphasis in attempts to understand the overall
functional architecture of the brain, and need to be properly considered
in current analyses of functional studies. Further details of the experi-
ments and results summarized below can be found in our recent pub-
lications [1–8].

There are substantive reasons to doubt the detectability and sig-
nificance of BOLD effects in WM. The blood flow and volume in WM are
approximately only about 25% as large as in GM [9,10], and the energy
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requirements for dynamic WM functions are usually considered low
compared to those in the cortex [11] so it is not clear whether a sig-
nificant BOLD response is expected in response to a stimulus. Given the

25+ years of successful fMRI studies, there are remarkably few claims
in the literature of positive findings in WM. However, it is our experi-
ence that often the appearances of BOLD activations in WM are un-
reported (see below) or even are deliberately removed by adjustment of
detection threshold and cluster sizes to reduce the number of “false-
positive” results. Indeed, signals from WM may be deliberately re-
gressed out of data analyses as nuisance variables. It should be noted
that although blood flow in WM is much less than in GM, their oxygen
extraction fractions are comparable [12]. In addition, WM contains a
significantly higher glia-to-neuron ratio than GM [13] so the energy
requirements are not simply those needed for the efficient propagation
of action potentials [11,14]. One recent report argues that a main use of
energy in WM is the maintenance of membrane potentials required for
proper functioning of oligodendrocytes [11].

Experimentally, it is clearly possible to produce BOLD effects in WM
by inducing vasodilation and reducing the level of deoxyhemoglobin in
tissue. For example, Fig. 1 shows the effects of a simple hypercapnia
challenge on a human subject from which it is seen that the resultant
BOLD effect in WM is about 54% that of GM and takes somewhat longer
to develop. Even smaller differences in BOLD signal changes
(WM≈ 61%GM) were reported by Iranmahboob et al. [15]. From this
it may be inferred that a process that induces increased perfusion with
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Fig. 1. BOLD responses to a hypercapnia challenge in GM (left) and WM (right) on a normal human subject performed at 3 T. Effect in WM is lower than that of GM
and takes longer to develop.

Fig. 2. Variations of fractional power of low frequency fluctuations in BOLD signals with echo time in GM (red) and WM (blue). Reproduced with permission from
[2]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Identification of language areas based on seed points in left Broca's area
using resting state fMRI. Reproduced with permission from [17].

J.C. Gore, et al. Magnetic Resonance Imaging 63 (2019) 1–11

2



oxygenated blood will alter the MRI signal from WM just as in GM.
Moreover, in a resting state, there are significant measurable fluctua-
tions of BOLD signal in WM in the low frequency range 0.01–0.1 Hz
characteristic of the signals used to infer functional connectivity in
cortex. Fig. 2 shows that the fractional power of variations in the low
frequency band in WM varies with echo time and is largely comparable
to that in GM, suggesting they share a similar physiological origin and
(potentially) significance. Finally there have been several reports that
functional tasks reliably induce activations in certain WM regions,
especially in recent years [16,17].

An example of the prevailing view of BOLD effects in WM is shown
in Fig. 3 taken from an informative and valuable teaching review article
in AJNR [18]. The authors illustrate the principles and applications of

resting state fMRI by showing those voxels strongly correlated with left
Broca's area, thereby depicting areas engaged in the circuit subserving
expressive language in a resting state. The corresponding right side
cortical inferior frontal region is part of this circuit and therefore ap-
pears as connected as expected, but what is not mentioned in the paper
is the clear, central, crescent-shaped area of highly correlated voxels
deep within the corpus callosum. This resting state connectivity within
WM is often overlooked because such findings are not considered as
relevant compared to the main cortical circuits under discussion, or
which are the goals of conventional resting state studies. Close ex-
amination of numerous other studies in the literature reveals a similar
disregard for voxels within WM that pass the threshold criteria for
positive findings.

2. Resting state correlations in WM

A challenge to this prevailing view was proposed by Ding et al. in
2013 who studied the magnitudes and other characteristics of low
frequency signal fluctuations from both GM and WM in a steady state
[1]. Fig. 4 shows maps, taken from that report, of temporal correlations
in a resting state to seed points in WM for two subjects. It can be seen
that the optic radiations of both hemispheres tend to show much higher
temporal correlations to the seeds in left optic radiation than the vast
majority of other WM or GM voxels. Meanwhile, voxels in the corpus
callosum of both hemispheres tend to show much higher temporal
correlations to the seed in right corpus callosum than the vast majority
of other WM voxels. These high correlations appear to extend over long
distances but are confined to specific structures, signifying there are
synchronized temporal variations within only these structures. Similar
findings were reported by Marussich et al. [19] and Peer et al. [20] who
identified segregated components of homogenous WM voxels by using
independent component analysis (ICA) and K-means clustering re-
spectively. These components exhibit similar spatial distributions to
those of WM tracts. This suggests that WM tracts that provide structural
connectivity may also exhibit synchronized BOLD activity in a resting
state. By application of these findings, Jiang et al. [21] observed

Fig. 4. Distributions of temporal correlations to seed points in left optic ra-
diation (left) and corpus callosum (right) for two normal subjects. The corre-
lations are clearly strongest in the tracts of the optic radiations when the seed
point is in the left optic radiation. Voxels in the corpus callosum of both
hemispheres tend to show much higher temporal correlations to the seed in
right corpus callosum than the vast majority of other WM voxels. This finding
suggests that analysis of signals within segmented tracts may increase detection
of BOLD signals. Reproduced from [1]; use permitted under the Creative
Commons Attribution License CC BY 4.0. https://creativecommons.org/
licenses/by/4.0/

Fig. 5. The top row was obtained without any diffusion weighting, using only correlations in resting state fluctuations - functional correlation tensors, at four
different TEs. The bottom row shows functional correlation tensors constructed from M0 and R2* images, diffusion tensors and a derived FA map. Reproduced with
permission from [2].
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decreased amplitudes of low-frequency spontaneous oscillations in
specific WM components in patients with schizophrenia.

Ding et al. also calculated the correlations of resting state signals
between neighboring WM voxels and found they are measurably ani-
sotropic [2]. For a voxel at the center of a 3×3×3 volume there are
26 nearest neighbors so that in a resting state there are 26 direction-
dependent correlation coefficients. These were found to be unequal in
WM but they could be fit to a 3× 3 tensor in much the same manner as
diffusion coefficients for different gradient directions may be reduced to
a diffusion tensor (DTI) [22]. The resultant Functional Correlation
Tensor (FCT) from resting state BOLD signals may then be treated in
similar fashion as DTI tensors - for example, their principal eigenvalues
define dominant directions, and quantities analogous to the fractional
anisotropy (FA) are readily derived. Wang et al. have observed that the
average FA of resting-state correlations along WM tracts in sensor-
imotor system is significantly correlated with clinical scores in patients
with pontine strokes [23]. Chen et al. [24] have expanded the FCT to a
dynamic FCT (dFCT). A quantitative measurement derived from the
dFCT, namely, dynamic FA, was demonstrated to be an effective feature
in recognizing mild cognitive impairment (MCI). The FCTs may be used
for tractography. In general the FCT-defined tracts follow WM tracts
defined by DTI. Fig. 5 shows a direct comparison of DTI and FCT results
for a single brain slice, while Fig. 6 shows the directional ellipsoids for
single voxels in the genu and splenium of the corpus callosum and the
cingulum. FCT tensor-derived ellipsoids in GM appear isotropic

whereas those in WM have a clear, prolonged appearance.
Although FCTs appear to align with DTI data, they also have several

limitations. The use of only nearest-neighbor voxels makes FCTs sen-
sitive to noise. Furthermore, adjacent voxels tend to have higher cor-
relations than diagonal voxels, resulting in orientation-related biases.
Finally, the tensor model restricts functional correlations to an ellip-
soidal bipolar-symmetric shape, and precludes the ability to detect
more complex functional orientation distributions (FODs). In light of
these limitations, Schilling et al. introduced High-Angular-Resolution
Functional-correlation Imaging (HARFI) to address these issues [3]. In
the same way that high-angular-resolution diffusion imaging (HARDI)
techniques provide more information than diffusion tensors, they
showed that the HARFI model is capable of characterizing complex
FODs expected to be present in WM. They demonstrated that a more
complete radial and angular sampling strategy eliminates orientation
biases present in tensor models, that HARFI FODs are able to re-
construct known WM pathways, and that they allow asymmetric
“bending” and “fanning” distributions of tracts. Their results suggest
the HARFI model could be a robust, new way to evaluate anisotropic
BOLD signal changes in WM, and that other analytic approaches are
also worth investigation.

3. Task-induced BOLD activations in WM

The lack of successful reports of reliable detection of task-related

Fig. 6. Spatio-temporal functional correlation ten-
sors (FCTs) and diffusion tensors in the genu and
splenium of the corpus callosum and the cingulum.
From left to right columns are T1-weighted images,
FCTs in the boxed region of the left column, and
diffusion tensors in the same region. Top to bottom
rows are the genu and splenium of the corpus cal-
losum and the cingulum respectively. The pathways
formed by the FCTs were grossly consistent with
those revealed by diffusion tensors (red arrows).
Reproduced with permission from [2]. (For inter-
pretation of the references to color in this figure le-
gend, the reader is referred to the web version of this
article.)
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WM BOLD activations suggests that conventional methods used to
analyze functional images that are optimized for GM may not be ap-
propriate for WM. To that end, we have considered modifications to
analyses that significantly improve the rate of detection of BOLD signal
changes in WM. First, in conventional analyses of BOLD data, it is usual
to identify a volume of interest or voxel cluster over which to average
the MRI signal in order to maximize signal to noise ratio (SNR). Usually
the voxel cluster is a spherical or cubic volume centered around a voxel
of maximal change during a task. Isotropic smoothing producers a si-
milar increase in SNR. In GM such a volume may be appropriate, but in
WM we instead opted to integrate the MRI signal from individual WM

tracts segmented from diffusion tensor images. The assumption of any
clustering technique is that the voxels combined in a cluster exhibit a
common response to stimuli, and we hypothesized that each WM tract
contains 100s or 1000s of voxels which share the same function. The
WM tracts can be obtained by segmentation of high resolution DTI
images. A result is shown in Fig. 7 taken from Wu et al. [4] in which the
BOLD responses of both a cortical volume and associated WM tract are
both shown to exhibit a clear periodic response that parallels the
modulation of the stimulus (in this case a simple stimulation of the
palm).

A second essential strategy is based on the observation that WM

Fig. 8. Time series of BOLD signals (top and middle rows) and their Fourier spectrua (bottom rows) in response to a simple alternating visual stimulus. Reproduced
with permission from [5].

Fig. 9. Distributions of the magnitude at the stimulus frequency in BOLD signals in WM and GM in response to a simple alternating visual stimulus. The MSF is
thresholded at 0.4 MMSF for both WM and GM. Reproduced with permission from [5].
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hemodynamic changes may lag and take longer than cortical responses
so that the conventional hemodynamic response function (HRF) used in
e.g. general linear models for analyzing fMRI data may not be appro-
priate. Rather than assume such a function, for a periodic block design
task it is logical to postulate that the BOLD response will also be peri-
odic with a strong component at the fundamental task frequency irre-
spective of other components. A simple Fourier transform of the time
varying signal can thus be used to produce a response activation map
based on the signal amplitude at the fundamental frequency. Fig. 8 and
Fig. 9 show time series of BOLD signals and their Fourier spectra along
with a map of the voxels showing a strong component at the funda-
mental frequency in response to a simple alternating visual stimulus
[5]. This approach does not need to assume any particular form for the

HRF other than it is relatively short compared to the period of the task.

4. Hemodynamic response function in WM

Event-related designs are another important class of fMRI experi-
ments in which the HRF plays a central role as the effective impulse
response of the brain. The HRF may in principle be derived from ap-
propriate event-related studies. Li et al. [6] implemented a paradigm to
identify areas of the brain activated by an event-related version of the
Stroop word-color interference task [25]. Their goal was to use the
Stroop task to robustly activate multiple, distributed brain sites as first
shown by Leung et al. in 2000 [26]. Performance of the Stroop speci-
fically activated 7 main regions - the anterior cingulate (ACC), insular,

Fig. 10. Top Left: Cortical areas activated by event-related Stroop test detected using standard GLM. Top middle: Major tracts traced between ROIs in activation map
using DTI. Top right: Matrix of 7 regions identified along with indicators (colors) of regions between which WM fibers could be tracked in 20 subjects. Lower: the time
courses averaged over multiple epochs of BOLD signals in 4 WM tracts from 20 subjects. Red line shows fit to double gamma variate function. Control WM tracts
showed no significant changes and flat responses. Reproduced from [6]; use permitted under the Creative Commons Attribution License CC BY 4.0. https://
creativecommons.org/licenses/by/4.0/ (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

GM WM

4Hz
8Hz

12Hz

Fig. 11. Variation of BOLD signal with flicker frequency. Upper left shows BOLD responses to flickering checker board (average of 12 subjects) in visual cortex. Upper
right shows signal variation in WM and GM at different block presentation frequencies. Lower shows relative time series of signal changes in WM for different
frequencies.
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inferior and middle frontal regions (FRON), and parietal gyri (PAR) as
shown in Fig. 10. From DTI, WM tracts that could be reliably traced in
all of 20 subjects between the 7 activated GM regions (11 of 21 possible
connections were analyzed) as shown in Fig. 10, were identified, and
the event-related BOLD waveforms in each of those were then analyzed.
While several tracts showed responses with continuous increases to a
single peak similar to a stretched version of the GM response, other
areas showed a distinct biphasic waveform with a pronounced negative
dip followed by a positive peak. In cortex a negative dip in BOLD wa-
veforms has been difficult to reliably detect though it is postulated to
represent a temporary increase in deoxyhemoglobin from increased
oxygen usage prior to the arrival of increased arterial blood. In WM,
where the vascular response is smaller and slower, there appear to be
larger negative dips, and the HRF is variable across tracts. The differ-
ence between the WM HRF and that assumed in most analyses of fMRI
studies explains some of the lack of sensitivity to WM activations in
many previous studies.

5. Relationship of WM BOLD effects and neural activity

Given the evidence that both task-evoked and resting state BOLD
signals can be detected in WM, a natural question is whether, by ana-
logy to GM, resting state signals are related to neural activity or in-
formation processing within the brain. Evidence for this may be ad-
duced from the fact that in anesthetized monkey brains, the power of
WM resting state signal fluctuations varies with the level of anesthesia
in identical manner to the BOLD signals from cortical areas. In studies
of anesthetized squirrel monkeys, Wu et al. [7] reported that the frac-
tional power (0.01–0.08 Hz) of BOLD signal fluctuations in WM was
between 60 and 75% of the level in GM, and that as levels of isoflurane

increased from 0.5% to 1.25%, the power in both GM and WM low
frequencies decreased monotonically in very similar manner. Further-
more, the distribution of fractional anisotropy values of the functional
tensors in WM were significantly higher than those in GM and the
functional tensor eigenvalues decreased with increasing level of an-
esthesia. These results suggest that as anesthesia level changes baseline
neural activity, WM signal fluctuations behave similarly to those in GM,
and functional tensors in WM are affected in parallel.

A demonstration of the relationship between activity in GM cortical
regions and WM tracts was reported in Wu et al. [4] who studied the
correlations in resting state BOLD signals between WM tracts and GM
volumes known to be engaged in specific motor or sensory responses.
For example, a group of subjects performed conventional block acti-
vation studies with subject finger tapping to identify GM primary motor
cortices. Then, DTI was used to identify WM tracts between those re-
gions and the thalamus. Subsequently, resting state acquisitions of
whole brain were acquired. Wu et al. then examined the values of the
resting state correlations between the GM motor cortices and the WM
thalamo-cortical tracts and compared them to correlations of GM motor
cortices to all other WM regions both at rest and during continuous
finger tapping. The correlations were much larger between GM and the
thalamo-cortical WM tracts than any other WM regions, they increased
with task demand, and were much greater on the contralateral side of
the brain. These results were consistent with the postulate that WM
BOLD signals are related to the “driving” cortical activity to which they
connect both in a resting state and during a stimulus.

6. WM BOLD increases with task parameters parallel to GM BOLD

Further evidence that WM BOLD signals reflect neural activity is

Fig. 12. Matrix of temporal correlations between BOLD signals in WM bundles (vertical axis) and GM regions (horizontal axis) averaged over 12 young adults. The
data were thresholded at mean CC > 0.3. Reproduced from [8] (PNAS authors need not obtain permission for using their original figures or tables in their future
works).
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provided by tasks that modulate the BOLD signals in GM in parametric
fashion, and in which there are corresponding changes in WM. Fig. 11
shows the results of a preliminary study in which images were acquired
during simple visual stimulations with a flickering checker board in a
block design protocol (20 s blocks). On successive runs the flickering
rate of the checker board was varied from 2 to 14 Hz. Previous studies
have shown that primary visual areas show a graded BOLD response
with changing frequencies that typically peaks around 8 Hz [27].
Fig. 11 shows the average magnitude of the fMRI signal changes at the
block frequency in GM and WM, obtained by Fourier transform of their
time-varying signals, as well as the variation with flicker frequency of
the signal in GM and WM areas. Clearly the WM response follows the
GM neuronal sensitivity to flicker frequency, consistent with the WM
signal being strongly coupled to GM activity. It should be emphasized
that this correspondence is unlikely to be caused by drainage effects
from the GM because cortical drainage occurs largely outwards while
the WM veins drain inwards and there is no vascular communication
between them [28].

7. Functional connectivity matrices

To further test the hypothesis that BOLD signals in WM tracts are
directly related to neural activity within cortical regions with which
they share a functional role, Ding et al. [8] acquired and analyzed
diffusion tensor and BOLD images from a group of healthy human
subjects in a resting state at 3T. They then looked for correlations be-
tween specific parcellated GM volumes and segmented WM tracts. The
images were spatially normalized into the common MNI (Montreal
Neurological Institute) space [29]. 48 WM bundles were defined via
DTI using the Johns Hopkins atlases [30], and 84 Brodman's areas (BA)
were defined in GM using the PickAtlas tool [31]. Pearson correlation
coefficients were then calculated for MRI signals between each pair of
WM bundle and BA, which produced a functional correlation matrix

(FCM) showing their resting state relationships. The average temporal
correlations in a resting state between BOLD signals in 48 WM bundles
and 84 GM regions are shown in Fig. 12, in which each element is the
correlation coefficient (CC) between a pair of WM and GM regions
averaged across 12 subjects. It is quite apparent that the variations of
correlations are not random, but rather manifest as patterns of hor-
izontal stripes, suggesting that certain WM bundles exhibit overall
greater temporal correlations with GM. There were also negative cor-
relations between some of the WM bundles and GM regions. Most no-
tably, the left tapetum (TAP) had quite pronounced negative correla-
tions with most of the GM regions (mean CC < -0.3) (consistent with a
180 degree shift in their temporal response waveforms in a block de-
sign). The patterns of horizontal stripes suggest the existence of syn-
chronous BOLD responses within segmented WM and GM volumes in
the human brain in a resting state.

Ding et al. further analyzed 3T resting state fMRI data from 172
subjects in the Young Adult Study in the Human Connectome Project
[32]. GM region masks were obtained from the preprocessed ROIs,
including 68 sulci and gyri, which were automatically segmented on
structural images in native space and then transformed to MNI space.
Meanwhile, WM region masks were created from the JHU ICBM-DTI-81
WM atlas, including 48 deep WM bundles. Resting state fMRI signals
were averaged across each of the GM and WM regions to produce a
mean time series, which was used to calculate pairwise temporal CCs
between GM regions and WM bundles. The CC maps across all 172
subjects were averaged and thresholded at 0.3 (Fig. 13). These data
reproduced the earlier, smaller study and suggest strongly that com-
parisons of the functional correlation matrices from different groups
would be worthwhile. For example, it is reasonable to hypothesize that
patterns of GM-WM correlations will be altered during brain develop-
ment or degeneration, and may provide a novel way to characterize
brain functional changes with different disorders. A similar example
was reported by Ji et al. [33] where a functional network was modeled

Fig. 13. Matrix of correlations> 0.3 for 48 WM bundles (vertical axis) vs 68 cortical regions (horizontal axis) averaged over 172 young adults.
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by pair-wise correlation between WM ROIs and yielded topological
measurements that were correlated to dysfunction of patients with
Parkinson's disease.

8. Conclusions

The studies summarized above, in combination with other reports,
suggest strongly that task-evoked and resting state signals in WM ap-
pear to be BOLD effects that reflect hemodynamic changes associated
with neural activity within WM and/or adjacent cortical areas. In a
resting state, WM signal fluctuations behave in similar fashion as those
from GM as anesthesia increases and baseline neural activity decreases.
WM tracts show a smaller and slower hemodynamic response to a sti-
mulus than GM areas. Conventional methods for detecting activity in
WM in block or event-related studies are insensitive partly because they
employ inappropriate ROIs for clustering voxels and an inappropriate
HRF.

Resting state correlations between voxels in WM are detectable and
anisotropic and can be described by a 3×3 tensor or other means.
Functional Correlation Tensors represent a functional connectivity
within white matter that is similar to the structural connectivity pro-
vided by DTI but is obtainable without using diffusion gradients.
Signals from specific WM tracts correlate most with signals from cor-
tical regions to which they are connected, and those correlations in-
crease during a task. Functional Correlation Matrices can be con-
structed for a whole brain which relate resting state signals in different
WM tracts to specific GM cortical volumes.

The brain is known to be organized in multiple levels, from single
neurons to ensembles, columns and layers, circuits, modules and sys-
tems. Different types of function emerge from these different levels of
structure, so an understanding of how structure and function are related
and integrated is likely to provide greater insight into important aspects
of how the brain performs. The precise biophysical basis of the BOLD
changes seen in WM is presently not understood. BOLD signals in WM
may represent vascular responses to the demands of signal transduction
intrinsic to WM, or they may potentially be induced by a physical
coupling to vascular changes in cortex. In addition, the interpretations
of WM correlations are not clear. However, similar concerns regarding
BOLD effects in GM remain largely valid despite 25 years of acceptance
and widespread use of fMRI. While evidence has accumulated that
BOLD evoked responses usually correspond to increased neural activity
as measured by e.g. electrophysiology, not all changes in BOLD signals
are readily correlated with corresponding electrical signals and vice
versa, while their quantitative relationships to specific levels of neu-
rotransmission and metabolism have received scant attention. There are
also fundamental uncertainties still about the interpretation of func-
tional connectivity derived from BOLD correlations, and how these
reflect activity in neural circuits in a resting state. While further in-
vestigations of these underlying phenomena are worthwhile, it seems
inconsistent to accept uncertainties about the origins and meaning of
GM BOLD signals while dismissing the potential value of WM signals
because of similar uncertainties. From the evidence above we suggest
BOLD signals in WM warrant greater scrutiny from the neuroimaging
community.
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