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Abstract

Numerous studies have used functional magnetic resonance imaging (fMRI) to characterize
functional connectivity between cortical regions by analyzing correlations in blood oxygenation
level dependent (BOLD) signals in a resting state. However, to date, there have been only a
handful of studies reporting resting state BOLD signals in white matter. Nonetheless, a growing
number of reports has emerged in recent years suggesting white matter BOLD signals can be
reliably detected, though their biophysical origins remain unclear. Moreover, recent studies have
identified robust correlations in a resting state between signals from cortex and specific white
matter tracts. In order to further validate and interpret these findings, we studied a non-human
primate model to investigate resting-state connectivity patterns between parcellated cortical
volumes and specific white matter bundles. Our results show that resting-state connectivity
patterns between white and gray matter structures are not randomly distributed but share notable
similarities with diffusion- and histology-derived anatomic connectivities. This suggests that
resting-state BOLD correlations between white matter fiber tracts and the gray matter regions to
which they connect are directly related to the anatomic arrangement and density of WM fibers. We
also measured how different levels of baseline neural activity, induced by varying levels of
anesthesia, modulate these patterns. As anesthesia levels were raised, we observed weakened
correlation coefficients between specific white matter tracts and gray matter regions while key
features of the connectivity pattern remained similar. Overall, results from this study provide
further evidence that neural activity is detectable by BOLD fMRI in both gray and white matter
throughout the resting brain. The combined use of gray and white matter functional connectivity
could also offer refined full-scale functional parcellation of the entire brain to characterize its
functional architecture.
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1. INTRODUCTION

Resting-state functional MRI (rsfMRI) based on measuring correlations between blood-
oxygenation-level-dependent (BOLD) signals has been widely used to infer functional
connectivity between cortical regions (Biswal et al., 1995; Fox and Raichle, 2007). However,
the existence of similar resting-state BOLD signals in white matter (WM) has previously
been largely overlooked, and little attention has been paid to their potential interpretations.
The dearth of WM rsfMRI reports can be partly attributed to the sparse vasculature in WM
relative to gray matter (GM), which may be expected to result in reduced hemodynamic
effects from the lower blood flow and volume (Jensen et al., 2006). However, the oxygen
extraction fraction has been reported to be relatively uniform in the resting brain in both
WM and GM (Raichle and Snyder, 2007), and WM is known to contain more glial cells that
require energy than GM (Gawryluk et al., 2014; Matute and Ransom, 2012), so there is
clearly a possibility of producing BOLD effects in WM. Moreover, vascular challenges such
as induced hypercapnia have shown WM responds similarly to GM but with hemodynamic
BOLD effects that are smaller than in GM (Macey et al., 2003; Rostrup et al., 2000; Thomas
et al., 2014). Furthermore, significant BOLD fMRI hemodynamic response functions were
shown and quantified in early visual cortex as well as its apposed WM and pial vasculature
(Kim and Ress, 2017). Despite this evidence, several reports have expressed skepticism
about the reliability of detecting rsfMRI signals in WM due to the absence of post-synaptic
potentials, which have to date been considered the driving sources of BOLD effects.
Whatever the precise coupling between BOLD and electrical signals in GM, it is clear that
hemodynamic changes in WM are potentially detectable by MRI. As Gawryluk et al. have
pointed out, speculations on the origins of BOLD signals in GM do not provide any direct
evidence against the possibility of measuring similar phenomena in WM (Gawryluk et al.,
2014).

The number of reports claiming successful detection of BOLD signals in WM has risen in
recent years. Early reports demonstrated task-induced BOLD signal changes in the corpus
callosum (see review Gawryluk et al., 2014) and internal capsule (Gawryluk et al., 2011;
Mazerolle et al., 2013b). Notably, a functional topological map of the corpus callosum was
generated with fMRI after discrete regions of the corpus callosum were found to be
consistently activated (Fabri et al., 2011). Beyond task-derived activations, some recent
studies have also investigated resting-state BOLD signals in WM. For example, we
previously reported that nearest-neighbor resting state correlations for voxels in WM are
anisotropic and we proposed the use of functional correlation tensors to characterize that
anisotropy (Ding et al., 2016, 2013). Data-driven methods have also been applied to WM
resting-state signals which yielded clusters that closely resemble WM tracts (Mezer et al.,
2009). More recently, Peer et al. reported distinct functional networks in WM that were
related to both GM functional networks as well as structural WM tracts (Peer et al., 2017).
Using independent component analysis, Marussich et al. have also found WM rsfMRI
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signals to be hierarchically organized while visual stimuli induced coupling between WM
and GM regions in the visual network (Marussich et al., 2017). Similarly, we have shown
rsfMRI correlations are significant between specific projection fiber pathways and
parcellated cortical regions, and these correlations were further modulated with functional
loading (Ding et al., 2018; Wu et al., 2017). Overall, these recent revelations of WM
functional activity suggest both stimulus-evoked and resting state BOLD signals can be
reliably detected in WM given an appropriate and sensitive technique.

The patterns of activity-related signals in WM appear superficially to follow fiber tracts, but
the precise relationships between tractography and functional connectivity based on BOLD
signals in WM is unclear. To further interpret and validate WM rsfMRI signals in human
brains, appropriate animal models may be useful, and we previously found that rsf MRl WM
signal fluctuations were detectable in the brains of anesthetized non-human primates (NHPs)
(Wu et al., 2016). We therefore aimed to 1) quantify the resting-state connectivity patterns
between cortical volumes and specific WM bundles in NHPs, 2) compare these results
directly with diffusion- and histology-derived anatomic connectivities, and 3) examine how
different levels of anesthesia modulate these patterns as isoflurane anesthesia level increased
and reduced baseline neural activity.

MATERIALS AND METHODS

2.1 Animals and preparation.

Eight squirrel monkeys were included in this study. Each animal was initially sedated with
ketamine hydrochloride (10 mg/kg)/atropine sulfate (0.05 mg/kg) before being maintained
with isoflurane anesthesia (0.5 to 1.5%) delivered in a 70:30 N,O/O, mixture. Animals were
intubated and mechanically ventilated (60 bpm). Subsequently, each animal was securely
placed on a MR-compatible custom-designed cradle using ear and head bars to prevent
motions of the head along with equipment attached for vitals monitoring. Throughout each
MRI session, 2.5% dextrose in saline solution (3 ml kg~! hr=1) was infused intravenously
and the temperature of each animal was maintained between 37.5 and 38.5°C using a
circulating water blanket. Vital signs of the animals were continuously monitored throughout
each session — these included ECG heart rate using three leads attached to bilateral arms and
one leg, respiratory pattern using a pneumatic pillow, end tidal CO,, and SpO»; cardiac and
respiratory traces were also recorded and saved in order to correct their effects on BOLD
signals (see fMRI pre-processing). At least an hour was allocated for each animal to stabilize
physiologically, during which shimming was performed and high resolution anatomical
images were acquired. During a typical fMRI data acquisition period, isoflurane was
maintained between 0.8 and 0.9%. For fMRI scans examining the effects of anesthesia,
isoflurane levels were varied (1.25%, 0.875% and 0.5%). Before acquiring fMRI data at
each anesthesia level, at least 10 minutes were also allocated to allow anesthesia
stabilization. All procedures were in compliance with the Institutional Animal Care and Use
Committee at Vanderbilt University.
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2.2 MRl acquisition.

Previously recorded whole brain rsfMRI acquisitions from 8 squirrel monkeys across
multiple sessions were analyzed for this study. All scans were performed on a 9.4T magnet
using a gradient-echo echo planar imaging (GE-EPI) sequence. A total of 40 runs were
acquired across different sessions with slight variations in acquisition parameters:

. TR/TE=500/16ms, 2 shots, 450 volumes, 1x1x1 mm?3, 16 runs
. TR/TE=500/16ms, 2 shots, 300 volumes, 1x1x1 mm3, 6 runs

. TR/TE=750/16ms, 4 shots, 170 volumes, 1x1x1 mm3, 8 runs

. TR/TE=1500/16ms, 2 shots, 170 volumes, 1x1x1 mm3, 10 runs

This set of runs was acquired at anesthesia levels generally between 0.8-0.9% isoflurane and
will be labeled as cohort-A. A second set of data (cohort-B) from our previous publication
(Wu et al., 2016) was re-analyzed to measure the effects of anesthesia. BOLD images for
these studies were acquired with a GE-EPI sequence (TR/TE=750/16ms, 2 shots, 300
imaging volumes, 1x1x1 mm3) at 1.25%, 0.875% and 0.50% isoflurane levels in three
animals with 8, 10 and 9 runs respectively. Anatomical To*-weighted images for both sets of
data were also collected (TR/TE=500/10ms, NEX=2, 0.125 x 0.125 x 1 mm3).

2.3 fMRI pre-processing.

Standard fMRI pre-processing of the data similar to that described in our previous
publication (Wu et al., 2016) was implemented. Firstly, motion correction (three translations
and three rotations) followed by isotropic smoothing with a full width at half maximum of
1.5 mm were performed using spm/2. Subsequently, ‘nuisance’ signals derived using
principal component analysis of time courses in muscle voxels were extracted to further de-
noise the rsfMRI time series. The first three to five signal components that accounted for at
least 70% of the cumulative muscle signal variance, along with motion correction
parameters, were used as signal regressors in a general linear model to reduce noise
contributions to the fMRI signals. RETROICOR corrections (Glover et al., 2000) using both
recorded ECG and respiratory traces were subsequently applied to correct for residual
cardiac and respiratory interferences. Lastly, signals were bandpass filtered with a pass-band
between 0.01-0.08Hz using a Type 2 Chebyshev IIR filter.

2.4 DTl and Histological Connectivity.

DTI and histological connectivity matrices were derived using procedures described in our
previous publication (Gao et al., 2017); Figures 2B-C from that are reprinted with
permission from Elsevier B.V.. Elements of the DTI connectivity matrix in Figure 2B
represent normalized fiber tracts derived using FSL (FMRIB’s Diffusion Toolbox, Oxford,
UK, http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT/) from all seed points originating in each
specific GM volume that are located in the corresponding WM tract; each voxel represents
the sum of fiber tracts normalized by the number of seeds and subsequently by the number
of occupied voxels. The histological connectivity matrix between WM fiber bundles and
cortices was derived from a survey of previous literature that reported anatomical tracer
studies in new world monkeys and old world macaques.
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2.5 Registration of VALIDATe29 Atlas.

Cortical and WM tract labels from the VALiIDATe29 atlas (Schilling et al., 2017) were
transformed into fMRI subject space before subsequent correlation analyses. Specifically,
high-resolution To* weighted anatomical images were first registered to the T,* weighted
template image (VALiIDATe29-t2) using an affine linear automatic image registration (AIR)
(Woods et al., 1998). With the affine-registered T,* anatomical image, non-linear
registration was performed using large deformation metric mappings (LDMM) (Beg et al.,
2005). Using both linear and non-linear transformation matrices, inverses of these
transformations were applied to the fMRI labels (VALiIDATe29-labels) in reverse order:
LDMM™1 and then AIR™L. This step produced labels in To* anatomical subject space.
Lastly, a linear AIR transformation of the To* weighted labels into fMRI space was applied.
Quality checks were performed by overlaying labels with both anatomical and BOLD
images using ITK-SNAP (Yushkevich et al., 2006) for each slice. A minor issue was found
where slices towards the top and bottom of the brains were partially sliced due to the re-
slicing procedure from spmi2motion correction. Thus, labels on slices towards the top and
bottom edges of the brain were excluded for further analysis. AIR and LDMM
transformations were performed using DiffeoMap — MRI Studio developed at Johns Hopkins
University (Li, X.; Jiang, H.; and Mori, S.; Johns Hopkins University, www.MriStudio.org or
mri.kennedykrieger.org). Left and right peduncle bundles (PB) were not identified given the
field-of-view coverage of the rsfMRI acquisitions. It is also important to note two minor
differences exist between labels in the atlas (VALiDATe-labels) and in our previous
publication on anatomical connectivity (Gao et al., 2017): VALiIDATe29 contains both
posterior and anterior cingulate cortex as opposed to just the anterior cingulate cortex in Gao
et al. Similarly, the secondary somatosensory area, absent in Gao et al., is included with the
ventral and rostral parietal cortex (PVR) label. This slight discrepancy exists as these two
additional GM labels were not previously identified in Gao et al. but were later captured
when creating the atlas across multiple monkeys. Figure 1 shows the data processing
pipeline and labels for these registrations.

2.6 Calculation of WM-GM Correlation Matrices.

The atlas identified 57 WM tracts and 18 GM parcellated volumes. For each labeled WM
tract-GM volume combination, the Pearson linear correlation coefficients between time
courses of each resting state dataset were computed. These were then averaged across runs
and animals resulting in a matrix of 75 x 75 values of correlations representing the putative
WM-GM connectivity relationships of the squirrel monkey brain. This matrix was further
reduced in dimension and rearranged in a configuration analogous to DTI and histological
connectivity matrices for comparisons. Variability across runs was quantified by computing
standard errors of mean matrices across all animals (shown in Supplementary Figure 1).
VALIDATEe?29 atlas also includes left and right primary visual cortices (V1) that were
absent in our previous publication (Gao et al., 2017). Thus, correlation patterns between left/
right V1 and all WM tracts as well as their respective SEM are displayed separately in
Supplementary Figure 2.
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2.7 Pearson’s Correlation and Sgrenson-Dice Similarity Coefficient.

In order to quantify overall similarity between the functional and structural connectivity
matrices, Pearson’s correlation and Sgrenson-Dice similarity coefficients (DSCs) were
computed. Pearson’s correlation was computed between correlation pairs from fMRI and
DTI matrices, and were further evaluated for GM-WM with significant correlations (p<0.05)
as well as with various thresholds applied. For comparisons between rsfMRI and DTI using
DSCs, two thresholds (rsmyi and dg:j) were applied respectively for each modality, generating
two binary maps; for any r > rgyi or DTI-fiber-count > dgs, a value of “1’ is assigned,
otherwise ‘0’ is assigned. With the two binary maps, the DSC was computed using the
formula:

2TP

DSC= rp  FPF PN

where TP, FP and FN denote the true positive, false positive and false negative matrix
elements between the two binary matrices respectively. DSC values were subsequently
computed with different combinations of r¢yi and dgtj. Similarly, the histological
connectivity map was compared with the rsfMRI connectivity matrix with varying rsmyi.
DSCs were computed for both cohorts A and B. To determine local maximum values in
Table#1, DSCs with rgmi >0.05 and dg:;>20 were considered.

2.8 RGB Color Overlay.

While the DSC quantifies overall similarity between two modalities of connectivity, an RGB
color overlay method was also used to highlight specific GM-WM pairs that exhibited both
high fMRI correlations and DTI fiber densities. Specifically, fMRI (cohort-A) and DTI
connectivity matrices were normalized within themselves before each element value of both
matrices were represented as different hues of red and blue respectively on the RGB scale;
values ranged from [0 0 0] (black) to either [1 0 0] (red) for fMRI or [0 0 1] for DTI (blue).
Using properties of additive color mixing, the two matrices were subsequently combined
with maximal possible overlay visually represented as magenta [1 0 1]. Thresholds of red
and blue values (or normalized connectivity values) were determined separately by
calculating the 95t percentile from the normalized fMRI and DTI matrices respectively.
Finally, elements of the combined matrix that contain RGB color values greater than both
thresholds were identified as GM-WM pairs that exhibit highest degrees of correspondence
between fMRI and DTI. In other words, GM-WM pairs that resemble most to the magenta
color were identified using red and blue pigment thresholds.

3. RESULTS

3.1 RsfMRI white matter-cortical connectivity.

Averaged temporal correlations between WM bundles and GM are shown in Figure 2A with
significance of correlations shown in Figure 2D-E. Each element of the matrix corresponds
to a correlation coefficient between a WM-GM pair. It is evident that correlation patterns in
the matrix are not randomly distributed, and share notable similarities with diffusion- and
histology-derived anatomic connectivities. In addition, representative signals in GM and
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WM for a highly and weakly correlated pair are presented in Supplementary Figure 3.
Diffusion and histology derived connectivity matrices using almost identical squirrel
monkey labels are shown in Figure 2B-C (Gao et al., 2017). By visual inspection it is
possible to identify specific GM-WM pairs with large resting-state correlations and high
fiber counts in both structural and functional connectivity matrices. For example, strong
correlation coefficients between Cingulum (Cing) and anterior cingulate cortex (AC),
superior longitudinal fasciculus Il (SLFIII) and PVR, as well as between prefrontal cortex
(PF) and uncinate fasciculus (UF) showed relatively large fiber density densities. The
checkered patterns observed in certain patches of the connectivity matrices are also
indicative of bilateral similarity in correlation patterns among the three modalities given how
the labels are re-arranged on the axes. Maximum and mean SEM were also computed to be
within 0.05 which suggests relatively small variability across runs. The distribution of
correlation values between the WM tracts and GM cortical regions are shown in Figure 2F:
callosum-body (CCb), optic tract (11T), Cing, SLFIII, inferior fronto-occipital fasciculus
(IFOF), fiber extension of CCb (FCCb), and Coronal Radiata-dorsal posterior (CRdp) had
greater correlation values (r>0.35) than other WM tracts. RsSfMRI GM-WM and their
respective SEM matrices for each individual monkey are also displayed along with DSC
comparisons between them in Supplementary Figures 4-5.

3.2 Effects of anesthesia on rsfMRI connectivity matrix.

Figure 3 presents resting-state correlation patterns at different isoflurane levels. The
averaged correlations between WM and GM regions diminished with increasing anesthesia
levels, although patterns of connectivity remain relatively similar between them. Figure 3D-
F presents the same correlation matrices with a higher threshold (r>0.2) in order to
appreciate the connectivity pattern that is retained despite lowered correlation coefficients
with elevated anesthesia. Histograms of WM tract correlations with GM (Figure 3G-I)
further highlight greater correlation coefficient values at lower anesthesia levels. Lastly,
Figure 4 shows statistical comparisons using the non-parametric Wilcoxon Rank-Sum Test
between different anesthesia correlation pairs; a p-value less than 0.05 was used to
distinguish matrix elements. We found correlation values at 1.25% were statistically less
than those at lower isoflurane levels. While the correlation values also dropped between
0.50% and 0.875%, the majority of isoflurane correlation coefficients were found to be
largely insignificant (Figure 4).

3.3 Quantitative comparison between rsfMRI with DTI and histological connectivity.

DSCs were computed across different combinations of fMRI and DT thresholds as shown
in the top rows of each subplot in Figure 5 for both cohorts. RsfMRI and histological DSCs
were also computed as a function of fMRI thresholds as shown in the bottom of each subplot
in Figure 5. DSCs of 0.42 and 0.46 were computed between the rsfMRI correlation matrix
(cohort-A) and the DTI and histological connectivities respectively. Statistically significant
rsfMRI correlation values were also plotted against normalized fiber counts between GM-
WM pairs and displayed as a scatter plot in Figure 6A; correlation between the two
modalities were computed to be 0.40 (p<5 x 10710). In addition, correlations were further
computed with varying thresholds of fMRI and DTI (Figure 6B) with an averaged
correlation between fMRI and DTI found to be 0.44. While correlation strengths between
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WM and GM decreased with increased anesthesia (cohort-B), no trends of DSCs were
observed which suggests the pattern of connectivity remains relatively unchanged with
anesthesia. Specific peak DSCs values (rfmrj >0.05, dg:j>20), their corresponding threshold
values and significance quantified as probability from random permutations (Supplementary
Figure 6) are summarized in Table 1. Supplementary Figure 7 also shows the rsfMRI binary
correlation matrix using the optimal fMRI-histology threshold. RGB color overlay
comparisons (Figure 7) were also computed to selectively identify GM-WM pairs that
demonstrated both high correlations and fiber counts. With pigment thresholds that select for
GM-WM pairs that demonstrate high similarity to the maximal overlay color, bilateral PF-
UF, AC-Cing, anterior parietal cortex (PA)-SLFIII, and PVR-SLFIII were identified.

4. DISCUSSION

4.1 Similarity between rsfMRI, DTl and histological connectivities.

This study was performed in order to make direct comparisons between apparent WM
functional connectivity values derived from rsfMRI and underlying anatomic structures
derived from diffusion imaging and histology. We exploited previous results showing how
fiber density was related to diffusion tractography and invasive metrics of structure derived
from squirrel monkeys that could not be performed in human subjects. We found non-
random correlation patterns in a resting state between specific parcellated GM volumes and
specific WM tracts in NHP brains, consistent with similar findings in human subjects (Ding
et al., 2018). This observation suggests synchronous BOLD signal variations reflecting
neural activity between specific cortical volumes and WM bundles in the monkey brain are
detectable in a resting state, and that neural activities are encoded in WM BOLD signals
similar to cortical fluctuations. In human subjects these patterns changed with functional
loading (Ding et al. 2018) whereas in our animal model we were able to show changes with
different levels of anesthesia and baseline neural activity. Similarly, Peer et al. found WM
and GM networks were highly correlated with correlations reaching above r=0.8 across
subjects in a large human group study (Peer et al., 2017). These findings lend further
evidence that BOLD signals are present and detectable in WM.

By using an animal model and building on previous studies of the same species, we were
also able to compare rsfMRI connectivity patterns with structural connectivity obtained
independently from diffusion tractography and histologic data (Figure 2B-C, (Gao et al.,
2017)). Quantitative assessments showed modest but positive overall similarity between
structural and functional connectivity matrices with statistically significant linear correlation
and DSC of 0.40 and 0.42 respectively. While modest overall similarity was found between
DTI and functional correlations, specific GM-WM pairs demonstrated high correspondence
between structural and functional connectivity matrices, which were identified through RGB
overlay (Figure 7). These selected GM-WM pairs are indeed largely consistent with their
well-established structural and functional relationships in the literature. For example, we
found strong bilateral correlation coefficients and high fiber counts between the Cingulum
(Cing) and anterior cingulate cortex (AC). The structural connections between the two
regions have previously been confirmed as afferent and efferent fibers of the cingulum have
been associated with the cingulate cortex (Baleydier and Mauguiere, 1980; Morris et al.,
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1999; Mufson and Pandya, 1984). More specifically, fibers that constitute the subgenual
cingulum arise primarily from the AC (Mufson and Pandya, 1984). The functional relevance
between them has also been observed: for example, the AC is known to be a critical brain
region for pain processing (reviewed by Fuchs et al., 2014) where consistent increased
neuronal activity was found in subjects preceding and during an acute noxious stimulus
(Hutchison et al., 1999; Iwata, 2005; Koyama et al., 2001). Interestingly, early experimental
studies in rats suggested that the impairment of conduction in the Cing bundle disrupted
tonic pain (Vaccarino and Melzack, 1989) while cingulotomy in patients have presented
considerable success in treating pain in patients (Boccard et al., 2014; Pereira et al., 2014;
Santo et al., 1990; Sharma., 1973), which are indicative of their structural and functional
relationship, and supports our observation that resting-state correlations parallel high fiber
counts and there is a strongly correlated relationship between GM-WM regions and their
underlying white matter fiber connections. The same phenomenon is also observed between
the uncinate fasciculus (UF) and PFC. The UF, a long-range association fiber that connects
the frontal and temporal lobes, has exhibited links to psychopathic traits and behavior (see a
review Olson et al., 2015). Alterations of UF have been suggested to impair communication
between the frontal and temporal lobe resulting in impaired behaviors such as deficits in
decision-making and reversal learning, which are associated functions of the PFC (Olson et
al., 2015; Von Der Heide et al., 2013). The other strong bilateral functional-structural
correlation pairs identified include PVR-SLFIII and PA-SLFIII. Fibers of the SLFIII have
been found to originate in the rostral inferior parietal lobe/supramarginal gyrus, and
functional communications between the PVR and other lobes are indeed made possible by
the SLFIII (Stuss and Knight, 2002). The connection between the rostral inferior parietal
lobe may also be crucial for gestural communication as gestural impairments in ideomotor
apraxia are often associated with lesions in either the PVR or underlying white matter (De
Renzi, 1989). The functional-structural connection between SLFIII and PA, however, has not
been previously well-established. RGB overlay matrices thresholded at lower percentiles
(9oth, 85t 80t and 75™) are also displayed in Supplementary Figure 8. Our method of a
combined use of GM-WM connectivity may offer a novel way to further refine brain
networks and functional architectures. Overall, these findings suggest that resting-state
BOLD correlations between specific identified WM fiber tracts and the GM regions to
which they connect are directly related to the anatomic arrangement and density of WM
fibers.

Despite strong correspondences between structural and functional matrices in specific GM
and WM pairs, it is equally important to discuss the presence of inconsistent patterns
between them. One possible explanation is the presence of indirect structural connections
that are driving strong functional correlations between two regions despite no direct fiber
connections. Consistent with this idea, O’Reilly et al. have previously reported in monkeys
that whole brain functional connectivity networks were preserved when the anterior
commissure was spared after a corpus callosum section. They concluded that functional
connectivity in the brain may be driven by cortico-cortical WM connections and that
functional patterns can be retained in the presence of indirect structural connections
(O’Reilly et al., 2013). More recently, the incorporation of indirect structural pathways have
also been shown to be more robust predictors of functional connectivity (Rage et al., 2017).
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Another possible reason for the discrepancy shown between functional and structural
connectivity is simply that the analysis methods used in this study may not be sensitive
enough to tease out all functional-structural relationships between GM and WM (further
discussed in Section 4.3).

4.2 Effects of anesthesia on rsfMRI connectivity.

To date, a consensus has yet to be reached on the effects of anesthesia on neural networks,
although possible mechanisms have been proposed (Alkire et al., 2008). Specifically, some
have found that an increase in anesthesia level reduces the integration of networks as a result
of losing synchronization between GM regions and thus lowers correlational patterns
(Deshpande et al., 2010; Hutchison et al., 2014; Lu et al., 2007). Indeed, we found in a
previous study that the distribution of low frequency fluctuations in WM decreased
monotonically with elevated anesthesia levels. Moreover, functional tensor eigenvalues also
decreased with increasing level of anesthesia (Wu et al., 2016). In contrast, some studies
have found that as anesthesia levels were raised, more synchronous time series and thus
elevated correlation values were produced between GM regions (Xiao Liu et al., 2013). Our
results support the former interpretation as averaged correlation strengths between WM and
GM regions diminished with increasing anesthesia levels. This is evident in Figure 2 where
the number of WM tracts with averaged correlations greater than r=0.35 (dashed line)
decreased with increasing anesthesia level. Statistical comparisons between 1.25% and the
lower isoflurane levels (0.50% and 0.875%) support this finding. While the correlation
values dropped with increasing anesthesia level, statistical comparisons between 0.50% and
0.875% isoflurane correlation coefficients were largely insignificant (Figure 4). This
observation is consistent with our previous findings (Wu et al., 2016).

The purpose of studying the effects of anesthesia was to further understand how different
levels of baseline neural activity altered not just BOLD fluctuations itself (Wu et al., 2016)
but also how connectivity patterns between specific GM-WM pairs change. Taking another
step in this study, we evaluated how these changes affected their corresponding functional-
structural relationship in the whole brain. The extent to which WM and GM are coupled as
baseline levels change, and the heterogeneity of responses in GM and WM tracts, are
important for interpretations of WM BOLD signals, especially while their existence remains
controversial. While the strengths of correlations changed in parallel with varying baseline
activity through anesthesia, patterns of connectivity were found to be largely retained. As the
amplitudes of BOLD fluctuations are reduced, and if random added noise remains
unchanged, we expect absolute values of correlations to decrease, but their relative values
should not change. Previous reports have shown that well-defined networks such as the
default mode network are observable in different species and whole brain networks are
conserved between dissimilar physiological states (Gorges et al., 2017; Liang et al., 2012).
We found maximal DSCs comparing rsfMRI correlations to DTI connectivity at the three
isoflurane levels to be relatively similar. In fact, an isoflurane level of 1.25% presented the
greatest DSC. However, the correlation threshold corresponding to the maximal DSC for
1.25% isoflurane was significantly lower at r = 0.45, an observation that is consistent with
the trend that overall correlation strength decreases with increasing anesthesia level. This
could of course partly reflect the decreased BOLD signal-to-noise ratio in each time series
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as the level of activity decreased rather than inter-regional couplings. Comparisons with
histological connectivity, however, showed that anesthesia at 1.25% had the lowest DSC of
0.37 with the lowest significance. In summary, our results suggest that the pattern of
connectivity remains relatively unchanged while correlation strengths between WM and GM
decreased with increased anesthesia.

4.3 Limitations and future studies.

To date, claims of detecting rsfMRI signals in WM and their interpretation remain somewhat
controversial and thus it is important to consider potential confounding factors that may have
affected the results of this study. Potential confounds such as cardiac, respiratory, motion or
other physiological effects which may have varied with different anesthesia levels were
deemed unlikely to have contributed to trends observed in our previous study (Wu et al.,
2016). The issue of partial volume averaging is another potential limitation which we have
also carefully addressed in previous publications (Ding et al., 2018, 2016; Wu et al., 2016).
Similarly in this study, we have performed quality checks after each registration step by 3D-
visualization of the quality of the labels overlaid on anatomical images. This was then cross
checked by applying the labels of the original BOLD images to further ensure that regions
segmented showed minimal partial volume effects. Even if partial volume effects were
included, they should account only for 1 to 2 pixels in each tract as outliers in our
calculations, given the minimal smoothing kernel of 1.5mm we have used here. Overall, we
did not find any major issues in the registration procedure, and this is not surprising given
the evaluated accuracy of similar registration pipelines to ours — linear AIR transformation
followed by non-linear LDDMM registration to atlases in both humans (Oishi et al., 2009)
and animals (Qin et al., 2013). Furthermore, we transformed labels from template space
back to subject space for each individual NHP. This prevents large extrapolation of values
given the difference in matrix sizes that could result in further mixing of signals between
WM and GM. Others have also demonstrated WM activations under minimal partial volume
conditions (Fraser et al., 2012; Mazerolle et al., 2013a; Peer et al., 2017). While partial
volume effects cannot be completely eliminated and are present in fMRI studies in general,
evidence suggests that WM BOLD signals cannot be explained by partial volume effects.
The computation of local DSCs required the implementation of thresholds to prevent
capturing artificially large Dice coefficients. As shown through randomly mixing functional
and structural matrices (Supplementary Figure 8), computing Dice values at either too low
or high of a threshold would have had led to results not very different from those obtained
from matrices that were randomly permutated. While the trends observed here remain
consistent and significant within a reasonable threshold, a different algorithm for comparing
functional and structural connectivity methods that does not depend on thresholding may
improve and better elucidate their relationship.

Another potential confounding factor in our results is that with higher doses of isoflurane,
neurovascular decoupling arises. Specifically, metabolic rate, oxygenation levels and CBF
can decrease due to hypotensive effects, which results in lowered BOLD contrast-to-noise
ratio and may artificially decrease correlation values. However, we have previously
investigated resting-state functional connectivity under such experimental conditions and
have found that rsfMRI remains tightly associated with neural activity at these anesthesia
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levels (Shi et al., 2017; Wilson et al., 2016). To fully address this issue, we are also currently
performing direct neural recordings in WM which would lend further insight to what degree
WM BOLD signals reflect neural activity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Reqgistration pipeline of VALiIDATe29 squirrel monkey atlas labels to fMRI subject space.
Labels for WM tracts were transformed into fMRI space by first performing affine linear
automatic image registration (AIR) followed by non-linear registration (Large Deformation
Metric Mappings (LDMM)) of T,* anatomical images to the VALIDATe29 squirrel monkey
atlas. Inverse of these transformation matrices were subsequently applied - LDMM™1 and
then AIR™1 — to bring the labels back into T,* anatomical subject space. Finally, labels are
transformed to BOLD subject space using affine linear AIR. Abbreviations for parcellated

cortical volumes and white matter tracts are shown at the bottom.
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Figure 2:
Connectivity matrices between identified gray matter regions and white matter (WM) tracts.

Rows and columns of each matrix represent cortical regions and WM bundles respectively
(N=8 monkeys, n=40 runs, cohort-A). (A) Resting-state functional connectivity pattern; each
pixel value represents a Pearson’s correlation value. (B) Connectivity derived from DTI
tractography; each pixel value represents normalized sum of WM fiber density. (C)
Histological connectivity represented with a binary map: 0 (black, no observed histological
connectivity) and 1 (white, observed histological connectivity). Figures 2B-C are reprinted
from with permission from Elsevier; abbreviations for each label can also be found in the
reference and Figure 1. (D-E) Significances of rsfMRI correlations in Figure 2A between
GM-WM pairs. Green and blue voxels indicate p-values less than 0.05 and p-values greater
than or equal to 0.05 respectively without (D) and with (E) False Discovery Rate correction.
(F) Averaged temporal correlations of WM tracts across cortical regions for cohort-A.
Standard errors of mean are shown as error bars in the bar plot. Asterisks on top of bars
indicate WM tracts with mean correlation coefficients greater than 0.35.
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Correlation (r)

Figure 3:
Connectivity matrices between identified gray matter regions and WM tracts at different

anesthesia levels. Pixels from each matrix represent Pearson’s correlation values. Resting-
state connectivity patterns between specific WM bundles and cortical regions were
computed at 0.5%, 0.875% and 1.25% isoflurane levels with n=8, 10, and 9 runs
respectively (N=3 monkeys) thresholded at (A-C) r=0 and (D-F) r=0.2. (G-I) Averaged
correlations across cortical regions to white matter tracts for each anesthesia level. Error bars
on the bar plots represent standard error of mean while dashed line cuts through the bar plots
at r=0.35.
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Figure 4:
Non-parametric Wilcoxon Rank-Sum Test between correlation coefficients at different

anesthesia levels. Comparison of correlation values between WM tracts and GM with
different anesthesia pairs: (A) 0.50% and 1.25%, (B) 0.875% and 1.25%, and (C) 0.50% and
0.875%. Green and blue voxels represent p-values less than 0.05 and p-values greater than or
equal to 0.05 respectively. There are a total of 215, 210 and 8 green voxels for (A), (B) and
(C) matrices respectively.
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Figure 5:
Quantitative comparisons of rsfMRI with DTI and histological connectivity matrices.

Sgrensen-Dice measurements were computed for squirrel monkeys acquired at (A) 0.50%,
(B) 0.875%, (C) 1.25% and for (D) cohort-A. (Top row of each subplot) DTI-to-rsfMRI
Dice coefficients for varying DTI and fMRI thresholds. (Bottom of each subplot) Histology-
to-rsfMRI Dice coefficients for varying fMRI thresholds.
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Figure 6:
Pearson’s correlation between fMRI and DTI connectivity elements. (A) Scatter plot of GM-

WM pairs with significant correlation values in Figure 2D; r=0.40 (p<5x10~19). (B)
Distribution of correlation values between fMRI and DTI connectivity with varying fMRI
and thresholds. Unshaded voxels indicate significant correlations with p<0.05. Average of
significant correlations at various thresholds was computed to be 0.44.

Neuroimage. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Page 22

fMRI (cohort-A) DTI

CCgqg
CCb
CCs
IICA
rICA
IICg
rICg
IICp
riCp
PC
AC
IEC
rEC
ICing
rCing
IUF
rUF
I
ISLFI
rSLFI
ISLFII
rSLFIl
ISLFII
rSLFII
IMLF
rMLF
IILF
rLF
IFOF
rFOF
IIFOF
rIFOF
IFMn
rFMn
IFCCb
rFCCb
IFMj
rFMj
CRa
CRa
CRs
CRs
CRdp
CRdp
PB
PB
ICSp
rCSp

IPF
rPF
IAC/PC
rAC/PC
ISMA
rSMA
IPM
rPM
IM1
M1
IPA
rPA
IPP
rPP
IPVR/S2
rPVR/S2

IPF
rPF
IAC/PC
rAC/PC
ISMA
rSMA
IPM
rPM
IM1
M1
IPA
rPA
IPP
PP
IPVR/S2
rPVR/S2

Figure 7:
Similarity comparison of rsfMRI with DTI connectivity of each individual GM-WM pair

through RGB color overlay. (A) Normalized rsfMRI correlation (left) and DT fiber count
(right) matrices from Figure 2A-B are displayed as hues of red and blue respectively on a
RGB scale. (B) Overlay of the red and blue connectivity matrices through additive color
mixing. Maximal possible overlay would appear as the color of pure magenta with RGB
elements of [1 0 1]. (C) Thresholded WM-GM pairs that exhibit highest degrees of
similarity between the two modalities. Each WM-GM pair’s red and blue pigments were
thresholded by their respective 95t percentile value; connectivity pair elements in (B) with
both red and blue pigments greater than their respective thresholds are displayed as magenta
voxels, and as black voxels otherwise.
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Table#1:

Quantitative comparison between fMRI connectivity map and DT and histological connectivity maps with
Sgrensen-Dice metric

DTI Connectivity Histological Connectivity
Local DTI fMRI Random Local fMRI Random
Max Dice  Threshold Threshold Permutation  Max Dice Threshold Permutation
(thresq;>20)  (thres,>0.05)  Probability (thres,>0.05)  Probability
0.50% iso 0.42 30 0.60 0.0025 0.46 0.20 0.0000
0.875% iso 0.40 30 0.65 0.0073 0.45 0.15 0.0002
1.25% iso 0.50 30 0.45 0.0045 0.37 0.20 0.2806
Cohort-A 0.42 30 0.65 0.0034 0.46 0.30 0.0000
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