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CHAPTER |

INTRODUCTION

The goals of this thesis are to investigate and assess recent discoveries about the nature of
temporal variations in resting state functional magnetic resonance imaging (rsfMRI) signals from
the human and monkey brain. A new mathematical descriptor, functional correlation tensors
(FCTs), that measures correlational anisotropy of rsfMRI signal among neighboring voxels has
recently been reported. Remarkably, some of the FCTs’ features bear gross similarity to the
diffusion tensor imaging (DTI) data across large brain regions but without the use of any
diffusion gradients. This discovery reveals the existence of strong correlations between white
matter structures and functional, temporal dynamics, suggesting a novel approach that is able to
delineate the functional architecture of the brain, especially white matter, purely on the basis of
fMRI data. Although the analysis of FCTs permits the tractography of functional pathways, their
interpretation and the biophysical mechanisms underlying these phenomena remain unclear. The
objectives of this thesis are therefore to 1) construct functional connectivity tensors in normal
brains at rest, compare these to underlying structural features, and observe how evoked
functional activities alter these structures and enhance visualization of relevant neural circuitry 2)
elucidate the underlying biophysical mechanisms that account for their origins by assessing
whether MRI signal fluctuations in white and gray matter vary for different baseline levels of

neural activity.



CHAPTER I

VISUALIZING FUNCTIONAL PATHWAYS IN THE HUMAN BRAIN USING
CORRELATION TENSORS AND MAGNETIC RESONANCE IMAGING

Introduction

Functional magnetic resonance imaging (fMRI) usually detects hemodynamic changes
associated with neural activity on the basis of blood oxygenation level dependent (BOLD)
contrast, and is well established as the primary neuroimaging technique for studying the
functional architecture of the brain and correlating regional activities over time (Bharat Biswal et
al., 1995; Fox and Raichle, 2007; Ogawa and Lee, 1990). Since 1990, fMRI has been widely
adopted by the neuroscience community, and has permeated many aspects of brain research,
including studies of human sensory and cognitive processes and their changes with development,

aging or pathological disorders.

The vast majority of fMRI studies have been focused on brain gray matter (Gore, 2003),
in which significant changes in blood flow and oxygenation in response to variations in neural
activity are known to occur, and there has been only a very limited number of reports of
corresponding changes in white matter to date (Fabri et al., 2011; Tettamanti et al., 2002; Weber
et al., 2005). The dearth of fMRI literature on white matter is conventionally attributed to an
absence of significant hemodynamic changes within white matter in response to changes in
electrical activity, so that any corresponding weak BOLD signals are not reliably detectable by
current means. Compared to gray matter, white matter is irrigated by much less dense
vasculature (Nonaka et al., 2003), with blood flow approximately one-fourth of that in the gray
matter (Raichle et al., 2001). Even if BOLD changes occur, they may produce much smaller
effects. However, despite this four-fold reduction in blood flow, it has been found that the
oxygen extraction fraction is relatively uniform in the resting brain (Raichle et al., 2001). Thus it
is at least plausible that white matter may also elicit BOLD signals that may be detected with
more sensitive technology or more appropriate processing algorithms. Indeed, recent

investigations in which high field MRI and prudently chosen task paradigms were employed
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have reported reliable detection of white matter activations (Jodie R Gawryluk et al., 2014).
However, we also should emphasize that task-evoked activation is not a necessary prerequisite

for the existence of resting state correlations in baseline signals.

We first reported our preliminary observations that MRI signals from T,*-sensitive
acquisitions in a resting state exhibit structure-specific temporal correlations in white matter by
examining a small set of normal brains at rest (Ding et al., 2013), but we hypothesized that
appropriate analysis of such signals may reveal new insights into white matter structure and
represent an important type of functional synchrony which heretofore has been overlooked. In
this report, we confirm the validity and significance of resting state correlations, and provide
evidence of the biophysical basis of their origins. We introduce a new mathematical construct we
call functional correlation tensors (FCTSs) that quantifies the correlational anisotropy of resting
state MRI signals among neighboring voxels in the brain. In gray matter these tensors tend to be
isotropic except at the boundaries of functional domains. In white matter, the tensors tend to be
anisotropic with the dominant direction grossly consistent with that of local fibers found
independently by diffusion tensor imaging. These FCTs can thus be used not only to visualize
white matter structures over large distances, but also to provide an entirely new way to

characterize functional organization in the human brain.

We first demonstrate the ability of FCTs for depicting various fiber pathways that include
the genu and splenium of corpus callosum, cingulum fibers, portions of arcuate fasciculus, and
sub-cortical U-fibers, based solely on analysis of anisotropic resting state correlations of MRI
signals without any prior knowledge and without any use of diffusion-encoding gradients.
Second, we stimulate localized functional activity and demonstrate how these FCTs change with
engagement of function and can be used to highlight pathways that are involved in these tasks.
To evaluate the underlying biophysical mechanisms, we have carried out multi-echo imaging
experiments with T>*- and T»-sensitive acquisitions acquired at different echo times, and
examined the impact of different levels of T>* and T contrast on the correlational anisotropy of

the signals in white matter.



Methods

Human MRI data were acquired from 22 healthy subjects whose age spanned from ten
years to middle-aged adults. Prior to imaging, informed consent was obtained from each subject
according to protocols approved by the Vanderbilt University Institutional Review Board. All
human imaging was performed on a 3T Philips Achieva scanner (Philips Healthcare, Inc., Best,
Netherlands) using a 32-channel head coil. Subjects lay in a supine position with eyes closed

except when performing functional tasks.

All fMRI time series acquired were corrected for slice timing and head motion using
SPM software (http://www.fil.ion.ucl.ac.uk/spm/software) with our standard protocol (Morgan et
al., 2009). Subjects with head motion more than 4 mm of translation or 4° of rotation in any
direction were excluded. Prior to analysis, a global time course of each dataset was removed by
intensity normalization. Voxels in each time series were band-pass filtered to retain frequencies
only of 0.01-0.08 Hz. To provide anatomical references, 3D high resolution T1-weighted images
were acquired using a multi-shot gradient echo (GE) sequence at voxel size of1x1x1mm?, and co-
registered with the mean fMRI data volume from the same subject. The subjects participated in

four experimental studies, with details of imaging and analysis procedures given below.

Imaging in a resting state

To*-sensitive data from ten college students (5 males, age range = [18, 23]) in a resting
state were collected, as well as diffusion weighted images (DWI) that were acquired during the

same session.

Imaging protocol: Images sensitive to BOLD contrast were acquired using a GE, echo

planar imaging (EPI) sequence and the following parameters: TR=2 s, TE=35 ms, matrix size=
80x80, FOV=240x240 mm?, 34 axial slices of 3.5 mm thick with a 0.5 mm gap, and 300
volumes. DWIs were obtained using a single-shot, spin echo (SE) EPI sequence with b=1600
s/mm?, 92 diffusion-sensitizing directions, TR=8.5's, TE=65 ms, SENSE factor=3, matrix size=

96x 96, voxel size= 2.5x2.5mm?, 50 axial slices of 2.5 mm thick with zero gap.



Image processing: First, diffusion tensors were constructed from the DWI data using

linear least squares fitting (Jones and Cercignani, 2010). Then slice timing and motion corrected
To*-weighted data were co-registered with the b=0 DWI volume, along with T1-weighted images

acquired.

Construction of spatio-temporal functional correlation tensors: Methods for constructing

FCTs from T2*-weighted time series were described in detail earlier (Ding et al., 2013). Briefly,
to capture intrinsic synchronization and signal correlation profiles, we measure temporal
correlations among neighboring voxels and construct a tensor that characterizes directional
biases of the correlations. More specifically, for each voxel, we first define a set of unit direction
vectors that point to the voxels in its neighborhood, and then compute temporal correlations in
To*-weighted signals along each of the directions. For a correlation tensor T to be constructed,

the estimated correlation C; projected along a direction vector nj is

Ci=n;-T-n;, (1)

where t denotes transpose.

Given a set of measured C;, tensor T can be solved analytically, similar to the
construction of diffusion tensors (Jones and Cercignani, 2010). T characterizes the local profile
of temporal correlations in MRI signals, with the major eigenvector representing the dominant

direction of temporal correlations.

In this experiment, we used a first tier neighborhood of 26 voxels for tensor construction,
and chose C to be the squared Pearson’s linear correlation coefficient. Constructions of
correlation tensors with the closest 26 neighboring voxels allow analysis of local profiles of MRI
signal correlations at the finest scale available from the imaging data. To improve signal-to-noise
ratio, the MRI signals were spatially smoothed prior to tensor constructions with a Gaussian

filter at a small size of FWHM = 3 mm.



Imaging in a resting state and with visual stimulations

To*-weighted images were acquired from two adults (1 male, age=36; 1 female, age=25)
both at a resting state and with visual stimulation, along with DWI data for structural references
of fiber pathways.

Imaging protocol: Images sensitive to BOLD contrast were acquired using a To*-

weighted GE EPI sequence with the following parameters: TR=3 s, TE=45 ms, matrix size=
128x128, FOV=240x 240 mm?, 34 axial slices of 4 mm thick with zero gap, and 200 volumes.
DWIs were acquired with b=1000 s/mm?, 32 diffusion-sensitizing directions, TR=10 s, TE=60
ms, SENSE factor=3, matrix size=128x128, voxel size=2x2 mm?, 68 axial slices of 2 mm thick

with zero gap.

Each subject was scanned twice for T>*-weighted imaging with identical parameters as
above, respectively in a resting state and with visual stimulation. The visual stimuli were a
flashing (8 Hz) checkerboard, which were presented in a block design format, starting with 30

seconds of blank screen fixation followed by 30 seconds of flashing checkerboard and so on.

Image processing: Processing of the DWI data and To*-weighted signals was the same as

in Section 2.1. Prior to constructions of functional correlation tensors, all T>*-weighted signals

were spatially smoothed with a Gaussian filter at FWHM = 2.5 mm.

Imaging in a resting state and with language task

MRI data from six school children were acquired with a language (reading) task (3 boys,
age range = [10, 11]). DWI data were not acquired for this group of subjects because they were
also imaged with other tasks that were not used in this study and thus there was insufficient

imaging time.

Imaging protocol: Resting state T>*-weighted signals were acquired using a GE EPI
sequence and TR=2.2 s, TE=30 ms, matrix size=128x128, FOV=240x 240 mm?, 40 axial slices

of 3 mm thick with zero gap, and 160 volumes. MR images acquired during the language task

used the same imaging parameters as above except matrix size=80x80 and 200 volumes.



The functional task for this experiment was passage-reading. Briefly, Coh-Metrix 2.0 was
used to create eight passages that were equivalent across measures of word concreteness,
syntactic simplicity, referential cohesion, causal cohesion, and narrativity. All passages were 150
words in length, and were presented one meaningful phrase at a time (Swett et al., 2013). The
passage-reading was interleaved with reading of unconnected words and baseline as follows:
passages — baseline — passages — baseline — words — baseline. The time for the passage block =
78.54+22.94s; baseline block = 47.69+1.48s; and words = 82.45 £3.29s. The baseline was three

non-alphanumeric symbols displayed horizontally on a slide.

Image processing: Slice timing and motion corrected T>*-weighted data acquired under

task conditions were first co-registered with the data acquired at resting state, and both the
datasets were spatially smoothed with Gaussian filter at FWHM = 2.5 mm prior to construction
of FCTs. In addition, a core language cortex, Broca’s area, was localized with SPM using our

standard procedures (Morgan et al., 2009).

Imaging in a resting state with multi-echo imaging sequences

Two adults (1 male, age=25, 1 female, age=22) were imaged with a multi-echo GE
sequence, and two additional adults (1 male, age=26; 1 female, age=25) were imaged with a
multi-echo SE sequence as well as with a GE EPI sequence. All the subjects were imaged in a
resting state, from whom DW!1 data were also obtained during the same session.

Imaging protocol: For the first two subjects, images sensitive to T>* contrast were

acquired using a multi-echo GE EPI sequence with the following parameters: TR=3 s,
TE=11/31/51/71 ms, matrix size=80x80, FOV=240x 240 mm?, 24 axial slices of 3 mm thick
with zero gap, and 200 volumes. For the other two subjects, images sensitive to T contrast were
acquired using multi-echo SE EPI sequence and TR=3 s, TE=23/70 ms, matrix size=80x80,
FOV=240x 240 mm?, 30 axial slices of 3 mm thick with zero gap, and 145 volumes. In addition,
To*-weighted images were also acquired from these two subjects using the same parameters as

above except TE=45 ms and 43 axial slices. DWIs were acquired from all the four subjects with



b=1000 s/mm?, 32 diffusion-sensitizing directions, TR=10 s, TE=60 ms, SENSE factor=3,

matrix size=128x128, voxel size=2x2 mm?, 68 axial slices of 2 mm thick with zero gap.

Image processing: Processing of the DWI data and To*/T,-sensitive signals was the same
as in the preceding experiments. In addition, from the co-registered multi-echo GE volumes, Mo
and R>* images were also computed by non-linear fitting. For the multi-echo SE volumes, T»-
sensitive signals from both echoes were co-registered with To*-sensitive signals, and all of them

were spatially smoothed with a Gaussian filter at FWHM = 3 mm.

Methods for constructing FCTs from the multi-echo T>*-weighted signals were different
from the preceding experiments. First, the T>*-weighted signals along with Mo and R>* images
were spatially smoothed with a Gaussian filter at FWHM = 6 mm. Second, a neighborhood with
radius of 9 mm was used for constructing FCTs. This approximately doubles the spatial scale in
the original image for tensor constructions. Analysis with an increased spatial scale allows more
stable assessments of brain structures at a gross level. To facilitate constructions of FCTs with a
larger neighborhood of voxels, we employed a dyadic tensor based approach which could handle
arbitrary neighborhood sizes and shapes and missing voxels (e.g., at the image boundary or near

cerebral-spinal fluid). The method is summarized below.

For a voxel Vi in the brain parenchyma, a Pearson’s linear correlation coefficient (Cijj)
was calculated between the time course at Vi and that at V; within its neighborhood. Then the unit
vector njj connecting Vi and Vj was computed, from which a dyadic tensor Djj was obtained
(Basser and Pajevic, 2000):

Mix ® M Mijx ® My Mijx @My,
Dj =] Ny oM My oMy Nyyen, |, )

Mz ®Mix Mz My Mz ® M,

ij,x

where nij.x, Nijy, Nijz are respectively 1%, 2" and 3" element of the unit vector njj. Djj contains
only one non-zero eigenvalue, with corresponding eigenvector pointing to the direction of nij;.
Finally, the correlation tensor T at voxel Vi was defined to be the sum of all dyadic tensors in the

neighborhood weighted by Cj:



T=>CD;. 3)

j

In this experiment, FCTs were constructed for all the four echo times as well as for Mo
and R>* images. Power spectra of signals were also computed for each voxel at each echo time in
the frequency domain. From the power spectra, we derived the fractional power of low frequency
fluctuations, the sum of signal power within the low frequency band of 0.01-0.08 Hz divided by
the total signal power for all frequencies >0 (Zuo et al., 2010a). Fluctuations at this low
frequency in gray matter are thought to reflect spontaneous brain activity in a resting state (Fox
and Raichle, 2007). The fractional power was characterized for gray and white matter separately.
This was achieved by segmenting Ti-weighted images into gray and white matter, and
computing the fractional power in T>*-weighted signals in 15 slices around the middle portion of
the brain (where segmentation was least ambiguous), which was then averaged individually for
gray and white matter.

Results

Among the 22 healthy subjects studied, data from three subjects were excluded due to
excessive motion, leaving a total of 19 subjects for further analysis. For each subject, spatio-
temporal functional correlation tensors were constructed, as well as conventional diffusion
tensors (except in Section 3.3.). The results are presented with radiologic view conventions
(image right = subject left), and the scheme for color coding follows that adopted by the MRI
community: red = left-right direction, green = anterior-posterior direction, blue = inferior-

superior direction.

Spatio-temporal functional correlation tensors obtained from resting state acquisitions visualize

long range white matter tracts in brain

Anisotropic spatio-temporal correlations in resting state MRI signals were observed in
many white matter regions in all subjects. The most common structures that exhibited anisotropic

correlations along continuous pathways were the genu and splenium of the corpus callosum and



cingulum, which are shown respectively in Figure 1. It can be appreciated that the pathways
formed by the FCTs were grossly consistent with those revealed by diffusion tensors (red
arrows). In addition to these major white matter tracts, sub-cortical U-fibers were also seen in all
the subjects (green arrows). Furthermore, gray matter regions were visualized as larger tensors
that appeared to be more isotropic (yellow arrows). These regions of large isotropic FCTs

corresponded well to the anatomical and diffusion tensor images.

Results for the cingulum (bottom row in Figure 1) were of specific note because this
white matter structure is a collection of axonal fibers projecting along the anterior-posterior
direction, with its middle portion sitting right above the truncus of the corpus callosum (Concha
et al., 2005). Compared to the genu and splenium of the corpus callosum, the cingulum is thinner
and narrower, but was still clearly visualized by FCTs in eight subjects. The cingulum is
connected to the posterior cingulate cortex, a central node in the default mode network that is in

principle active when the brain is at rest (Buckner et al., 2008).

Figure 1. Spatio-temporal functional correlation tensors and diffusion tensors in the genu and splenium of the
corpus callosum and the cingulum. From left to right columns are Ti-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 callosum and the cingulum respectively. The pathways formed by the FCTs were grossly consistent with
those revealed by diffusion tensors (red arrows). In addition to these major fiber tracts, sub-cortical U-fibers were
also seen in all subjects (green arrows), and gray matter regions were visualized as larger tensors that appeared to be
more isotropic (yellow arrows). Inset is an oblique view of the boxed region, which shows multi-layers of highly
anisotropic tensors. Note that the right side of the green box is not adjacent to gray matter.
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Visual stimulation alters functional correlation tensors in visual pathways in white matter

We aimed to examine the effects of functional stimulations on correlational anisotropy in
long range fiber pathways. Two subjects were imaged in a resting state and with visual stimuli,
when we observed significant changes in the FCTs of the optic radiations (OR), increasing the
anisotropy within voxels and enhancing the visualization of tracts. The OR is a collection of long
range fibers that carry visual information from the lateral geniculate nuclei of the thalamus to
visual cortex (see Figure 2 for illustrations). Figure 2 shows the results from one subject (male,
age=36 yrs). The spatio-temporal FCTs in the baseline resting state were largely isotropic along
most portions of the right OR (top left). By contrast, visual stimulation created clear anisotropy
in most of these FCTs (red arrows in top right), forming pathways similar to those defined by the
diffusion tensors (bottom right). Also, FCTs in primary visual cortex appeared to be larger and
more isotropic (yellow arrow) when it was activated by the visual stimuli. Note that the dominant
direction of some FCTs near the dashed red arrow deviated from that of the corresponding
diffusion tensors. This was perhaps due to the influence from hemodynamic effects in the U-
fibers in their vicinity. Moreover, toward the end of the right OR (green arrow), correlational
anisotropy observed in the resting state was lost when visual stimulation was present. This
appears to be due to the spreading effect of hemodynamic responses from the visual cortex
nearby. This experiment demonstrates that functional stimulations can create correlational
anisotropy in BOLD-sensitive signals along long range fiber pathways that are absent in a resting

state, supporting the inference that these correlations are driven by underlying neural activity.
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Figure 2. Spatio-temporal functional correlation tensors and diffusion tensors along the right optic radiation
of a subject. Top left: FCTs in the boxed region in the bottom left during a resting state. Top right: FCTs in the
same region during visual stimulations. Bottom left: Corresponding T1-weighted image with illustrations of putative
pathways of the right OR. Bottom right: Diffusion tensors in the boxed region. The spatio-temporal FCTs in the
baseline resting state were largely isotropic along most portions of the right OR. By contrast, visual stimulation
created clear anisotropy in most of these FCTs, forming pathways similar to those defined by the diffusion tensors
(red arrows). Also, FCTs in the primary visual cortex appeared to be larger and more isotropic (yellow arrow) when
it was activated by the visual stimuli. And toward the end of the right OR (green arrow), correlational anisotropy
observed in the resting state was lost when visual stimulation was present.

Language tasks alter functional correlation tensors in language pathways in white matter

To examine the effects of functional tasks on FCTs in neural circuits engaged in a
cognitive function, we used standard reading tasks and analyzed correlational anisotropy in MRI
signals along portions of the arcuate fasciculus (AF) and in Broca’s area (BA) and compared
them between resting and task conditions. The AF is commonly recognized as connecting two
core language areas in the brain: BA in the inferior frontal gyrus and Wernicke's area (WA) in
the posterior superior temporal gyrus (see Figure 3 for illustrations). The AF also connects other
cortical regions near the two language areas, and thus has diffuse terminations (Catani and
Thiebaut de Schotten, 2008). As pathways of the AF traverse different axial slices, only portions

near BA were analyzed in this experiment.
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After excluding three subjects due to excessive motion, clear effects of the reading task
on the AF were found in the remaining three subjects studied. Typical results from one of the
subjects (male, age = 11 yrs) are presented in Figure 3, in which the 2" and 3™ rows respectively
show FCTs at resting state and in the task condition. A sub-region in BA as located from
standard SPM analysis contained large isotropic FCTs in the task condition (circled region);
around this sub-region, FCTs exhibited high anisotropy with major directions forming pathways
toward (red arrow) or away from (green arrow) BA. In contrast, FCTs around the BA sub-region
in the resting state appeared to be largely isotropic.

In this experiment diffusion weighted images were not acquired, but instead we analyzed
a few consecutive axial slices that contained BA and found good cross-slice consistency in the
connection patterns. As an example, the right column of Figure 3 is a slice right above the slice
in the left column, which showed highly consistent connection patterns to those in the lower

slice.

To confirm that the differences in correlational anisotropy between the resting and task
conditions were not caused by factors other than the reading task (such as residual subject’s head
motion), we examined the left and right ORs in the same subject, and found there were no
detectable differences between the two conditions. Thus evidently, the reading task modulated
the correlational profiles in the MRI signals selectively in regions engaged in language

processing.
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Figure 3. Spatio-temporal functional correlation tensors at rest and during performance of language tasks.
From top to bottom rows are Ti-weighted images and illustrations of the language circuit, resting state FCTs in the
boxed region of the top row, FCTs under task conditions and with partial correlations. Left and right rows
correspond to two adjacent slices. A sub-region in BA as located by standard SPM analysis contained large isotropic
tensors in the presence of the task (circled region). Around this sub-region, FCTs exhibited high anisotropy during
the reading task with major directions forming pathways toward (red arrow) or away from (green arrow) the BA. In
contrast, FCTs around the BA in the resting state appeared to be largely isotropic. Inset is an oblique view of the
boxed region, which shows multiple layers of highly anisotropic tensors. Also note that the left side of the green box
is not adjacent to gray matter.
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To further examine whether the correlation profiles in the fiber tracts connecting the BA
sub-region were directly linked to the waveforms of the functional tasks, we computed a mean
time course from the lower right four voxels in the BA sub-region, which were more isotropic,
and constructed FCTs with the mean time course as a co-variate. We found that the tensor shape
of only a few voxels adjacent to the BA was subtly changed, but the orientation remained similar
and the overall connection patterns were almost identical, as shown in the bottom row of Figure
3. This indicates that the MR signals from white matter tracts change in response to functional
tasks but differently from gray matter, and that the functional task enhanced visualization of the
relevant functional pathways not by directly modulating the waveforms of their temporal
responses. Furthermore, it indicates that the correlational anisotropy we observed along the white
matter tracts is not driven by sharing a common draining vein with the BA, in which case the
response should have been synchronized with it, but more plausibly is affected by functional
modulations of electrophysiological events and accompanying hemodynamic or other MR

responses along the fiber tracts.

Contrast in resting state functional correlation tensors acquired from multi-echo imaging

sequences behaves similar to BOLD signals

We aimed to more fully describe the contrast mechanism underlying the correlational
anisotropy of resting state signals by varying imaging echo time and analyzing the impact of
different levels of T>* contrast on the power spectra and correlational anisotropy of the signals in
white matter. The findings from two subjects were similar, and results from one subject (male,

age=25 yrs) are presented in Figures 4 and 5.

Figure 4 shows variations of the fractional power of low frequency fluctuations (FPLFF)
of the MRI signals in the white and gray matter with four different TEs used in a multi-gradient
echo acquisition. In both gray and white matter, the FPLFF increased with TE until TE=31 ms,
beyond which it tended to decline slightly. By fitting the four images to a simple exponential and
extrapolating back to TE=0, the equilibrium magnetization (Mo) was estimated, along with Ry*
(=1/T>*) at each voxel. In maps of Mg, the FPLFF in white matter was about 10% lower than in
gray matter, but it became comparable to gray matter at TE=11 ms; beyond TE=31 ms, the

FPLFF was slightly higher in white matter. This agrees with the fact that, although the baseline
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flow is lower in white matter, the oxygen extraction fraction which indicates relative metabolic
demand is similar to that in gray matter, thus supporting the concept that BOLD signals in white

matter may be detectable given appropriate imaging or analysis methods.
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Fractional power of low frequency fluctuations (0.01-008 Hz)
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Figure 4. Variations of fractional power of low frequency fluctuations in BOLD signals with echo time. The
red line is for gray matter and the blue line is for white matter. Note that Mo weighting corresponds to TE=0 ms.

TE=51 ms

Figure 5. A slice of color-coded functional correlation tensors constructed at different echo times. From the
left to right in the top row are FCTs constructed at four different TEs, and in the bottom row are FCTs constructed
from Mo and R»* images, diffusion tensors and a derived FA map. Circled regions show nearly identical anisotropy
patterns between FCTs at TE=31 ms and diffusion tensors.
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Figure 5 shows a slice of FCTs constructed from MRI signals acquired at different TEs
and from computed Mo and R>* images. To visualize overall structures in the entire slice, major
eigenvectors of the FCTs are color coded, along with major eigenvectors of corresponding
diffusion tensors. To facilitate comparisons, the brightnesses of the color-coded maps are
weighted by the fractional anisotropy (FA) map derived from diffusion tensor data, so that white
matter tracts are highlighted. Close inspection reveals that, among all the maps of FCTs, the one
constructed with TE=31 ms exhibited best directional consistency with the diffusion tensor map.
Maps at TE>31 ms had a decreased directional consistency, most notably in the genu of the
corpus callosum, possibly influenced by increased noise effects at longer TEs. The map at
TE=11 ms had greater loss of directional consistency, presumably due to insufficient signal
contrast at such a short TE. The map from the Mo* image agreed poorly with the diffusion tensor
imaging (DTI) data, while that from R2* images showed qualitatively similar patterns to those at
TE=31 ms. The variations of FCTs with TE and Mo and R>* parameters, as well as the variations
of FPLFF, suggest that anisotropic correlations in white matter behave similar to BOLD signals
and represent variations in R>* in these acquisitions, supporting one possible explanation that
these are primarily driven by synchronized BOLD responses along white matter tracts.

We also constructed FCTs from dual spin echo T»-weighted images acquired from two
additional subjects, and compared these to T>*-weighted acquisitions. Experience with
conventional BOLD imaging has shown that spin echo images emphasize contributions from
microvasculature and are less affected by larger vessels, and the ratio of BOLD effects at 3T at
TE = T2 has been found to be approximately 2-5, consistent with theoretical predictions (Kennan
et al., 1994). Figure 6 shows histograms of the average (red curve) and largest (i.e., major
eigenvalue, blue curve) correlation values from T.*- and dual echo T.-weighted images (from
left to right columns respectively). We also projected the FCTs from the T, weighting onto the
tensor major eigenvector from T>* weighting, and thus obtained T»-based correlation values
along the T>*-based major eigenvector, which are shown as green curves in the figure. By
subtracting the mean value of the average correlation from that of the projected correlation
(ATEI and ATE2 in Figure 6), and dividing by the difference between the mean average and
mean largest correlations from the T>* weighting (AT2*), an estimation of relative contributions
from T contrast to the correlational anisotropy from T>* contrast was obtained. Estimates from
the two subjects studied are 32%, 22% and 24%, 17% for the 1% and 2"! echo (TE=23/70 ms)
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respectively. The smaller contribution from the 2" echo is partly attributable to increased noise
when TE is longer and thus the overall correlation becomes smaller, as reflected as a shift of

histograms to the left for the 2" echo.
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Figure 6. Histograms of average, largest and projected correlations. From left to right columns are the
histograms for FCTs constructed with T,*-weighted signals, TE1 and TE2 of T,-weighted signals. The average
correlation (red) is defined to be the average of the three eigenvalues, and the largest correlation (blue) is the largest
eigenvalue. The projected correlation (green) is the projection of FCTs constructed with To-weighted signals onto
the major eigenvector from T,*-weighted signals, with projection of tensor T along direction v defined to be veTevt,
Curves are fitted values and vertical lines are the mean value of each histogram. AT>*, ATE1 and ATE2 denotes the
value difference between the vertical lines for T,>*, TEL and TE2 weighting respectively. White matter voxels in the

middle 15 slices of the brain are used for the histogram analysis.

Figure 7. Functional correlation tensors and linear index of their shape. Linear index is defined to be the
difference between the two largest eigenvalues divided by the average of the three eivenvalues. Left and right two
columns are axial views of the insets in Figure 1 and 3 (3" row) respectively. The linear index is higher for cigar-
shaped tensors (red arrow), which are typically along white matter tracts, than pancake-shaped tensors (blue arrow)
or spherical tensors (green arrow), which typically lie at the gray-white matter boundary or inside the gray matter
region.
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Discussion

Analyses of functional localization and inter-regional connectivity in the brain are
conventionally based on statistical characterizations of changes in MRI signals from relatively
large cortical regions (Beckmann et al., 2005; Friston et al., 2003; Goebel et al., 2003). We
present in this work a new and alternative method for characterizing functional connectivity
within white matter based on the anisotropy of correlations in BOLD-like MRI signals at a
voxel-level. With this approach, we are able to depict functional structures that are consistent
with fiber pathways visualized by independent structural imaging without using diffusion
imaging and based solely on resting state acquisitions. We have demonstrated that these putative
functional pathways and related cortical regions can be detected at baseline but also change and

can be emphasized by tasks that stimulate relevant functions in which they are involved.

BOLD signals are predicted to be much weaker in white matter than in gray matter, so
they tend to fall below the sensitivity of detection of conventional methods that are dependent
critically on the changes in signal intensity relative to noise influences. Even so, there have been
a number of studies that report reliable detections of white matter activations (Fabri et al., 2011;
J. R. Gawryluk et al., 2014; Tettamanti et al., 2002; Weber et al., 2005; Yarkoni et al., 2009).
However, as only focal activations are found in these studies, the concept of BOLD response in
white matter has not been widely accepted. Consequently, investigators have tended to overlook
white matter activities although robustly shown in their findings (e.g., figure 2 in Lee et al.,
2013), or attributed to the activities to nearby gray matter (e.g., Figure 1 in Schafer et al., 2009).

Unlike conventional methods, the new approach we propose for detecting connectivity
does not depend on the relative changes in signal intensity to noise levels, thus offering greater
sensitivity. The sensitivity gain in essence comes from two effects. First, we measure intrinsic
correlations within a small spatial domain, with 26 independent directional estimates per voxel,
and do not attempt to detect signal changes against a background as in conventional task studies.
Second, we characterize the directional preference of temporal correlations, which is a self-
normalized parameter that does not directly depend on the signal intensity. These two effects
operate to improve the detectability of white matter signals.

The correlational anisotropy we observe is consistent with synchronized fluctuations in

To*-sensitive signals along specific fiber tracts at the macro-scale available to MRI (Ding et al.,
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2013). These structure-specific signal correlations may not correspond to BOLD effects or neural
activity, but we have adduced several pieces of evidence that show these phenomena are
consistent with the same BOLD mechanism used to explain activation and connectivity between
cortical regions. Our multi-echo imaging experiment demonstrates that R>* but not Mo images
exhibit anisotropic correlations along white matter tracts, and the optimal contrast to noise occurs
around TE=T>* just as for BOLD. Furthermore, the magnitudes of effects in SE images are
reduced to a degree consistent with BOLD changes within and around microvasculature. In
addition, our experiments demonstrate that functional tasks cause changes in the spatio-temporal
tensors, and can induce anisotropic correlations along long range fiber tracts that were otherwise
absent in the resting state, suggesting the BOLD effects we observe may be driven by neural
activities along the fiber tracts. Notwithstanding, the precise biophysical substrates underlying
the correlational anisotropy still require further elucidation, as other alternative explanations may
exist (Logothetis and Wandell, 2004). For instance, water in myelinated tissues is known to exist
in various sub-compartments with distinct relaxation rates (Does and Gore, 2002), and
movement of water from one to another could in principle alter the average value of T», though
such effects would not necessarily be expected to show the same temporal variations as the low
frequency resting state correlations. In principle, the signal correlations along white matter tracts
may also be induced by magnetic fields produced by propagating currents, though such effects
are predicted to be very weak (Bandettini et al., 2005). Recent work in quantitative susceptibility
mapping and susceptibility tensor imaging (Liu, 2010) have shown how magnetic susceptibility
may be anisotropic within myelinated fibers in particular, but at present there is no explanation
as to how such underlying static properties can produce synchronized low frequency resting state
correlations as reported herein, though vasomotor activity might induce modulations of MR

signals.

It can be imagined that the anisotropic patterns observed may be driven by hemodynamic
fluctuations within common draining veins that run parallel to the course of fiber tracts, rather
than by synchronized neural activities along them, though presumably the former are caused by
the latter. Our experiments on the human language circuit have essentially ruled out the
possibility that BOLD responses in long range veins modulate the anisotropic correlations
observed. However, given that our multi-echo experiments suggest BOLD effects to be the

origin of signal contrast and that evoked tasks selectively visualize relevant neural circuitry, it is
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plausible that the anisotropic patterns may be driven by small draining veins that span a few
image voxels, and BOLD responses in these veins are synchronized by neural activities along the
white matter tracts, yielding the observed anisotropic phenomena along long range fibers. It may
be noted that this uncertainty in the origins of FCTs in white matter is little different from
uncertainties about the origins of conventional BOLD signals widely used to assess neural

function.

A further issue to be considered is the potential influence of structural boundaries,
particularly at gray-white matter interfaces, on the detection of apparent correlation anisotropies.
We expect hemodynamic profiles to differ across boundaries, and there may be complex
influences from adjacent tissues due to spreading effects from hemodynamic responses or from
the image formation process. On the one hand, differences in hemodynamic responses across
boundaries may create artificial correlational anisotropy, leading to “false positive” tensors
parallel to the boundary. On the other hand, spreading effects from hemodynamic responses or
image unsharpness at the boundary may smear out correlational anisotropy, leading to “false
negative” errors (see the region pointed by the green arrow in Figure 2). Of particular note,
commonly used image smoothing procedures such as Gaussian smoothing reduce image
sharpness at the boundary, which behaves similar to the spreading effects from hemodynamic

responses, and thus tend to create “false negative” rather than “false positive” tensors.

In this work, the issue of “false positive” errors has been a major concern, i.e., whether
the observed anisotropic patterns are basically driven by differences in hemodynamic profiles
across gray-white matter boundaries. We have confirmed that the presence of structure
boundaries is not a prerequisite to observe correlational anisotropy, as evidenced by the highly
anisotropic tensors near the right side of the inset in Figure 1 and those near the left side of the
inset in Figure 3; but on the contrary we have observed some highly anisotropic tensors point to
the boundaries of the gray matter (see tensors indicated by the red arrows in Figure 3). Moreover,
our experiments with functional tasks demonstrate that, compared to resting state conditions,
functional stimulations selectively modulate correlational anisotropy in relevant neural circuits,
further supporting that boundary effects are not the origin of the anisotropic patterns observed.
Additionally, we have observed from our multi-echo GE experiments that Mo images do not
produce coherent anisotropic correlations along fiber tracts as the images acquired at TE>=31
ms. All these images contain identical structural boundaries, so this indicates that it is not the
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boundary but the hemodynamics effects that create the anisotropic patterns. “False positives”,
however, may exist near some structural boundaries because of the gradient in hemodynamic
profiles across them. One empirical approach for distinguishing these “false positives” from
“true positives” is to analyze the shape of the correlation tensors: “true positives” tend to have a
cigar-shape while “false positives” tend to have a pancake-shape typically in a single layer (e.qg.,
see 2" left layer in the inset of Figure 1). The shape difference arises from the fact that “true
positive” tensors have a single preferred direction. For instance, we may define a “linear index”
(Alexander et al., 2000) that helps identify “true positives” on the basis of tensor shape, as shown
in Figure 7 for the two insets from Figure 1 and 3. Another approach is to analyze the power
spectra of the MRI signals in white matter voxels, which may provide a more robust means of
identifying “false positives”, given the geometric complexity of structural boundaries in the

brain.

Conclusion

The results reported here lend credibility to the small number of reports claiming
detection of focal task-evoked activity within white matter. Such signals are expected to be
weaker than those observed in gray matter, but the studies described above suggest a potentially
powerful new approach to their detection. White matter tracts are generally narrow, anatomically
specific but extend over multiple voxels. Conventional methods for detecting activation rely on
voxel-wise identification of signal changes that correlate temporally with a stimulus, but often
resort to cluster analysis or spatial smoothing to increase sensitivity, in which the responses of
multiple voxels within a region that show similar temporal responses are integrated. From our
results it may be postulated that for white matter the natural basis for clustering is a tract along
which activity-related signals are synchronized, so that attempts to detect functional changes

should be based on structures first identified by DTI.
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CHAPTER Il1

EFFECTS OF ANESTHESIA ON RESTING STATE fMRI SIGNALS AND
FUNCTIONAL CONNECTIVITY WITHIN PRIMARY SOMATOSENSORY CORTEX
OF MONKEYS

Introduction

Since the discovery of temporally correlated low frequency fluctuations of magnetic
resonance imaging (MRI) signals in a resting-state (rsfMRI), they have been widely used for
assessing functional connectivity between brain regions, identifying functional circuits, and
probing alterations in brain functional networks in various conditions in both humans and
animals (B Biswal et al., 1995; Chen et al., 2011; Fox and Greicius, 2010; Fox et al., 2006;
Vincent et al., 2007; Wang et al., 2013). Identification of similar functional circuits in awake
humans and anesthetized monkeys have led to a wide recognition that resting state functional
connectivity (rsFC) is a fundamental feature of the brain’s functional organization, while recent
reports of similar correlations in spinal cord (Chen et al., 2015) suggest they extend to other parts
of the nervous system. The use of anesthesia is necessary in many animal fMRI studies to
reduce motion related artifacts and distress. Some human studies have also used anesthesia to
understand its general effects on brain activity and consciousness, particularly in pediatric
populations. Understanding the effects of anesthesia on rsFC could improve our understanding
of the relationship between BOLD (blood oxygenation level dependent) signal changes and
underlying neural activity, and assist our interpretation of rs-fMRI signals in anesthetized
subjects.

Anesthesia is known to suppress neural activity in the brain (see a review paper, Heinke
and Koelsch, 2005) as well as affect fMRI signals in both task engaged and resting states.
Numerous studies have reported primarily suppressive effects of anesthesia on both neural
electrophysiological and fMRI signals in agent (anesthetic) specific, dose and brain region and
circuit dependent manners (Grandjean et al., 2014; Jonckers et al., 2014). The general notion is
that higher order brain regions involved in cognitive functions are more sensitive to the influence
of anesthesia whereas lower order sensory regions are less affected. For example, under
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conscious sedation with midazolam, functional connectivity of the posterior cingulate cortex
(PCC) within the global default-mode network (DMN) in humans was significantly reduced
(Greicius et al., 2008). Similarly, Liu et al reported that resting state networks in rat brains
remain measurable under light isoflurane anesthesia, but becomes less spatially specific at deeper
anesthesia levels (Liu et al., 2013).

Our previous rsfMRI studies of both the brain and spinal cord of non-human primates
(squirrel monkeys) demonstrated that under light to moderate anesthesia with isoflurane, rsFC
measures were robust and sensitive in differentiating functionally distinct fine-scale sensory
circuits within the primary somatosensory cortices (areas 3a, 3b, 1 and 2). Importantly, within
these circuits, we identified a close relationship between strength of inter-regional rsFC and
synchrony of baseline spontaneous spiking activity. This observation indicates that changes in
rsfMRI signals indeed correlate with changes in neuronal spiking activity. Furthermore, under
the same isoflurane anesthesia condition, we also showed that rsfMRI signals within the grey
matter of cervical spinal cord were able to detect traumatic injury induced rsFC changes (Chen et
al., 2015). To date, from the functional circuit perspective, there are at least three critical
questions remaining that concern the use of rsfMRI for indicating functional connectivity under
anesthesia: (1) Is the anesthesia effect universal or cortical regionally and circuit specific? (2)
Does anesthesia have different effects on functionally related but distinct cortical regions? and
(3) in what anesthesia range is the rsFC still a sensitive and robustly reliable measure? To
address these questions, we quantified the effects of anesthesia with two metrics: power analysis
(calculating low frequency fluctuation power (ALFF) and fractional power (fALFF) (Zou et al.,
2009)) of the rsfMRI signal of the whole S1 region without any assumptions, and seed region
based functional connectivity analyses (see a review paper, Lee et al., 2013), with a presumption
that cortical regions involved together in the processing of external inputs also exhibit strong

functional connectivity at rest.

Methods

Animals and Preparation
Two male adult squirrel monkeys were studied. Each animal was sedated with ketamine

hydrochloride (10mg/kg)/atropine (0.05 mg/kg) and was then maintained with isoflurane
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anesthesia (0.5%-1.25%) delivered in a 70:30 N2O/O2 mixture. After intubation, each animal was
placed in a custom-designed MR cradle where the head was secured with ear and head bars to
prevent any motion. The animal was mechanically ventilated (40 bpm), monitored and infused
intravenously with 2.5% dextrose in saline solution (3ml/kg/h) throughout the entire imaging
session. Vital signs of the animal including peripheral oxygen saturation and heart rate, EKG,
end-tidal CO>, and respiratory pattern were continuously monitored and recorded. Temperature
of the animal was also kept between 37.5 and 38.5°C with a circulating water blanket. All
procedures were in compliance with the Society for Neuroscience guidelines for animal use in
research and were approved by the Institutional Animal Care and Use Committee (IACUC) at

Vanderbilt University.

Variation of Isoflurane Levels

We altered the levels of isoflurane and functional MRI data were collected after the
animal’s physiological condition was stable for at least 10 minutes. At least three sets of
functional MRI scans at each isoflurane level (1.25%, 0.8% and 0.5%) were acquired within each
imaging session. After each change of isoflurane level, we allocated at least 10 minutes to allow
the physiological conditions to stabilize before the next image acquisition. Stabilization of the
anesthesia and animal’s physiological condition was indicated by constant vital signals such as

heart rate, end tidal CO- and respiration patterns.

MRI Data acquisitions

All scans were acquired on a 9.4T 21cm bore magnet (Varian Inc. ) magnet using a 3-cm
diameter surface transmit-receive coil centered over S1 cortex. Specifically, four 2-mm-thick
oblique image slices were centered over the central and lateral sulci of either left or right
hemisphere. Only the top slice, where S1 cortex resides, was analyzed in this study. High
resolution structural images were also acquired using a gradient echo sequence (TR/TE=200/16
ms, NEX=6, flip angle=30 degrees, resolution of 0.068x0.068x2 mm?). BOLD fMRI images
were acquired using a T>*-weighted GE-EPI sequence (TR/TE=1500/19ms, 1 shot, resolution of
0.547x0.547x2 mm?3, 1.5s/volume) during both tactile stimulation and in a resting state (without
stimulation). For each imaging session, multiple runs of the functional data were acquired in an

interleaved manner at each different isoflurane levels. Each imaging run contained 300 image
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volumes. 8Hz vibrotactile stimulation (0.34 mm vertical indentations of a probe 2 mm diameter)
of individual distal finger pads, as alternating 30 seconds off/on blocks, was delivered to elicit
cortical activations and to allow identification of digit regions in S1 sub-regions (areas 3a, 3b,
and 1).

fMRI Data Pre-processing

Slice timing corrections were performed with spm8 in Matlab followed by 2D slice-by-
slice motion correction and spatial smoothing with a full width at half maximum of 0.8mm.
Motion correction parameters (two translations and one rotation) were considered as nuisance
parameters to be regressed out of the time course data using a general linear model. Muscle
voxels did not exhibit a trend in power across different isoflurane levels, so fMRI signals
extracted from selected muscle voxels were subsequently also used as nuisance parameters to be
regressed out for inter-regional correlation analysis in order to minimize global physiology
related signal variations. A temporal high pass filter (Type 2 Chebyshev IIR filter, cut-off
frequency 0.008Hz) along with linear detrending was applied before resting state power analyses
were performed. An additional low pass filter (Type 2 Chebyshev IIR filter, cut-off frequency
0.08Hz) was applied to the temporal signals for the inter-regional resting state functional

connectivity analysis.

Power Analysis of resting state fMRI signals

For each run obtained from the two monkeys (n=6, 7, 7 runs for 1.25%, 0.875% and
0.5% isoflurane levels, respectively), ALFF (amplitude of low frequency fluctuations) and
fALFF (fractional amplitude of low frequency fluctuations) analyses were performed.
Specifically, power spectra of resting state fMRI signals of every voxel within the S1 region
were estimated by transforming each fMRI signal time series into the frequency domain via the
Fast Fourier Transform. Non-brain voxels were masked out in the analysis. Because power is
proportional to the square of the amplitude, the square root of the power spectra at each
frequency was taken. The ALFF was then computed by summing amplitudes in the low
frequency range (0.01-0.08Hz). Likewise, fractional ALFF was calculated by expressing the
ALFF as a ratio over the sum of amplitudes in the entire frequency range (0.01-0.33Hz). fALFF

and ALFF measures were subsequently normalized within each monkey by computing relative z-
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scores before combining the runs for group analyses. Finally, boxplots for power analyses were

generated using BoxPIlotR (Spitzer et al., 2014).

Seed based Inter-regional Functional Connectivity Analysis

Identification of seed regions is a critical step for inter-regional correlation analysis. A
single voxel seed was defined as the voxel exhibiting the strongest response (highest t value) to
single digit stimulation in each area. Stimulus evoked activation maps were generated in spm8
with custom scripts (Chen et al., 2007). Briefly, the stimulus presentation paradigm was first
convolved with a hemodynamic response function (HRF) using the HRF function in spm8. The
output of the convolution was then used as the predictor (or model) in a subsequent voxel-wise
correlation analysis of fMRI BOLD time courses of the entire image volume. The strongest
stimulus-responsive voxels (p < 0.001) were identified as seeds in areas 3b, 3a and 1 for
subsequent resting state analyses (Figure 11). One voxel in the neighboring area 3b face location
was also identified as a control. The functional responses of fMRI seeds were later confirmed
with electrophysiology recordings (Figure 11) and those voxels were used for inter-regional
correlation analyses. Electrophysiology recordings were manually registered to structural images
by overlaying locations of specific regions such as the lateral and central sulcus, and vessel
landmarks. Pair-wise correlation analysis was then performed on BOLD time courses extracted
from different region of interest (ROI) seeds at different anesthesia levels. Correlation
coefficients (r values) were calculated to indicate the strength of functional connectivity between
two ROls.

Results

BOLD signal time series at different isoflurane levels

Figure 8A displays three time series (from three imaging runs) in a selected voxel in the
S1 region at three different anesthesia levels in one representative monkey. The consistently
decreasing amplitudes of spontaneous signal fluctuations from low to high isoflurane levels (red:
0.5%, blue: 0.875%, black: 1.25%) are visible throughout the entire BOLD time series. Power
spectral densities of the signal time series within 0-0.3Hz frequency range at each isoflurane

level for one representative run are shown in Figure 8B. The total power in the time series at
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0.05% (red line) anesthesia is much greater than the ones with higher anesthesia of 0.8% (blue
line) and 1.25% (black line). In addition, a majority of the power is concentrated in the frequency
range between 0.01 and 0.08Hz, the low frequency range of resting state BOLD signals that is
conventionally used in functional connectivity analyses. Overall, fMRI BOLD signals acquired
at lower anesthesia levels present clearer hemodynamic signal fluctuations in the time series and

larger power spectral densities in the lower frequency range.
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Figure 8. BOLD resting state signal Time Series and Power Spectral Density at three different anesthesia
levels. (A) Time series of a voxel in the somatosensory region in a representative animal of the same session. The
monkey was under three different isoflurane levels: 1.25%, 0.875% and 0.5% plotted in black, blue and red lines
respectively, with three runs at each level. (B) Power spectral density estimates with the Fast Fourier Transform for
one of the time series at 0.5%, 0.875 and 1.25% isoflurane levels.
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Figure 9. Relationship between the Power of resting state fMRI BOLD signals and level of anesthesia. (A)
Representative fTALFF maps of the somatosensory region under three different isoflurane levels. Color bar: range of
fALFF values. (B) Group boxplots of the mean fALFF and ALFF in the somatosensory regions from two squirrel
monkeys. Center lines of the boxplot represent the medians while the box limits present the 25" and 75" percentiles.
Outliers are represented by the dots. Crosses indicate the means for 1.25% (n=7 runs), 0.875% (n=7), and 0.5%
(n=6) isoflurane levels, respectively. **p < 0.005; *p < 0.05 (non-parametric Mann-Whitney test) (C) Scatter plots
of fALFF and ALFF measurements in the muscle control region in one monkey. Green dots indicate the mean
values. a, anterior; I, lateral; m, medial; p, posterior.

Power Analysis of resting state fMRI signals in the entire Somatosensory S1 Region

Both fALFF and ALFF of the somatosensory region were calculated from the power
spectral densities. fALFF maps from one representative monkey at different isoflurane levels are
displayed in Figure 9A. Under an isoflurane level of 0.5%, almost the entire somatosensory
region has a fALFF above 0.3 (see the color scale bar in Figure 9A). As the anesthesia level
increased, the strength and number of pixels above 0.3 fALFF decreased (Figure 9A).
Quantifications of the group fALFF and ALFF values (across runs and animals) in the S1 cortex
revealed the same trend, that is the magnitudes of low frequency signal fluctuations decreased
monotonically as anesthesia level increased (Figure 9B). In contrast, control muscle regions

showed no trends (Figure 9C) and overall weaker fALFF and ALFF values. The same power
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analyses were also performed on specific digit regions in area 3a, area 3b, area 1 and one face
control region in area 3b at the single-voxel level. The group results are presented in Figure 10.
The same monotonically decreasing trend can be seen in all specific regions as a function of
increasing anesthesia level, indicating a global increase in low frequency (0.01-0.08Hz) power in
the S1 region regardless of the functional specificity (e.g. hand versus face regions) as anesthesia

level was lowered.
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Figure 10. Effects of anesthesia level on fALFF and ALFF of different S1 sub-regions (areas 3a, 3b and 1).
Boxcar plots of group z-scores of the fALFF (A-D) and ALFF (E-H) as a function of anesthesia level at specific
regions of interest: area 1, area 3b, and area 3a digit region and the area 3b face control region. Center lines of the
boxplot represent the medians while the box limits present the 25™ and 75" percentiles. Outliers are represented by
the dots. Crosses indicate the mean for 1.25% (n=7 runs), 0.875% (n=7) and 0.5% (n=6) isoflurane levels,
respectively.

Effects of anesthesia level on Functional Connectivity between ROIs

We further examined the effects of anesthesia level on inter-regional correlation
strengths, the measure that is most often used in resting state functional connectivity analyses. To
ensure the functional specificity of each seed, we used the stimulus evoked fMRI activations as a
reference (Figure 11A) for the selection of seeds. Tactile stimulation of D1 and D3 elicited
strong fMRI signal changes in areas 3a, 3b and 1. The locations of these activation foci were
confirmed by microelectrode mapping and recording (right panel in Figure 11A). It is clear that
D1 and D3 fMRI activation foci are located appropriately in the digit representation region
defined by neuronal receptive field properties (see color-coded dots in Figure 11A). At low 0.5%
isoflurane level, a seed in area 3b showed high correlations with its immediate voxels within area
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3b and voxels in area 1 (left image in Figure 11B). When the isoflurane level was increased to
0.875% and 1.25%, the number of highly correlated voxels decreased. The same phenomenon
was observed in all three ROI seeds (Figure 11B-D) in both monkeys across multiple runs.
Moreover, group level pair-wise quantifications of the inter-regional functional
connectivity strengths (r values) between digit seeds in area 3b, area 1 and area 3a support the
observation in the single subject (Figure 12). Regardless of the specific digit ROI pairs (digit-
digit or digit-face pairs), increasing isoflurane level significantly weakened (p < 0.0001, two way
ANOVA,; p <0.05 or p < 0.005 non-parametric Mann-Whitney test) the inter-regional functional
connectivity (r values) (left three panels in Figure 12). Importantly, the patterns of inter-ROI pair
variations in the functional connectivity strength are retained for all ROI pairs between digits and
digit-face control pairs (e.g. area 3 digit — area 1 digit versus area 1 digit — face control) (right
panel in Figure 12). Across ROI pairs, however, there were no statistical significant differences

in the changes of correlation.
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Figure 11. Tactile stimuli evoked fMRI activation map and ROI seed based voxel-wise correlation maps
within S1 cortex. (A) Left: BOLD activation map (thresholded at t > 2.7) to simultaneous 8 Hz vibrotactile
stimulation of digits 1 & 3. Scale bar: range of t values. Color dots represent the overlaid microelectrode penetration
sites with color indicating the receptive field of neuron on individual digits. Horizontal dotted blue lines: estimated
inter-area borders. Vertical dotted blue line: estimated hand-face border. CS and LS: central and lateral sulci. Voxels
with the strongest response (highest t values) were chosen in areas 3b and 1 as seeds for rsFC analysis indicated by
squared blue boxes. Right: aligned original electrophysiology map (brain surface blood vessel map). (B-D) Effects
of isoflurane levels on the voxel-wise correlation maps (thresholded at r>0.75) of three ROI seeds (area 3b: B, area
1: C, face control: D) in one representative monkey. The yellow voxels indicate the locations of seeds. Scale bars
indicate the range of r values.
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Figure 12. Group quantification of anesthesia effects on inter-regional functional connectivity within S1
cortex. Boxplots of correlation strengths (r values) of four ROI-pairs (from left to right: area 3b digit and area 3a
digit; area 1 digit and area 3a digit; area 3b digit and area 1 digit; area 1 digit and face control) at three isoflurane
levels. **p <0.005; *p <0.05 (non-parametric Mann-Whitney test). Regardless of ROI pairs, anesthesia effects (at
three different levels) were significant p<0.0001 (two way ANOVA test). Across ROIs, the changes of r values did
not differ (p = 0.123).

Discussion

Effects of Anesthesia on rsfMRI signals and fine scale circuit within S1 cortex

Previous studies which aimed at understanding the effects of anesthesia have primarily
focused on large-scale functional connectivity networks, such as DMN or frontal—parietal
networks (Greicius et al., 2008). Few studies have examined the effects of anesthesia on local
fine-scale functional circuits, and addressed whether the degrees of influence of anesthesia differ
across cortical regions with different levels of functional similarity. This information is
important because it provides clues about whether the dependence on anesthesia varies with the
functional similarity of regions and the sizes of brain circuits. In this context, the present study
focused on a local circuit of sub-regions of S1 cortex and quantified the anesthesia effects on
four sets of ROIs: (1) entire S1 regions regardless of the functional specificity of its
compartment, (2) functionally highly correlated hand regions, (3) functionally unrelated hand
and face regions, and (4) non-neural muscle regions. Each ROI set was selected to represent a
different level of functional similarity.

By measuring the power (ALFF and fALFF) of rsfMRI signals, we observed universal
dose-dependent suppressive effects of isoflurane anesthesia on cortical regions regardless of their
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functional heterogeneity or functional similarity. The amplitude of low frequency fluctuations
(ALFF) (Zang et al., 2007) is a useful metric that computes total power within the low frequency
range of 0.01-0.08Hz, and has been widely used as a measure of resting state activity, providing
spatial distributions of low frequency power. Fractional ALFF (fALFF) is the computed ALFF as
a fraction of the entire frequency range (Zou et al., 2009). The fALFF has been reported to be
less prone to artifacts such as pulsatile effects, while ALFF has also been shown to be more
sensitive in picking out differences between individuals and group (Zuo et al., 2010b). Global
decreases in fALFF and ALFF were observed throughout the somatosensory region, including
the specific ROIs of hand representation in areas 3a, 3b and 1, and face region in area 3b, as
anesthesia levels were increased (Figures 9 and 10). This indicates that increasing anesthesia
diminishes spontaneous BOLD fluctuations throughout the S1 region, rather than shutting down
specific neural circuits. Importantly, the non-dose-dependent effects on muscle regions indicate
that isoflurane introduced universal (not functionally related) suppressive effects. A recent
observational study in rhesus monkeys on dose-dependent effects of anesthesia on regional
activity have also demonstrated reduced ALFF in numerous cortical regions as anesthesia levels
were raised (Lv et al., 2016). Consistent with the finding, we found that anesthesia level changes
within a small physiological range affect the power and connectivity strength of rsfMRI signals
of S1 sub-regions. Such effects were not detected in muscle regions. The differential effects of
anesthesia on cortex and muscle indicate the effects of isoflurane are universal regardless of
brain regions, and so are very likely driven by changes in underlying neuronal activity.

Similarly, functional connectivity strengths between seed regions of interests for different
isoflurane levels showed trends similar to the power analyses (Figure 11). In particular, the
decreasing trend in functional connectivity highlights the importance of selecting an appropriate
isoflurane level. Specifically, a relatively large dip in correlation value is observed between the
0.875% and 0.5% isoflurane levels. This suggests that an appropriate isoflurane level for imaging
of the Sl region should be maintained as stable as possible during functional scans. Moreover,
the universal effects of different isoflurane levels on functional connectivity between
functionally highly correlated hand—hand pairs and uncorrelated hand—face ROI pairs further
support the conclusion that the suppressive effects of isoflurane are not functionally selective.
Our findings are in line with previous observations that used methods such as independent

component analysis (ICA) and dynamic state detections (Hutchison et al., 2014a). Extending
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these observations, here we show that isoflurane causes non-functionally selective and more
general suppressive effects on local fine scale cortical circuits. We identified and computed how
inter-regional functional connectivity within a small cortical network (subregions within the
primary somatosensory cortex, S1) varies as isoflurane levels were altered in a systematic

manner.

Possible contributing factors to the anesthesia effects

Many factors may have contributed to the observed anesthesia level dependent effects on
rsfMRI signals. As anesthesia levels are raised, CBV and oxygenation can decrease due to
hypertensive effects, which may decrease BOLD fluctuations and lower correlation values
(Hutchison et al., 2014a). However, our careful selection of the muscle control region
demonstrated a relatively constant trend of fALFF/ALFF, with no statistical differences
throughout different anesthesia levels. Vascular effects are also expected to be present in the
muscle regions, so our findings suggest that the BOLD signal changes we observed are most
likely driven by hemodynamic effects corresponding to changes in neural activity. One possible
source of confound could be an apparent lowering of inter-regional correlation values as we
increase isoflurane levels due to changes in BOLD contrast-to-noise ratio. However, this
confound appears to be unlikely. Correlation r-values between area 1 and 3b (Figure 12) at 0.5%
level reach up to a maximum of 0.92, indicating high BOLD signal variation compared to noise.
Furthermore, the mean inter-regional correlations between the ROIls and face control region did
not vary across different isoflurane levels, and the patterns of inter-regional correlation
differences were preserved across different levels. Other possible confounds include motion and
physiological changes across different isoflurane levels. However, motion was minimized in this
preparation and motion parameters and muscle signals were regressed out before performing
inter-regional correlation analyses, which further reduces the possibility of artificially altering

correlation values due to physiological or global SNR changes unrelated to neural activity.

Conclusion
Changing the anesthesia levels altered the power measures and apparent functional
connectivity of resting state fMRI signals in specific regions of the S1 cortex. Given the known

suppressive effects of anesthesia on neuronal activity, our observation of decreased functional
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connectivity to increased isoflurane levels supports the neuronal basis of rsfMRI signals. This
paper also provides a quantitative evaluation of anesthesia level specific functional connectivity
in the S1 region. The evaluation of an appropriate isoflurane level will be helpful to avoid

affecting the intrinsic functional relations between various regions in a resting state.
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CHAPTER IV

EFFECTS OF ANESTHESIA ON WHITE MATTER BOLD SIGNALS IN MONKEYS

Introduction

Functional magnetic resonance imaging (fMRI) records bold oxygenation level dependent
(BOLD) magnetic resonance (MR) signals, and has been widely exploited by the neuroscience
community for identifying patterns of neural activation in the brain. The magnitude of BOLD
hemodynamic effects has previously been directly related to the level of underlying electrical
activity (see a review paper, Fox and Raichle, 2007). Resting state fMRI has been used to quantify
inter-voxel and inter-areal correlations of fluctuations in BOLD signals, which are then interpreted
as indications of functional connectivity between cortical regions (see a review paper, van den
Heuvel and Hulshoff Pol, 2010). White matter possesses a sparse vasculature compared to gray
matter with an approximately four-fold decrease in blood flow, so in general there have been very
few investigations of BOLD signals in white matter, and even fewer attempts to detect resting state
connectivity. In addition, the presence of action potentials in white matter instead of post-synaptic
potentials, which are believed to be the primary source of fMRI signals, further complicates and
questions the possibility of detecting BOLD signals in white matter (Logothetis et al., 2001).
However, there is growing evidence that suggests reliable detection of white matter BOLD signals
may be possible (Gawryluk et al., 2014). For example, fMRI activation in the genu of the corpus
callosum has been well-established when subjects are exposed to the Poffenberger paradigm
(Tettamanti et al., 2002). This finding has been reproduced in other studies (Gawryluk et al., 2009;
Weber et al., 2005), providing strong evidence that fMRI activations may be detected in white
matter. However, it should be emphasized that the production of focal task-derived activation is
neither a necessary nor sufficient condition for detecting steady state correlations in fluctuations

in a baseline signal.

We have previously reported our observations that variations in T>* weighted MRI signals
in a resting state show comparable intensity and temporal variability profiles in both white and
gray matter. The voxel-averaged temporal variations of MRI signals in white matter are ~80%

38



those in gray matter (Ding et al., 2013); analyses of the power spectra of BOLD signals from both
white matter and gray matter show that the ratio of signal power in the low frequency range of
0.01 to 0.08 Hz to total variance are comparable (Ding et al., 2013). These indicate that resting
state variations that potentially reflect neural activity in gray matter may also be detectable in white
matter. Moreover, we have shown that inter-voxel correlations of resting state signals from white
matter show spatial anisotropy and reveal distinct underlying structures (Ding et al., 2016, 2013).
Based on these observations, we have proposed that appropriate analysis of resting state
acquisitions may reveal signal variations within white matter that reflect functional activity.

However, the basis for this hypothesis demands further investigation.

Anesthesia reduces spontaneous neural electrical activity in the brain (review paper,
Heinke and Koelsch, 2005). Indeed, the effects of increased anesthesia on fMRI have been
demonstrated in both human and animal studies. For example, it has been shown that with
increased anesthesia levels, functional connectivity decreases between cortices in macaque
monkeys (Hutchison et al., 2014). Similarly, we have also reported diminishing contributions of
low frequency fluctuations and correlation strengths between regions in the primary
somatosensory cortex of squirrel monkeys as anesthesia levels were increased (Wu et al., 2016).
A recent observational study in rhesus monkeys on dose-dependent effects of anesthesia on
regional activity also demonstrated a similar phenomenon (Lv et al., 2015). However, these
previous studies did not assess possible changes within white matter. Thus, by carrying out
imaging studies on live squirrel monkeys under different levels of anesthesia, we aimed to assess
changes in MRI signals from white matter for different baseline levels of neural activity. In
particular, we aimed to compare how different anesthesia levels modulate fractional power and

spatio-temporal correlation tensors in white matter in a resting state.

Methods

Animals and Preparation

Four adult male squirrel monkeys were studied for functional MRI scans at decreasing

isoflurane levels (1.25%, 0.8% and 0.5%). Each animal was sedated with ketamine
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hydrochloride (10mg/kg)/atropine (0.05 mg/kg) before it was maintained on mechanical
ventilation (40 bpm) with isoflurane anesthesia (0.5%-1.25%) delivered in a 70:30 N2O/O>
mixture. After intubation, each animal was placed in a custom-designed MR cradle where the
head was secured with ear and head bars to prevent any motion related artifacts. A solution of
2.5% dextrose in saline solution was also infused intravenously (3ml/kg/hr) throughout the
imaging session. Vital signs of the animal including peripheral oxygen saturation and heart rate,
EKG, end-tidal CO2, and respiratory pattern were continuously monitored. Temperature of the
animal was also kept between 37.5 and 38.5°C with a circulating water blanket. All procedures
were in compliance with the Society for Neuroscience guidelines for animal use in research and
were approved by the Institutional Animal Care and Use Committee (IACUC) at VVanderbilt

University.

Variation of Isoflurane Levels

Multiple functional MRI scans (runs) at each decreasing isoflurane level (1.25%, 0.8%
and 0.5%) were acquired. Before image acquisition at each isoflurane level, at least 10 minutes
were allocated for the stabilization of anesthesia and animal’s physiological condition through

monitoring of vital signals such as the heart rate, end tidal CO2 and respiration patterns.

MRI Data acquisitions

All scans were acquired on a 9.4T magnet (Magnex Inc.) with a quadrature birdcage
volume coil (inner diameter = 85mm) and Varian/Agilent MR spectrometer. Structural T:-
weighted images were collected using a fast multi-gradient echo sequence (TR/TE=3000/2.8 ms,
echo train length ETL=4, inversion recovery time TI=600 ms, flip angle=80 degrees, resolution
of 0.5x0.5x0.5 mm?). Resting state BOLD-sensitive axial images were acquired using a T2*-
weighted GE-EPI sequence (TR/TE=750/16ms, 2 shots, resolution of 1x1x1 mm?3, 1.5s/volume).

Each imaging run contained 300 image volumes.
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fMRI Data Pre-processing and Power Analyses

Slice timing correction was performed with spm8 in Matlab followed by motion
correction (three translations and three rotations) and isotropic smoothing with a full width at
half maximum of 1.5 mm. A temporal 128 second high pass filter along with linear detrending
was applied before resting state power analyses were performed. RETROICOR (Glover et al.,
2000) was then applied in spm8 with custom scripts (Chen et al., 2007) to correct for cardiac and
respiratory interferences. Fractional power maps were computed by transforming each voxel
time series into its power spectral density via a Fourier Transform, and dividing the integrated
power amplitudes in the low frequency range (0.01-0.08 Hz) by the sum over the entire
frequency range. Power measures were subsequently normalized within each monkey by

computing relative z-scores before combining the runs for group analyses.

Region of Interest Selection/Segmentation

White and gray matter voxels in the brain were segmented using high resolution T»-
weighted anatomical images. Intensity histogram thresholding was first used for segmenting gray
matter before manually selecting and removing voxels subject to partial volume effects.
Similarly, manual selection of white matter was performed. The segmented white matter masks
were further subjected to a morphological erosion algorithm using the Matlab function imerode
with 2 x 2 structuring element. This was performed to remove outermost voxels and further
ensure the absence of partial volume effects. Control reference regions in adjacent muscle were

also carefully selected to avoid any gray matter partial volumes.

Calculation of Spatio-Temporal Correlation Tensors

After slice timing and motion correction, the resting state data were subject to isotropic
smoothing with a full width at half maximum of 2 mm, and a bandpass filter of 0.01-0.08Hz was
then applied to each voxel time series. Spatio-temporal correlation tensors were then constructed
using the method reported in Ding et al. (2013). Briefly, each voxel in the fMRI signal exhibits a

series of small amplitude fluctuations. Each voxel has 26 nearest neighbors, and so 26 cross-
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correlation coefficients can be estimated that describe the degree of synchronous but anisotropic
covariations with neighboring voxels. Using these values for each voxel, the detailed construction
of 3x3 spatio-temporal correlation tensors is analogous to that for diffusion tensor computations
(Jones and Cercignani, 2010). Spatio-temporal correlation tensors were derived for three monkeys
across the three different anesthesia levels. Histograms of the values of the fractional anisotropy
and principal eignevectors of these tensors were calculated for voxels in grey matter and white

matter.

Results

Figure 13 displays the average time series of multiple voxels in gray and white matter in
one representative monkey for three levels of anesthesia (0.5, 0.875, 1.25%). The time courses
show consistently diminishing spontaneous signal fluctuations from low (0.5%) to high
isoflurane (1.25%) levels. This is visible in both gray and white matter, although not as
prominent in white matter with overall lower amplitude fluctuations. The averaged root-mean-
square variations in Figure 13 were 0.0049, 0.0035 and 0.0025 for gray matter and 0.0025,
0.0021 and 0.0015 for white matter time series at 0.5%, 0.875% and 1.25% isoflurane levels
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Figure 13. Averaged BOLD resting state signal time Series for gray and white matter. Multiple runs of
averaged time series in gray and white matter voxels from one representative squirrel monkey. The monkey was
under three different anesthesia levels: 0.5%, 0.875% and 1.25% represented by red, black and blue lines
respectively.
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Figure 14 presents group analyses of fractional power in white and gray matter as well as
the muscle control region. The boxplots demonstrate that low frequency oscillations in white
matter behave similarly to gray matter as neural activity baseline is varied. A monotonically
decreasing trend in fractional power was observed in both tissue types as we increased the
isoflurane level, although the statistical difference between 0.5% and 0.875% levels did not reach
statistical significance. On the other hand, fractional power remains relatively constant across
different anesthesia levels in the muscle region. The mean fractional power in white matter is

approximately 60-75% of that in gray matter.
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Figure 14. Group quantification of anesthesia effects on fractional power in gray matter, white matter and a
control muscle. N=9,14,11 runs for 0.5%, 0.875% and 1.25% isoflurane levels respectively. *p<0.005 (Mann-
Whitney Test).
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Figure 15 shows how the fractional power changed within a single slice as the isoflurane
levels were altered. It is clear from the axial slice that as the isoflurane levels are increased, the

fractional power for both gray and certain white matter regions are also lowered.

0.5% 0.875%

T1 Weighted

Figure 15. Fractional power maps of an axial slice across different anesthesia levels. The upper and lower rows
present identical maps with different colorbar scaling for better visualization of changes in white and gray matter.
The fractional power ratio of white over gray matter ranges from approximately 60%-75%.

Group analyses of the major eigenvalues of the spatio-temporal correlation tensors in
white and grey matters are shown for each anesthesia level in Figure 16A. It is evident that larger
eigenvalues (i.e. greater nearest neighbor anisotropy of resting state correlations) are associated
with lower anesthesia level. This is expected given the trends observed in the time series in
Figure 13, though it also may imply changes in connectivity along tracts. Figure 16B shows a T:-
weighted slice from one representative monkey, with spatio-temporal correlation maps zoomed
in at the blue and yellow boxed regions. For each zoomed in tensor map, the green arrows point
to gray matter near isotropic tensors while red arrows point to white matter anisotropic tensors.
Lastly, Figure 16C quantifies the fractional anisotropy of the spatio-temporal correlation tensors
in the slice and the whole brain. Fractional anisotropies of white matter tensors are obviously
greater than those of gray matter, providing further evidence that there are clear directions of

correlational connectivity within white matter that are much less apparent in grey matter.
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Figure 16. Spatio-temporal functional correlation tensors in squirrel monkeys. (A) Effects of anesthesia on
major eigenvalues of the functional tensors (a measure of the correlation coefficient). N=7,12,10 runs for 0.5%,
0.875% and 1.25% isoflurane levels respectively. (B) Ti-weighted anatomical image accompanied by zoomed in
spatio-temporal correlation tensor maps in the blue and yellow regions. Green arrows on tensor maps point to gray
matter isotropic tensors while red arrows point to white matter anisotropic tensors (C) Histogram of fractional
anisotropy values for the tensors in the slice presented in (B) as well as for the whole brain for this particular run and
monkey.
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Discussion

White Matter Fractional Power Modulated by Anesthesia

Observation of the averaged time series and group analysis boxplots demonstrate that low
frequency BOLD signal fluctuations behaved similarly in both gray and white regions as the
level of anesthesia changed. Although fractional power in gray matter is more susceptible to
changes in anesthesia level, white matter presents a similar trend. This is reflected in both the
time series and fractional power analyses. Furthermore, noise scans (data not shown) and muscle
control regions were immune to changes in anesthesia. This indicates that our observations were
not simply a global scanner drift artifact. Also, muscle serves as a reference region that suggests
the trend observed is likely driven by changes in baseline neural activity, modulated by
isoflurane. A baseline fractional power in muscle, however, is quite measureable and may reflect
the presence of vasomotor effects or other vascular phenomena in muscles. Liu et al. (2014)
recently computed a normalized quantitative mapping of cerebrovascular reactivity with BOLD
MRI, and found that vasculature in white matter is capable of dilation upon appropriate
stimulation. Therefore, our findings of modulated BOLD signal fluctuations in white matter with
anesthesia adds another piece of evidence that BOLD signal fluctuations in white matter may be

detected in a resting state.

Possible Contributing Factors to Anesthesia Changes

As claims of BOLD signal detection in white matter remain controversial, we considered
the possibility that confounds such as cardiac beating, respiration and motion may have
contributed to the low frequency oscillation changes as the anesthesia levels were varied. One
possible artifact is whether motion of the monkey correlated with anesthesia levels, which could
have affected the trend observed. First, our animals were immobilized within a special holder.
Second, although only resting state fMR1 BOLD images were acquired, fractional power at
voxels near boundaries should still be particularly prone to motion effects. However, close
inspection of our data suggests that this is not the case. For each run for the four monkeys, six

motion parameters (3 translations and 3 rotations) were estimated for motion correction. With
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these parameters, fractional power (0.01-0.08Hz) were computed for each run at different
anesthesia levels (Supporting Information 1V). No trends were observed which is indicative that

motion is unlikely to have contributed to the fractional power changes observed in white matter.

Another possible confound that could have given rise to the trends observed is the
increase in physiological noise as isoflurane levels were lowered. However, a human study
suggested that BOLD fMRI signals in white matter are actually less subject to physiological
noises than in gray matter (Bodurka et al., 2007). Similarly, Birn et al. demonstrated that cardiac
induced changes are most significant in gray matter and large vessels (Birn et al., 2009). On top
of that, our regression of recorded cardiac and respiratory signals with RETROICOR further
excludes the contamination of physiological signals in the trends observed.

Signal contamination from adjacent subcortical regions could also have given rise to the
trend observed in white matter. This effect would be further exacerbated with the isotropic
smoothing of 1.5 mm full width at half maximum in order to improve the signal-to-noise ratio
(SNR). Although the effects of partial volume cannot be completely eliminated, our conservative
segmentation of white and gray matter minimizes this possibility. A large majority of the white
matter voxels are dominated by ones with no adjacent other tissue. This was further crossed
checked by applying the mask of the original EPI acquisition to further ensure regions with
minimal partial volume effects were selected for analyses (Supporting Information 1). Even if
partial volume effects were included, they should account only for 1 to 2 pixels as outliers in our
calculations. Moreover, the exact same white matter masks were subjected to an erosion algorithm
before the same fractional power analyses were performed. The same diminishing trend of
fractional power across increasing anesthesia levels is observed, which further confirms minimal
inclusion of partial volume effects. As pointed out in the review by Gawryluk et al (2014), recent
works have also provided evidence that white matter activation found cannot be fully explained
due to partial volume effects. For instance, Mazerolle (2012) and Fraser (2012) have both shown

activation in white matter under minimal partial volume effects.

Close inspection of the spatio-temporal correlation maps further negates the possibility of
partial volume effects, and strengthens the argument that BOLD signal variations are observable
in white matter in a resting state. If the effects of partial volume were significant with no neural

signal present in white matter, spatio-temporal correlation tensors would generally be fat with their
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long axes perpendicular to white and gray matter boundaries, as this direction would have the
largest coherences in signal fluctuations. However, we observe anisotropic white matter tensors
(indicated by the red arrows in Figure 16B) that are mostly parallel to the boundaries, suggesting
little influence from partial volume effects. The presence of anisotropic tensors away from the
boundaries further eliminates the possibility of dominant system level fluctuations, as isotropic
round tensors would be expected with no preferred directions. Therefore, given the evidence that
gray matter BOLD signal fluctuations reflect neural signals, a consistent interpretation of the
observed of white matter signal variations and their changes with anesthesia level is that neural
BOLD signals in white matter are observable with minimal partial volume effects and share a

similar origin.

Future works

Although our results here present strong evidence of resting state fluctuations in BOLD
signals in white matter, further work can be performed to strengthen and verify their biophysical
origins. For example, we observe qualitatively through the fractional power maps that not all
white matter regions appear to be modulated by changing anesthesia levels. Deeper analysis of
which specific white matter tracts or pathways are more susceptible to anesthesia level changes
may provide greater insight into white matter BOLD signal detection for future studies. Also, the
directional consistencies of spatio-temporal correlation tensors presented here are not as robust
compared to those presented in human studies (Ding et al., 2015). Further improvements in data
acquisition and processing may improve the spatio-temporal correlation tensor maps. For
instance, the investigation of resting state frequencies above 0.08 Hz could improve our
sensitivity to white matter BOLD signals. Recent papers have investigated and found useful
connectivity above 0.1 Hz (Chen and Glover, 2015; Gohel and Biswal, 2015). In fact, we have
recently shown increased correlations within the center of gray matter horns in the spinal cord
when using frequencies from 0.01 to 0.13 Hz (Barry et al., 2015). Little known is about the
hemodynamic nature of BOLD white matter signal, so exploring band-pass filters beyond the
conventional 0.01-0.08 Hz (Biswal et al., 1995) could provide better sensitivity and insights into
deciphering the origins of resting state fluctuations and functional connectivity within white

matter.
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Conclusion

Our finding that fractional power is modulated similarly in both white and gray matter as
level of anesthesia and associated neural baseline activity varies implies that neural activity is
encoded in white matter resting state signals. With possible confounds carefully examined, the
trends observed are deemed unlikely to be driven by noise nor artifacts. Spatio-temporal
correlation tensor maps also reveal that signal fluctuations in white matter can be detected in a
resting state and are consistent with underlying neural activity. Overall, our study presented here
is the first reported white matter BOLD signals detected in non-human primates.
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