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Abstract

The neural mechanisms underlying motor impairment in multiple sclerosis (MS) remain unknown. Motor cortex dys-
function is implicated in blood-oxygen-level-dependent (BOLD) functional magnetic resonance imaging (fMRI) studies,
but the role of neural-vascular coupling underlying BOLD changes remains unknown. We sought to independently
measure the physiologic factors (i.e., cerebral blood flow (ACBF), cerebral metabolic rate of oxygen (ACMRO,), and
flow—metabolism coupling (ACBF/ACMRO,), utilizing dual-echo calibrated fMRI (cfMRI) during a bilateral finger-tapping
task. We utilized cfMRI to measure physiologic responses in 17 healthy volunteers and 32 MS patients (MSP) with and
without motor impairment during a thumb-button-press task in thumb-related (task-central) and surrounding primary
motor cortex (task-surround) regions of interest (ROls). We observed significant ACBF and ACMRO, increases in all
MSP compared to healthy volunteers in the task-central ROl and increased flow—metabolism coupling (ACBF/ACMRO,)
in the MSP without motor impairment. In the task-surround ROI, we observed decreases in ACBF and ACMRO, in MSP
with motor impairment. Additionally, ACBF and ACMRO, responses in the task-surround ROI were associated with
motor function and white matter damage in MSP. These results suggest an important role for task-surround recruitment
in the primary motor cortex to maintain motor dexterity and its dependence on intact white matter microstructure and
neural-vascular coupling.
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Thus far, the influence of MS on interhemispheric com-
munication and motor performance has been investigat-
ed via resting-state functional connectivity and diffusion
magnetic resonance imaging (MRI). These studies show
increased motor-network connectivity in early disease
and reduced connectivity with increasing structural
damage and worse clinical outcomes.” ’ The present lit-
erature suggests that brain plasticity reduces lateraliza-
tion via increased connectivity between motor cortices
to maintain motor function. However, this capacity for
plasticity may decline with disease progression and ulti-
mately become unsustainable. The physiologic under-
pinnings of these processes remain unknown.

Overall, much has been learned about motor dysfunc-
tion in MS from previous functional MRI (fMRI) stud-
ies. Specifically, these studies have consistently reported
MS-related changes in blood-oxygen-level-dependent
(BOLD) signal during motor task performance com-
pared to HC. However, the direction of these changes
has been less consistent. Some studies report increases
in BOLD**!'! and infer that additional resources are
needed in MSP for optimal task performance. In con-
trast, other studies show decreases or no difference in
BOLD'" '* and infer that tissue damage hinders proper
neural functioning. This between-study variance hinders
meaningful translation to treatment strategies in MS."?

While such conflicting conclusions might reflect exper-
imental and MSP sample differences, they also highlight
the complexity of comparing BOLD between MSP and
HC because it relies on multiple physiologic processes.
Indeed, BOLD is a confluence of measures, namely, cere-
bral blood flow (ACBF), cerebral metabolic rate of
oxygen (ACMRO,), and neural-vascular coupling (as
measured by flow—metabolism ratio, ACBF/ACMRO),
that depend on the finely tuned neural-vascular coupling
system.'® This system is mediated by delicate white
matter microstructure components (i.e., astrocytes,
myelin, oligodendrocytes), prone to disruption in MS.!”
Because of these complex HC-MS system differences,
MS-related BOLD changes cannot be assumed to result
from changes in neural activity alone. Therefore, the aim
of this study was to utilize dual-echo calibrated fMRI
(cfMRI) to independently measure the multiple physio-
logic processes (i.e., ACBF, ACMRO,) that underlie
ABOLD. To evaluate physiologic changes specific to
the primary motor cortex, we acquired cfMRI data
during a bilateral finger-tapping task in HC as well as
MSP with and without motor impairments.

Methods

Participants

Thirty-nine MSP and 19 HC were recruited from the
University of Texas Southwestern (UTSW) Medical

Center MS Clinic, local MS support groups, and
from advertisements and flyers distributed throughout
the Dallas-Fort-Worth Metroplex. All study proce-
dures were approved by the University of Texas at
Dallas and UTSW Medical Center Institutional
Review Boards in accordance with the guidelines of
the Declaration of Helsinki and Belmont Report.

All participants underwent screening procedures.
Individuals enrolled in the study were free from magnet-
ic resonance (MR)-contraindicators, substance abuse,
and significant medical, neurological (other than MYS),
or psychiatric conditions unrelated to their MS disease
course. All participants were right-handed, at least high-
school educated, and native English speakers. Due
to the inclusion of hypercapnia, all individuals were
required to be non-smokers with no history of cardiore-
spiratory or cerebrovascular conditions. All prospective
participants underwent the Telephone Interview for
Cognitive Status Modified (TICS-m'®) to ensure cogni-
tive capability (TICS-m score >22), and all eligible par-
ticipants provided written informed consent.

All MSP had a confirmed relapsing-remitting MS
(RRMS) diagnosis by the 2010 McDonald criteria,"
were > 6 months post last exacerbation, were > 30 days
post corticosteroid treatment, and were either
treatment-naive or treatment-stable (>3 months).
Concurrent use of CNS-modifying drugs (e.g., anti-
depressants) was allowed if individuals were treat-
ment-stable.

Clinical assessment

After scanning, all participants underwent neuropsy-
chological evaluations, including four trials of
Nine-Hole-Peg Test (NHPT; two dominant hand and
two non-dominant hand), fatigue assessment via
Modified Fatigue Impact Scale (MFIS?®), and neuro-
logical disability self-report used to calculate Expanded
Disability Status Scale (EDSS) scores.”! The four
NHPT trials were averaged to obtain a mean NHPT
time for each participant.

Imaging data and acquisition

All imaging was conducted at the UTSW Advanced
Imaging Research Center on a Philips 3T MRI system
(Philips Medical Systems, Best, the Netherlands) with a
32-channel SENSE RF head coil. High-resolution ana-
tomical data were acquired using a three-dimensional
(3D) T-weighted magnetization prepared rapid gradient
echo (MPRAGE) pulse sequence to provide regions of
interest (ROIs) and brain volume with the following
parameters: flip angle = 12°, 1 mm? isotropic voxel-size,
matrix size =256 x 204 x 160, scan time ~4 min. Dual-
echo fMRI incorporating both pseudo-continuous



184

Journal of Cerebral Blood Flow & Metabolism 41(1)

arterial spin labeling (pCASL; Echo 1, dependent on
CBF) and T,*-weighted BOLD (Echo 2, dependent on
both CBF and CMRO,) were acquired using a single-
shot echo planar imaging (EPI)-sequence with the fol-
lowing scan parameters: echo time (TE);=11ms,
TE,=30ms, flip angle=90°, repetition time (TR)=
4000ms, labeling duration=1400ms, post labeling
delay = 1450 ms, label offset =93 mm, in-plane resolu-
tion = 3.44 x 3.44 mm, slice thickness=6 mm, and 150
volumes.”** Diffusion Kurtosis Imaging (DKI) was
acquired with a pulsed gradient spin echo sequence
with an EPI readout, SENSE factor =2.2, 1 zero and 2
non-zero b values (1000s/mm? and 2500 s/mm?) across
30  directions,”®  TR/TE=6500/69ms,  voxel
size=2.0 x2.0mm? (reconstructed to 0.88 x 0.88 mm?),
in-plane matrix size= 112 x 112, 65 axial slices, slice
thickness =2.2 mm, no gap, scan time ~15 min. 3D sag-
ittal 7>-weighted fluid-attenuated inversion recovery (75-
FLAIR)imaging was used to assess RRMS lesion burden
with the following scan parameters: effective TR/inver-
sion time (TI)/TE(TE.,) = 4800/1600/344(117) ms, turbo
spin echo (TSE) readout=178 echoes, echo-
spacing =3.5ms, refocusing flip angle=120°, matrix
size =228 x 227 x 163, and 1.1 mm® isotropic resolution
(reconstructed to 1 mm?), SENSE factor = 2.6x2.

Motor task procedures

The motor task was performed using a block design.
Participants wore MR-safe headphones and were pre-
sented with a 2Hz auditory rhythm (E-Prime 2.0,
Sharpsburg, PA, USA) and a constant central fixation
cross. Participants were asked to press and release
bilateral thumb buttons every time they heard an audi-
tory stimulus and response time was recorded. Stimuli
were presented across 2 runs with 12, 32-s interleaved
(6 task and 6 rest) blocks per run. Each run lasted 384 s
and the entire motor task lasted ~13 min.

Hypercapnia procedures

Hypercapnia breathing challenge was performed to
obtain an estimate of M> for each subject using the
dual-echo fMRI sequence (see “Imaging data and
acquisition” section) as described in previous
work.>*?® Participants were given a two-way non-
rebreathing valve/mouthpiece (Hans Rudolph, 2600
series, Shawnee, KS, USA) for controlled air inhala-
tion from a Douglas bag. For the first 4 min, partic-
ipants received room air (~0.03% CO,: 21% O,: 78%
N,), followed by 6min of hypercapnic gas mixture
(5% COy: 21% O, 74% N,). A nose clip ensured
breathing via mouthpiece. A capnograph device
(Capnogard, Model 1265, Novametrix Medical
Systems, CT, USA) was used to monitor end-tidal

CO, and breathing rate and a pulse oximeter
(MEDRAD Veris, Pittsburgh, PA, USA) was used
to monitor heart rate and arterial oxygen saturation.
Participants focused on a central fixation cross
throughout the task.

Data analysis

Cortical parcellation was performed using Freesurfer?’
via the high-resolution MPRAGE image in native
space for each participant. For each individual, based
on the Freesurfer parcellations from the Desikan-
Killiany atlas,”® anatomical ROIs were defined as the
primary motor cortex (M1; comprising the precentral
gyrus; Brodmann Area 4) and the gray matter (GM)
cortex. Brain parenchymal fraction (BPF*’) was calcu-
lated as a metric for brain atrophy.

All ¢fMRI data were processed via Analysis of
Functional Neuroimages package® similar to previ-
ous work.>*?® All Echo 2 (BOLD) images were
motion corrected by realignment to the first Echo 2
functional image of the first run and subsequently co-
registered to the MPRAGE anatomical image. The
realignment and coregistration transformation matri-
ces were applied to the Echo 1 (pCASL) images. All
images were high-pass filtered (0.0039Hz), and
smoothed (8 mm Gaussian kernel). For Echo 1
(pCASL), labeled images were surround subtracted
from control images to obtain CBF-weighted images
to match the time resolution of BOLD images.*!
Similarly, BOLD images were surround averaged to
minimize the effects from pCASL.>' Echo 1 (CBF)
and Echo 2 (BOLD) time series were input into a
general linear model with a task-related block func-
tion and the six motion regressors as covariates to
generate voxel-wise baseline (f)-) and task-related
(f1-) values, and T-statistics.

Hypercapnia data were pre-processed similarly. The
first 2min of the hypercapnia portion of the time series
were discarded to allow for blood-flow stabilization.
Average normocapnia and hypercapnia BOLD and
CBF images were used to calculate voxel-wise percent-
age signal change (PSC) images, reflecting hypercapnia-
induced change from room air after correcting for
pCASL labeling efficiency during hypercapnia.®>>
The GM mask was applied to the PSC images, and
the average PSC images from the intersecting top
10% of BOLD and CBF voxels were used to calculate
M for each participant,” with « =0.38%% and f=1.33*"
via equation (1)*

ABOLD
BOLD, 1)

(1 _ CBF a*ﬁ)
CBF,

M =
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which assumes that neural metabolism (CMRO,) is not
significantly affected by hypercapnia conditions. M has
been shown to have reduced variability utilizing GM.>*
However, we wanted to investigate potential influences
of regional differences in M. Thus, we calculated M
similarly using the M1 mask instead of the GM
mask. We observed lower M values in both groups
but no significant differences between groups and as a
result, no effect on any of the subsequent group
CMRO, differences (see Supplemental Table 2).
Then, for each individual, CMRO, was calculated
using M from hypercapnia and changes in BOLD and
CBF from the motor task® via equation (2) where
Ax/xq reflects PSC and x/x reflects proportional change.

CMRO;,

CMRO,,

1/p
ABOLD —
<l — _BOLD0> CBF (/) 2)

M CBF,

Mean ABOLD, ACBF, and ACMRO, PSC were cal-
culated for each participant from all voxels in (a) the
task-central ROI, comprised of statistically significant
voxels (7> 1.96) in both BOLD and CBF images and
(b) the task-surround ROI comprised of the surround-
ing voxels in M1 (7 < 1.96). While most previous stud-
ies have evaluated only significant (7> 1.96) ROls,
previous work comparing younger and older adults
with a variety of thresholds (e.g., 7> 1.96, top several
voxels, whole anatomical ROI) have shown that the
nature of the age differences sometimes depends on
how the ROI is chosen.* ** Additionally, in MS liter-
ature, increased spatial extent of activation has been
proposed as a potential mechanism mediating perfor-
mance. On the basis of results like these, we utilized the
task-central and task-surround approach to investigate
differing patterns of activation. In addition to block-
wise averages from the general linear model, we calcu-
lated average task (32s) and rest (32s) time series
across all task and rest blocks (12 each) voxel-wise
and subsequently averaged across voxels within each
ROI (task-central and task-surround) for ABOLD,
ACBF, and ACMRO, for each participant. The time
point prior to the start of task was taken as the baseline
value to minimize return-to-baseline influences.

In our model, neural-vascular coupling is indexed
by the ratio of changes in CBF to changes in
CMRO, (ACBF/ACMRO,). ACBF is the output
from pCASL which directly measures arterial blood
flow. On the other hand, ACMRO, is calculated
more indirectly (see equation (2)) as a function of
changes in CBF and BOLD during both task and
hypercapnia experiments. Thus, while ACBF/
ACMRO, reflects the communication between the
neural and vascular systems, it is inherently indirect

to the extent that we cannot directly measure neural
activity as in electrophysiological measures (e.g.,
electroencephalography).

T>-FLAIR images were used to calculate total lesion
volume (TLV) via the lesion-prediction algorithm in
the Lesion Segmentation Toolbox (LST v2.0.15).
DKI images were corrected for eddy-current distor-
tions and motion using FMRIB Software Library™
(FSL v5.0.9; Oxford, UK) EDDY tool and co-
registered to MPRAGE. Kurtosis analysis was con-
ducted using the Diffusion Kurtosis Estimator®® soft-
ware to obtain estimates of fractional anisotropy (FA)
and radial kurtosis (RK). FA images were aligned to
whole-brain skeletons using Tract-Based Spatial
Statistics*' (FA >0.4) yielding white-matter-skeleton
RK estimates for each participant. The JHU ICBM-
DTI-81 white-matter atlas was applied to each skele-
tonized RK map to obtain average RK from the corpus
callosum (CC) for each participant.*?

Statistical analysis

Statistical analyses were conducted using SPSS (2017,
Version 25.0; IBM Corp., Armonk, NY, USA).
Equality of variance was tested via Levene’s test, and
group comparisons were conducted via independent
samples ¢ test (p <0.05). All o thresholds were cor-
rected for multiple comparisons via false discovery
rate.*? Associations were assessed using Spearman cor-
relation (p < 0.05). BOLD and CBF PSC outliers were
removed via median absolute deviation* (k= 1.4826,
b=13) by group, resulting in a final cohort of 32 MSP
and 17 HC described in Table 1.

Results

Table 1 describes the HC and MSP sample character-
istics. There were no significant differences between the
two groups in age, sex, education, BPF, or button-press
frequency in the scanner. There were significant
increases in NHPT time (p=0.001) and MFIS score
(p<0.001) in MSP.

We evaluated M and PSC differences in physiologic
parameters in the two ROIs (task-central and task-
surround). M was similar to previous results in healthy
adults.?***® There is minimal work in MS using
cfMRI to compare with, but we observed no significant
MS-HC differences in M (p=0.355). Figure 1(a) to (c)
shows average task-related ABOLD, ACBF, and
ACMRO, PSC for HC and MSP. In the task-central
ROI, there were no significant differences in ABOLD,
but MSP had significantly higher ACBF (p =0.001) and
ACMRO,; (p =0.003) compared with HC (see Table 2).
There were no differences in the task-surround ROI
(see Table 2). To further evaluate differences within
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Table 1. Sample characteristics.
HC (n=17) MSP (n=32) p
Demographics
Age (years) 43.18 (11.01) 46.69 (10.71) 0.285
Sex (% female) 76.47 56.25 0.162*
Education (years) 17.50 (1.71) 16.06 (2.61) 0.053
Brain parenchymal fraction (%) 73.69 (3.69) 70.61 (6.27) 0.078
Patient characteristics
Disease duration (years) - 10.68 (7.93) -
Lesion volume (mL) - 7.55 (9.84) -
EDSS - 3.27 (1.88) -
Modified Fatigue Impact Scale 15.56 (12.85) 39.77 (15.15) <0.001
Task performance
Button-press frequency (Hz) 1.94 (0.05) 1.92 (0.07) 0.422
Nine-Hole-Peg Test (s) 19.17 (2.66) 24.73 (7.99) 0.001
Note: Values are represented as mean (standard deviation). EDSS: Expanded Disability Status Scale; MSP: multiple
sclerosis patients; HC: healthy controls.
Pearson y test.
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Figure I. (a to c) Mean (std) of BOLD, CBF, and CMRO,, from HC and MSP in the task-central and task-surround ROls. (d to f)
Mean (std) of MSP-normal and MSP-slow BOLD, CBF, and CMRO; in the task-central and task-surround ROls. *p < 0.05, **p < 0.01.
BOLD: blood-oxygen-level-dependent; CBF: cerebral blood flow; CMRO;: cerebral metallic rate of O,; MSP: multiple sclerosis

patients; HC: healthy controls.

the MSP group with respect to motor disability,
we split MSP by their NHPT time (cutoff=
NHPTyHc mean + 1.5 X NHPTyc ¢ =23.17s) as MSP-
normal (<23.17s; n=19, NHPT =20.28 + 1.81s) and
MSP-slow (>23.17s; n=9, NHPT =33.22+8.395);
1.5 standard deviations above the HC,,.,, reflect the
6.68% lowest performing individuals in the normal

population. MSP-normal and MSP-slow groups
did not differ by age, gender, education, M1 size,
button-press frequency, or MFIS score, but MSP-
slow had significantly lower BPF (p=0.006), longer
disease duration (p=0.029), higher T>-lesion volume
(»p=0.009), and increased EDSS (p=0.005; see
Supplementary Table 1).
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Table 2. Mean (standard deviation) values from (top) HC and MSP in the task-central and task-surround ROls and (bottom)
MSP-normal and MSP-slow.
HC MSP Levene’s p Ttest p
M 0.107 (0.07) 0.088 (0.05) 0.045 0.355
Task-central ROI
ABOLD (%) 0.639 (0.21) 0.735 (0.34) 0.104 0.295
ACBF (%) 33.63 (10.13) 51.51 (27.87) 0.003 0.002
ACMRO, (%) 15.06 (8.26) 23.62 (16.34) 0.022 0.019
No. of voxels 5597.00 (3253.59) 5014.84 (3942.79) 0.578 0.605
Task-surround ROI
ABOLD (%) 0.099 (0.17) 0.099 (0.33) 0.175 0.997
ACBF (%) 8.37 (6.04) 6.96 (12.88) 0.027 0.605
ACMRO; (%) 4.52 (5.57) 3.66 (10.48) 0.101 0.756
No. of voxels 45,835.35 (3967.29) 46,239.13 (6137.46) 0.074 0.808
MSP-normal MSP-slow
Task-central ROI
ABOLD (%) 0.815 (0.363) 0.583 (0.229) 0.207 0.065
ACBF (%) 54.03 (28.95) 46.71 (26.32) 0.700 0.490
ACMRO, (%) 24.07 (17.65) 22.76 (14.26) 0.212 0.834
Task-surround ROI
ABOLD (%) 0.105 (0.369) 0.087 (0.252) 0.505 0.890
ACBF (%) 10.74 (13.53) —0.26 (7.78) 0.136 0.019
ACMRO, (%) 6.23 (10.73) —1.24 (8.39) 0.324 0.054

Note: Levene’s test and t tests were performed with p values displayed. MSP: multiple sclerosis patients; HC: healthy controls; ROI: region of interest;
BOLD: blood-oxygen-level-dependent; CBF: cerebral blood flow; CMRO,: cerebral metallic rate of O,.

Figure 1(d) to (f) shows average ABOLD, ACBF,
and ACMRO, in the task-central and task-surround
ROIs in MSP-normal and MSP-slow. There were no
differences between MSP-normal and MSP-slow
groups in the task-central ROI, suggesting that, in
this ROI, the group-level MSP data (Figure 1(a) to
(c)) faithfully reflect the responses from all MSP. In
the task-surround ROI, MSP-normal and MSP-slow
demonstrate differences in ACBF (p=0.019) and in
ACMRO,; (p=0.054; see Table 1). This pattern of
results illustrates that the group-level MSP data
(Figure 1(a) to (c)) represent the average of opposing
ACBF and ACMRO; responses from MSP-normal and
MSP-slow groups in the task-surround ROI. While,
MSP-normal showed similar ACBF and ACMRO,
responses compared with HC, MSP-slow had reduced
responses. To evaluate the potential effects of signifi-
cant negative ROIs, we also evaluated the task-negative
ROI (T'<—1.96). The task-negative ROI was ~1%
of M1 across all groups, and we did not observe any
differences in physiologic parameters between groups
(see Supplemental Table 3). Altogether, these results
suggest that MSP-slow do not recruit the task-
surround ROI which appears to be critical for success-
ful performance of a more complex motor task (i.e.,
NHPT) that requires increased dexterity.

Next, we evaluated the spatial ROI differences
between HC, MSP-normal, and MSP-slow groups.
We transformed each participant’s anatomical
MPRAGE image to Talaraich coordinates and applied
this transform to the task-central and task-surround
ROIs. ROIs were averaged across each group and
threshold to comprise voxels that were included in
>25% of participants per group. The group-averaged
ROIs are displayed in Figure 2 for task-central (green),
task-surround (red), and the positive voxels within
task-surround (blue) for each group. The number of
voxels per ROI and dice similarity coefficient (DSC*")
are displayed in Table 3. HC and MSP-normal had
43.0% overlapping task-central ROIs and ~41% of
the task-surround ROI was comprised of positive
voxels. However, whereas MSP-slow displayed similar
task-central ROI spatial overlap with HC and
MSP-normal (DSC=40.6 and 44.0%, respectively),
MSP-slow displayed many fewer positive voxels
within the task-surround ROI (26.5%). It is important
to note that there were no significant group-differences
in the number of voxels comprising the task-central
ROIs (see Table 2). This demonstrates that MSP have
similar extents of the task-central ROI but more varied
ROI locations and thus, fewer within-group overlap-
ping voxels compared to HC.
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Task-central ROI

MSP-normal

+ (Task-surround) ROI

MSP-slow

Task-surround ROI

Figure 2. Group-averaged ROlIs for (green) task-central, (red) task-surround, and (blue) the positive voxels within task-surround
ROL. Talaraich coordinates: y = —21.00, z=49.00. MSP: multiple sclerosis patients; HC: healthy controls; ROI: region of interest.

Table 3. Number of voxels in group-averaged ROI (see Figure 2) and DSCs representing spatial overlap of ROls

between groups.

Task-central ROI

+(Task-surround) ROI Task-surround ROI

HC 6017
MSP-normal 2499
MSP-slow 3373
DSC (HC:MSP-normal) 0.430
DSC (HC:MSP-slow) 0.406
DSC (MSP-normal:MSP-slow) 0.440

33,636 78,963
31,907 78,674
21,065 79,444
0.643 0.904
0.502 0.868
0.500 0.885

DSC: dice similarity coefficient; MSP: multiple sclerosis patients; HC: healthy controls; ROI: region of interest.

We then evaluated changes in ACBF and ACMRO,
through the duration of the task block. Figure 3(a) and
(c) shows the average ACBF and ACMRO, time series
during rest- and task-blocks, and Figure 3(b) and (d)
displays the average task-related flow—metabolism cou-
pling ratio (ACBF/ACMRO,) for each group in the
task-central and task-surround ROIs. In the task-
central ROI, results were similar to those in Figure 1,

both MSP-normal and MSP-slow had increased ACBF
and ACMRO, compared to HC (Figure 3(a)).
However, MSP-normal had significantly higher flow—
metabolism coupling ratio compared to HC and MSP-
slow (Figure 3(b)). Again, similar to Figure 1, in the
task-surround ROI (Figure 3(c)), MSP-slow had
decreased ACBF and ACMRO,; however, Figure 3(c)
illustrates the unique decline in ACBF to baseline levels
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Figure 3. (a and c) Average (solid) CBF and (dashed) CMRO, percentage signal change time series in task-central and task-surround
ROls during rest and thumb-tapping motor task blocks for (black) HC, (green) MSP-normal, and (red) MSP-slow groups. For each time
series, the final rest time point (i.e., 20's) was used as the baseline value. (b and d) Neural-vascular coupling ratio (CBF/CMRO,)
in task-central and task-surround ROIs during thumb-tapping motor task blocks for (black) HC, (green) MSP-normal, and (red)
MSP-slow groups (mean = std). CBF: cerebral blood flow; CMRO;: cerebral metallic rate of O,; MSP: multiple sclerosis patients;
HC: healthy controls; ROI: region of interest. *p < 0.05, **p < 0.01, **p < 0.001.

in MSP-slow at the end of the task block. Overall, MSP
display lower flow—metabolism coupling in the task-
surround ROI compared to HC (Figure 3(d)).
Finally, we assessed the association of ACBF and
ACMRO, from the task-surround ROI with NHPT
performance and white matter damage in the CC.
Figure 4(a) and (b) illustrates significant negative cor-
relations between ACBF and ACMRO, and NHPT
time in MSP but not in HC. Figure 4(c) and (d)
shows significant positive correlations between ACBF
and ACMRO, and RK in the CC in MSP but not in
HC. All correlations remained significant after control-
ling for age and gender. Thus, decreased ACBF and
ACMRO, in the task-surround ROI was associated
with worse motor performance (longer NHPT time)
and more CC white matter damage (lower RK).
There were no significant correlations in MSP between
BPF, disease duration, TLV, EDSS, and ACBF or
ACMRO, in the task-surround ROI or between

NHPT time or RK and ACBF or ACMRO, from
task-central ROI. Thus, while there are significant dif-
ferences in clinical metrics (e.g., TLV) between MSP-
normal and MSP-slow, changes in CBF and CMRO,
are only related to NHPT performance and RK.

Discussion

In the present study, we sought to undertake examina-
tion of the physiologic underpinnings of motor slowing
in MS. The MSP were stratified into those with and
without clinically relevant motor disability. We utilized
dual-echo calibrated imaging while participants per-
formed a bilateral button-press task that invoked
neural-vascular activity in M1. The use of dual-echo
imaging permitted separation of the constituent neural
and vascular components mediating these clinically rel-
evant changes. In M1, we observed increased ACBF
and ACMRO, responses in all MSP compared to HC
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Figure 4. Correlations between NHPT time and (a) CBF and (b) CMRO, from the task-surround ROl in (black) HC and (blue) MSP
(top). Correlations between CC radial kurtosis and (c) CBF and (d) CMRO, from the task-surround ROl in (black) HC and (blue) MSP
(bottom). All Pearson correlation coefficients (p) are displayed and were evaluated as significant (p < 0.05) in MSP but not HC. NHPT:
Nine-Hole-Peg Test; CBF: cerebral blood flow; CMRO,: cerebral metallic rate of O,; MSP: multiple sclerosis patients; HC: healthy

controls; CC: corpus callosum.

in the task-central ROI. In the task-surround ROI,
MSP-slow showed reduced ACBF and ACMRO, com-
pared to MSP-normal. Anatomically, MSP-slow had
a less coherent task-central ROI between individuals
and had fewer positively responding voxels in the
task-surround ROI. These results appear to be driven
by disruption of an organized flow—metabolism (i.e.,
neural-vascular) response. Inspection of the time-
series data showed that ACBF response collapsed in
MSP-slow during the task block. Finally, ACBF and
ACMRO, responses in the task-surround ROI corre-
late strongly with motor performance and white matter
damage in MSP. These results suggest that spatially
expanding activity is critical to maintaining task per-
formance, especially as task demand increases. Such
expansion appears to depend on the integrity of
neural-vascular coupling.

Most previous work has utilized BOLD fMRI to
study motor function in MS. BOLD provides insight
regarding physiologic changes but reflects an amalgam
of physiologic processes. This property of BOLD is
exemplified in the current study by similar ABOLD
responses between groups and regions (see Figure 1)
but drastic differences in ACBF and ACMRO,. Thus,
the use of cfMRI permits assessment of these underly-
ing changes in blood flow and neural activity in MSP,
which are not evident using BOLD alone, and provides
an explanation for inconsistencies in literature.
Additionally, these results have implications for con-
clusions of MS-related changes in neural activity based
on changes in BOLD alone.?*?%:%¢

While all MSP displayed equivalent increases in
ACBF and ACMRO, in the task-central ROI com-
pared to HC (see Figure 1), the MSP groups differed
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greatly in the task-surround ROI, wherin MSP-slow
had reduced ACBF and ACMRO,. As all participants
performed similarly on the button-press task, these
results suggest that recruitment capability beyond
the locus of the thumb is vital for more complex and
increased-dexterity tasks, such as the NHPT. The pre-
sent technique of task-central and task-surround ROIs
permitted investigation of the patterns of activation
within both the supra-threshold voxels and the ana-
tomical ROI. Similar methods have revealed important
between-population differences in other literature.®> >’
Additionally, previous studies have shown that non-
disabled MSP display increased activation extent with
increasing task demand.! This proposed mechanism is
supported in our study by increased ACBF/ACMRO,
in task-central ROI in MSP-normal (see Figure 3) and
the strong positive correlations between ACBF
and ACMRO, from the task-surround ROI and
NHPT performance (see Figure 4). Thus, our results
suggest that recruitment capability is maintained in
MSP-normal but hindered in MSP-slow during more
complex tasks. Figure 4 also exhibits a negative correla-
tion between ACBF and ACMRO, and CC RK. Thus,
increased callosal demyelination or axonal loss in MSP-
slow might hinder transcallosal communication*® and
the integrity of the neural-vascular coupling unit (see
Figure 4); more work is certainly needed to explore
this relationship using advanced imaging techniques.

In the present study, we did not observe differences
in the spatial extent of the task-central ROI between
groups, suggesting that thumb motion remains local-
ized to the primary motor cortex. However, Figure 2
and Table 3 demonstrate the inconsistency of the task-
central ROI localization between MSP compared
to HC. Other studies have shown functional reorgani-
zation via cortical recruitment in MSP.>'** The dis-
parity in a coherent locus of activation in MSP-slow
could reflect cortical damage leading to reorganization.
However, these individuals also have significant
white matter damage, possibly limiting cortical adap-
tive capacity, resulting in irreversible clinical deficits.®
We limited the current study to focus on M1. It would
be of interest to investigate ACBF and ACMRO, alter-
ations and/or adaptations in supplementary motor and
premotor cortex.

The present study utilized a simple bilateral thumb-
button-press task during MRI scanning. This task
provided robust bilateral M1 activity and was well-
tolerated by all participants; however, more could be
learned in future studies using alternating unilateral or
more complex bilateral motor tasks. For example, it is
apparent in Figure 2 that the group-level task-central
ROI in MSP-slow is more localized to the right hemi-
sphere. One plausible explanation for this result is that,
because all participants were right-handed, MSP-slow

required increased effort focused on the non-dominant
hand compared to HC and MSP-normal to coordinate
a bimanual response.>® Thus, differences in physiologic
parameters between unilateral and bilateral tasks
would provide further insight into the role of white
matter microstructure in interhemispheric interactions,
the roles of excitatory and inhibitory signaling, their
relationships to motor performance,”’ and how they
are affected in MS. Considering previous work demon-
strating progressive changes in functional connectivity
in motor networks related to performance and fatigue
in MS,>7->>33 future studies combining functional con-
nectivity, diffusion MRI, and cfMRI metrics will pro-
vide important insights into the underpinnings of the
clinical motor deficits observed in MS.

The present study independently measured ABOLD,
ACBF, and ACMRO; in M1 during a bilateral motor
task to evaluate the physiologic underpinnings of clin-
ical motor impairment in MS. In MSP-slow, we
observed decreases in ACBF and ACMRO, in the
task-surround region of M1 but not in the task-
central region. While more work is certainly needed,
significant associations between ACBF, ACMRO,,
motor performance, and white matter damage in
MSP suggest an important role for spatially expanding
M1 activity to maintain motor dexterity and its depen-
dence on intact neural-vascular coupling.
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