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Summary

Background Advanced imaging modalities have helped elucidate the cerebral alterations associated with neurologi-  eBioMedicine 2022;84:
cal impairment caused by degenerative cervical myelopathy (DCM), but it remains unknown how brain functional 104255

network changes at different stages of myelopathy severity in DCM patients, and if patterns in network connectivity ~Published online xxx

can be used to predict transition to more myelopathic stages of DCM. https://doi.org/10.1016/j.
ebiom.2022.104255

Methods This pilot cross-sectional study, which involves the collection of resting-state functional MRI (rs-fMRI)
images and the modified Japanese Orthopedic Association (mJOA) score, enrolled 116 participants (99 patients and
17 healthy controls) from 2016 to 2021. The patient cohort included 21patients with asymptomatic spinal cord com-
pression, 48 mild DCM patients, and 20 moderate or severe DCM patients. Functional connectivity networks were
quantified for all participants, and the transition matrices were quantified to determine the differences in network
connectivity through increasingly myelopathic stages of DCM. Additionally, a link prediction model was used to
determine whether more severe stages of DCM can be predicted from less symptomatic stages using the transition
matrices.

Findings Results indicated interruptions in most connections within the sensorimotor network in conjunction with
spinal cord compression, while compensatory connectivity was observed within and between primary and secondary
sensorimotor regions, subcortical regions, visuospatial regions including the cuneus, as well as the brainstem and
cerebellum. A link prediction model achieved an excellent predictive performance in estimating connectivity of
more severe myelopathic stages of DCM, with the highest area under the receiver operator curve (AUC) of 0.927 for
predicting mild DCM from patients with asymptomatic spinal cord compression.

Interpretation A series of predictable changes in functional connectivity occur throughout the stages of DCM pathogen-
esis. The brainstem and cerebellum appear highly influential in optimizing sensorimotor function during worsening
myelopathy. The link predication model can inclusively estimate brain alterations associated with myelopathy severity.
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Research in context

Evidence before this study

Degenerative cervical myelopathy (DCM) is the leading
cause of spinal cord impairment in older individuals,
resulting from progressive degeneration of the cervical
spinal canal leading to cord compression and, eventu-
ally, neurological impairment. Advanced imaging
modalities have helped elucidate cerebral alterations
associated with neurological impairment caused by
DCM, with increasing evidence suggests that neural
plasticity through brain reorganization acts to preserve
function in DCM patients.

We searched PubMed from January 2014, to Decem-
ber 2021, for relevant articles in English relating to brain
functional connectivity associated with progressive
myelopathy in DCM patients. Search terms included:
“progressive  degenerative  cervical myelopathy”,
“asymptomatic  cervical spondylosis myelopathy”,
“fMRI”, “brain functional network”, “brain functional con-
nectivity”, “graph theory”, “link prediction”, “severity of
degenerative cervical myelopathy prediction”. Previous
studies have reported altered functional connectivity
with within sensorimotor regions as a response to DCM,
but no study has analyzed the brain functional network
in asymptomatic DCM patients. We have also found
that majority of studies associated functional connectiv-
ity changes with symptom severity evaluated by mJOA
score, but no study has characterized the cortical pat-
tern of functional brain network at different stages of
myelopathy severity, ranging from asymptomatic spinal
cord compression (mMJOA=18) myelopathy to moderate/
severe myelopathy (mJOA<14), and it remains
unknown if patterns in network connectivity be used to
predict transition to more myelopathic stages of DCM.
Additionally, some studies have suggested that the
brain helps to compensate for functional deficits during
progressive stages of DCM, but the importance of cere-
bellum and brainstem has been understudied.

Added value of this study

This study examined and characterized the cerebral pat-
terns of the functional connectivity network for each
stage of DCM symptom severity, as well as healthy con-
trols and those with asymptomatic spinal cord compres-
sion. Results demonstrate that a series of predictable
changes in functional connectivity occur as DCM
patients transition from asymptomatic spinal cord com-
pression through moderate/severe myelopathy. Inter-
estingly, the brainstem and cerebellum appear highly
influential in optimizing sensorimotor function during
worsening myelopathy. The study also established a
link prediction model based on a graph embedding
method and a light GBM algorithm to estimate
strengthening and/or weakening functional connectiv-
ity during transition from one stage of DCM severity to
the next. The ROC AUC for transitions between symp-
tomatic DCM stages ranged from 0.884 to 0.927, with
the highest AUC for predicting mild from asymptomatic
DCM.

Implications of all of the available evidence

This is the first cross-sectional observational study to
characterize brain functional networks in DCM patients
with varying degrees of myelopathy severity; and use
the functional connectivity within the functional brain
network exhibited during a particular myelopathy stage
of DCM to estimate the network present in the next
stage with higher symptom severity. The study has also
evidenced a widespread cerebral network differences
between the healthy and the asymptomatic stage,
which may serve as an important predictive biomarker
for monitoring DCM. Neurological function appears pre-
served through large-scale cerebral plasticity in cases of
increased severity of myelopathy, and compensatory
input from subcortical regions undergoes adaptations
in response to increasing neurological deterioration.
The proposed link predication model can inclusively
estimate brain changes associated with myelopathy
severity by both adding and removing connections
within the functional network. Network features
extracted via graph embedding method can contribute
to future automated modeling by using a graph convo-
lution network in simulating results of other image
modalities, classifying myelopathy severity, predicting
surgical outcomes, and monitoring disease progression.

Introduction

Degenerative cervical myelopathy (DCM) is the leading
cause of spinal cord impairment in patients over the age
of 55, often with profound negative effects on their qual-
ity of life." Progressive degeneration of the cervical spi-
nal canal can lead to spinal cord compression and
ultimately degenerative cervical myelopathy (DCM),
manifesting as gait disturbance, limb dyscoordination,
and sensory abnormalities. Damage to cervical neurons
travelling both to and from the brain affects upstream
cerebral structural and functional networks.

Increasing evidence suggests neural plasticity
through brain reorganization acts to preserve function
in DCM patients.”” Using functional MR], studies have
showed widespread adaptive changes in bilateral pri-
mary motor cortex, supplementary motor area, premo-
tor area, cingulate motor area, parietal cortex, and
contralateral primary somatosensory cortex in cases of
spinal cord injury and cervical compressive myelopathy
due to spondylosis.>®® Additionally, increased func-
tional connectivity within sensorimotor networks, as
well as decreased functional connectivity between sub-
cortical regions and frontal lobe executive regions were
found to be associated with worsened neurological
impairment in DCM.>> However, most of these studies
capture specific regional differences, but do not exam-
ine the global patterns in brain function with the goal of
predicting severity of myelopathy. Thus, novel methods
are needed to analyze and understand the entire brain
functional network, which may be useful for predicting
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disease progression, understanding which brain regions
are involved in adaptation and compensation, and pre-
dicting post-surgical outcomes.

A promising approach for modeling whole brain
connectivity changes is the “link prediction model”, in
which alterations in “links” within the network are pre-
dicted based on features intrinsic to the network itself.”
This technique has previously been applied to social
and biological networks, and more recently to brain net-
work alterations in Alzheimer’s disease.'®""" We theorize
that a link prediction model may be of significant value
for describing brain connectivity in patients with DCM,
as we hypothesize brain networks are continuously
evolving as myelopathic symptoms intensify. Therefore,
the current study characterized brain functional net-
works in healthy controls, asymptomatic patients with
spinal cord compression, and DCM patients with vary-
ing degrees of myelopathy severity. We then used a link
prediction model to quantify whole brain connectivity at
different stages of myelopathy severity, as defined by
their modified Japanese Orthopedic Association
(mJOA) score. We hypothesized sensorimotor regions
would drive widespread network changes in the brain
associated with worsening myelopathic severity. We
also theorized that subcortical regions would be the first
to exhibit functional reorganization associated with neu-
rological deterioration, presumably to preserve sensori-
motor function. Lastly, we postulated that functional
connectivity within the functional brain network exhib-
ited during a particular symptomatic stage of DCM
could be estimated from the network present in the pre-
ceding stage with lower symptom severity using a link
prediction model.

Methods

Patient population

A total of 116 participants, including 78 DCM patients,
21 patients with asymptomatic spinal cord compression
(SCC), and 17 healthy controls, were prospectively
enrolled from 2016 to 2021 in a cross-sectional study
involving observational MRI and evaluation of neurolog-
ical dysfunction. DCM patients were recruited from an
outpatient neurosurgery clinic, and each had spinal
cord compression with evidence of spinal cord deforma-
tion and no visible cerebrospinal fluid signal around the
spinal cord at the site of maximal compression on MRI.
The mJOA score was used as a measure of neurological
function,” where lower value of mJOA represents a
worse neurological impairment.

Ethics

This study was approved by the UCLA Office of the
Human Research Protection Program, IRB # 1I-
001876. All patients signed Institutional Review Board-
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approved consent forms, and all analyses were per-
formed in compliance with the Health Insurance Porta-
bility and Accountability Act (HIPAA).

MR imaging acquisition

To evaluate functional connectivity and construct the
functional network networks, resting-state functional
MR images (rs-fMRI) were acquired using a Siemens
Prisma 3T MRI scanner (Siemens Healthcare, Erlan-
gen, Germany) with repetition time (TR)=2000 ms;
echo time (TE)=28 ms; slice thickness of 4 mm with no
interslice gap; field of view (FOV)=220 mm with an
acquisition matrix of 64 x 64 for an in-plane resolution
of 3.4 mm, and flip angle of 77°. Additionally, a 1 mm
3D isotropic MPRAGE sequence was acquired for align-
ment with functional MRI data using standard acquisi-
tion parameters (TR=2300—2500 ms, a minimum TE,
inversion time (TI)=9o0—945 ms, flip angle 9—15°,
FOV=240 x 320 mm and matrix size of 240 x 320,
slice thickness=1 mm).

Image preprocessing

All functional MR images were pre-processed using the
default builtin pre-processing pipeline within the
CONN  Toolbox  (https://www.nitrc.org/projects/
conn),” which implements functions from the Statistic
Parametric Mapping (SPM, http://www.fil.ion.ucl.ac.
uk/spm/) toolbox (see detailed pre-processing steps in
appendix p 1);.

Individual functional connectivity network
construction

Two region of interest (ROI)-to-ROI functional connec-
tivity networks (FCNs) were constructed for each indi-
vidual participant. The brain atlas for both FCNs is
based on the Montreal Neurological Institute and Hos-
pital (MNI) coordinate system: 1) whole brain FCN with
all the brain regions selected, including 86 cortical
regions and 19 subcortical regions. For subcortical
regions, we further divided the cerebellum into 26 sub-
regions and the brainstem into 6 sub-regions according
to Automated Anatomical Labeling (AAL)." 2) DCM
representative brain FCN with regions seeded from ana-
tomical regions that are known to often be explicitly
associated with DCM,>°"5 as well as from regions that
have been demonstrated in previous studies to undergo
cortical morphological changes as a result of DCM
(appendix p 3)."°

Functional connectivity network associated with
varying degrees of myelopathy severity

Characterizing the FCNs associated with varying
degrees of myelopathy severity requires matrices con-
taining information of FCs strengthening and/or
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weakening during transition from one stage of DCM
severity to the next. As illustrated in Figure 1, after
verifying that the FC distribution of each stage was
approximately normal, matrices containing the tran-
sition information were computed by performing
unpaired t-tests (with age included as a covariate)
between FCNs at each stage, defined as the healthy
control stage, asymptomatic SCC stage, mild DCM stage
and the moderate/severe DCM stage. When results
failed to show statistical significance (p > 0.05), this
was interpreted no change in connectivity between
the two stages. For statistical differences in FCs
between two stages, the mean FC was calculated for
the two diagnostic stages. Using the healthy control
stage and the asymptomatic SCC stage as an example
(Figure 1), if the healthy control stage had a higher
mean FC than the asymptomatic SCC stage, the link
in FC was interpreted as weakening as the healthy
control stage transitions to the asymptomatic SCC
stage. In contrast, if the healthy control stage had a
lower mean FC compared with the asymptomatic
SCC stage, the link in FC was interpreted as
strengthening as the healthy control stage transitions
to the asymptomatic SCC stage.

Following the calculation of link matrices represent-
ing differences between myelopathy stages, the matrix
representing each DCM stage was initialized. To do
this, the average connectivity matrix across subjects was
calculated for each sequential stage, then converted ele-
ments larger than o.25 were set to “1” and elements
equal to or smaller than o0.25 were set to “0”."” To take
the stage transition information into consideration, we
subtracted the matrices that represent differences
between DCM stages from the matrix representing each
DCM stage. This subtraction was propagated and
enacted for 1000 iterations until reaching a steady state
solution.

Representative brain functional connectivity network
analysis

The Graph Theory GLM (GTG) Matlab Toolbox (www.
nitrc.org/projects/metalab_gtg) and in-house Matlab
workflow scripts were used to calculate and analyze the
properties of representative brain FCN. Specifically, two
indices of centrality metrics were compute: 1) Degree
centrality, reflecting the number of neighbors a brain
region interacts with (see detailed information and
mathematical formula in appendix p 1); 2) Betweenness
centrality, reflecting the ability of a region to influence
information flow between two other regions (see
detailed information and mathematical formula in
appendix p 1). Regions with both high degree and
betweenness centrality are considered as brain hubs,
which are highly influential within a network, commu-
nicate with many other regions, and facilitate functional
integration.

Link prediction model using whole brain functional
connectivity network

Graph embedding method was implemented to build
the link prediction model.”® Compared to topological
properties characterized by graph theory, which only
carry features of node related information, but also cap-
tures information about the surrounding nodes by rep-
resenting every node within FCN as a fixed-length
vector. To achieve this, algorithmic framework node2-
vec'® was used to learn and extract continuous features
of each node in the whole brain FCN representing dif-
ferent DCM stages of severity (appendix p 2), then those
features were fed into the light gradient boosting
machine (light GBM) algorithm for further classifica-
tion of connectivity as strengthening, weakening, or
unchanging. Light GBM is an ensemble algorithm,
which uses a special type of decision trees, also called
weak learners, to capture complex, non-linear patterns.
To prevent model from overfitting, early stopping is
enabled for light GBM if the predictions haven’t
improved for the last 50 rounds (appendix p 2). The
AUC (area under the receiver operating characteristic
(ROC) curve) was used to evaluate the model perfor-
mance, where higher AUC indicates better performance
of the link prediction model in classifying FCs associ-
ated with sequential DCM stages.

Role of funders
The funders had no role in study design, data collection,
data analyses, interpretation, or writing of report.

Results

The patient cohort consisted of 61 men and 38 women,
ranging in age from 31 to 82 with an average age of 59.
Twenty-one asymptomatic SCC patients (mJOA=18)
were included in the cohort, 8 of whom had upper motor
neuron signs elicited on physical examination. Hyperre-
flexia and a positive Hoffman’s sign were each encoun-
tered in 5 of these patients. Two of the asymptomatic
SCC compression patients had both hyperreflexia and a
positive Hoffman’s sign. The remainder of the study
cohort consisted of 48 DCM patients with mild myelopa-
thy (mJOA 15—17), and 20 DCM patients with moderate
or severe myelopathy (mJOA < 14). Additionally, a cohort
of 17 healthy control volunteers (nine men and &
women), ranging in age from 25 to 62 and with an aver-
age age of 41, underwent the same MRI protocol. The
patient and healthy control volunteer demographics are
summarized in Table 1.

Characterizing representative brain FCN of different
myelopathy stage

In healthy control volunteers (appendix p 4), 23 brain
regions were identified as brain hubs, which
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Figure 1. Image processing pipeline for functional network analyses and the link prediction model. fMRI images were preprocessed through CONN and correlation coefficients among differ-
ent regions were extracted from symmetric adjacency matrices to construct brain functional networks. Transitional matrices representing disease progression between different myelopathy
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stages matrices were calculated, which were further used in the topological analyses and link prediction. Significance was set at p < 0-05.
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Subject Population Subgroup N Ages (mean + SD) Sex mJOA (mean =+ SD)
Patients Asymptomatic SCC 21 57.0 £14.2[31,76] 13M/8F 18.0
Mild DCM 48 60.3 £ 10.3 39, 82] 29M/19F 16.1 + 0.9 [15,17]
Moderate/Severe DCM 30 584 +8.6[42,74] 19M/11F 1214+ 1619, 14]
Overall 99 59.0 +10.7 [31, 82] 61M/38F 1534+2519,18]
Healthy Control Volunteers - 17 41.0 4+ 14.0 [25, 62] 9M/8F 18.0

Table 1: Demographics of study participants.
m]JOA denotes modified Japanese Orthopedic Association.
SCC denotes spinal cord compression.

M denotes male, F denotes female.

N/A denotes not applicable, N denotes number, SD denotes standard deviation.

corresponded to anatomic locations known to be impor-
tant role in maintaining sensorimotor function. In the
transition from healthy control to asymptomatic SCC
(Figure 2a-b), 89 connections between the cerebellum
and the brainstem as well as thalamus were strength-
ened, while 58 connections between the frontal lobe and
the thalamus and supplementary regions were weak-
ened. These changes in connectivity were driven by
alterations in the right superior frontal gyrus (SFG 1),
the left precentral gyrus (PreCG l), bilateral thalamus,
the left putamen, the left SMA, regions responsible for
visual input and spatial navigation, and several subre-
gions of cerebellum and brainstem.

When examining asymptomatic SCC patients
(appendix p 5), 20 brain regions were identified as
brain hubs within the functional network, correspond-
ing to bilateral PreCG and the anterior cingulate (AC),
as well as subregions located in cerebellum. During
transition from asymptomatic SCC to DCM with mild
myelopathy (Figure 2B-C), the connectivity corre-
sponding to 85 connections with the cerebellum were
strengthened, while connectivity in 94 connections
between the cerebellum and the AC, right PreCG,
bilateral SFG and SMA were weakened. These changes
were driven by alterations in the centrality of the AC,
the right PreCG, bilateral SFG and SMA, as well multi-
ple subregions of cerebellum.

For both mild (appendix p 6) and moderate-to-severe
DCM (appendix p 77), only 12 and 10 brain regions were
identified as brain hubs, respectively. Additionally, for
symptomatic patients with at least mild DCM, no corti-
cal regions were identified as brain hubs, but several
subregions of cerebellum and brainstem still main-
tained their influential role within network. In the tran-
sition from the mild myelopathy to moderate-to-severe
DCM (Figure 2c-d), the connectivity for 52 connections
between cerebellar vermis and brainstem to the left
SFG, the left PreCG and thalamus strengthened, while
64 connections within the cerebellum weakened.

Link prediction model using whole brain FCN

Lastly, the graph embedding method was used to extract
features from the matrices representing different stages
of DCM symptom severity, and then the light GBM

algorithm was applied to classify strengthening and
weakening connectivity. Using this approach, the ROC
AUC for transitions between symptomatic DCM stages
ranged from 0.884 to 0.927, with the highest AUC for
predicting mild from asymptomatic SCC (Table 2 and
Figure 3).

Discussion

In the past decade, upstream morphological abnormali-
ties,"® and functional connectivity within sensorimotor
regions as a response to spinal cord injury have been
widely studied.>” Consistent with these previous find-
ings, we were able to confirm that large-scale functional
network reorganization occurs in patients with DCM by
characterizing the connectivity patterns associated with
varying degrees of functional impairment in patients
with DCM. These findings are consistent with previous
reports demonstrating degenerative motor and sensory
function,” widespread cortical atrophy,”'® and abnor-
mal cerebral network connectivity in patients with
DCM,*® dependent on symptom severity.

Results suggest that during asymptomatic SCC,
when the spinal cord is compressed but the patient is
not experiencing the typical symptoms of upper motor
neuron damage caused by spinal cord compression,"®
connections between the thalamus and sensorimotor
network are interrupted, while new connections are
strengthened between brainstem, subcortical regions,
visuospatial areas, and regions within the cerebellum.
The strengthening of connectivity observed between the
cuneus and precentral gyrus suggests visual input may
be used in assisting postural control and preserving
motor function during initial stages of cord compres-
sion, while the strengthened connectivity between cere-
bellum and thalamus may indicate greater input from
the cerebellothalamic tract, a fiber pathway responsible
for motor adaptation and transmitting information for
the sensory system.*® Additionally, the right SFG, the
left PreCG, the left putamen, the left SMA and bilateral
thalamus were identified as altered hub regions, sug-
gesting asymptomatic spinal cord compression may in
fact be resulting in chronic damage to sensorimotor
neurons.”'
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Figure 2. Patterns of functional connectivity (FC) during transition from (a) healthy control, (b) asymptomatic SCC (mJOA = 18), (c) mild DCM (15 < mJOA < 17), (d) to moderate/severe DCM
(mJOA < 14). Patterns were characterized using representative brain FCN with regions seeded from anatomical regions that are known to often be explicitly associated with DCM, as well as
from regions that have been demonstrated in previous studies to undergo cortical morphological changes as a result of DCM. Top row of images denotes anatomic regions with high
betweenness and degree centrality. Middle row denotes the transitional matrix associated with worsened severity, with red connections indicating strengthening connectivity and blue con-
nections indicating weakening connectivity. Bottom row illustrates the anatomy of these changes in connectivity as DCM evolves and becomes more symptomatic.
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Link Prediction of FC Patterns ROC AUC p Value
Associated with DCM Symptom
Severity
Predicting Asymptomatic SCC Stage 0.896 <0.0001
from Healthy Control
Predicting Mild DCM from Asymp- 0.927 <0.0001
tomatic SCC
Predicting Moderate/Severe DCM 0.884 0.0007
from Mild DCM
Overall AUC score of Link Prediction 0.885 <0.0001
Model
Table 2: Summary of link prediction performance in classifying
FC patterns associated with different stages of DCM symptom
severity.
SCC denotes spinal cord compression.
ROC AUC denotes area under the receiver operator curve.

As asymptomatic SCC transitions to mild DCM, a
decrease in connectivity was observed between the
cerebellum, brainstem, SMA and primary motor cor-
tex, as well as the frontal lobe, anterior cingulate,
thalamus, and cuneus. Together, this suggests possi-
ble white matter impairment to the bilateral cortico-
spinal tracts extending through the corona radiata
associated with the neurological deterioration.” While
connectivity between these regions decreased dramat-
ically, connectivity within the cerebellum and

1

between the brainstem and cerebellum appeared to
strengthen. This was particularly the case between
the cerebellar vermis, and subregions including the
cerebellar second motor representation (lobule VIII)
and cerebellar third non-motor representations (lob-
ule X). The spinocerebellular tract, part of the cere-
bellar vermis, acts to receive somatosensory input
from ascending spinal pathways, as well as associ-
ated bodily posture and locomotion information.**
The cerebellar second motor representation (lobule
VIII) tends to be engaged in motor processes that
require high attention, but less involved in pure
motor information processing. Additionally, evidence
suggests the cerebellar second motor representation
might share functional similarities with the cerebel-
lar third nonmotor representation.>* Together, this
suggests increased cerebellar connectivity may serve
in a compensatory capacity to preserve sensorimotor
function in response to initial stages of neurological
deterioration in DCM.

As mild DCM evolves to moderate/severe DCM, con-
nectivity directly between the cerebellum and thalamus,
sensorimotor areas, and frontal lobe strengthened
sharply, and connectivity with the brainstem and within
the cerebellum itself weakened. These findings strongly
support the hypothesis that neurological function is pre-
served through large-scale cerebral plasticity in cases of
increased severity of myelopathy, and that compensa-
tory input from subcortical regions undergo adaptations

0.9
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Figure 3. Receiver operating characteristic curve (ROC) of the link prediction model using light GBM algorithm for overall prediction
(gray line with square marker), predicting connectivity patterns in asymptomatic SCC from healthy control connectivity (black line
with asterisk marker), predicting connectivity patterns for mild DCM from asymptomatic SCC (black line), and predicting connectiv-

ity patterns for moderate/severe DCM from mild DCM (gray line).
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in response to neurological deterioration. Previous stud-
ies have proposed that upper motor cortex neurons
influence the spinal cord circuits by two routes: direct
projections to the spinal cord via the corticospinal path-
way, and indirect projections to brainstem centers via
the corticoreticulospinal pathway.?* It is possible that
during worsening myelopathy, patients may exhaust
their localized functional compensatory mechanisms
via the cerebellum, then subsequent adaptations are
recruited to optimize residual neurological function
and sustain motor behavior performance. This
hypothesis is further supported by the observed
reduction in the number of cortical regions identified
as brain hubs during the more severe myelopathic
stages of DCM, while several subregions of cerebel-
lum and brainstem still maintained their influential
role within these networks. Importantly, DCM
patients with moderate/severe myelopathy have a
greater number and severity of symptoms,** and sur-
gical guidelines have strongly recommended surgery
for this cohort, whereas mild DCM can be treated
nonoperatively.”> Therefore, understanding the tran-
sition between mild and moderate/severe DCM has
direct clinical implications.

Graph analyses and corresponding algorithms have
been widely used to understand the structure of func-
tional brain networks by predicting future relationships
and missing connections.>>*” One group has also uti-
lized the link prediction model to estimate brain net-
work changes in neurodegenerative disorders including
Alzheimer’s and Parkinson’s disease.”” Rather than
computing the node neighborhood similarity score
using popular algorithms such as Common Neighbors
(CN) and Preferential Attachments (PA) for direct use
of graph vector features for each node,” the current
study implemented graph embedding and extracted vec-
tor features of each node.”® Graph embedding learns
low-dimensional representations for nodes in a graph,
which is able to capture information about the sur-
rounding nodes other than the node itself. These fea-
tures can also benefit future automated modeling via a
graph convolution network*® to classify myelopathy
severity, predict surgical outcomes, and monitor disease
progression. Results out of the link prediction model
highlighted the transition from asymptomatic SCC to
mild DCM as having the strongest classification perfor-
mance, whereas the transition from mild to moderate/
severe DCM was the least predictive. This may be
the case because previous studies have suggested
link prediction models work best when the func-
tional network has fewer changes at each stage,"
implying the transition from asymptomatic SCC to
mild DCM may be subtle. This is consistent with
previous studies showing that patients with signifi-
cant spinal cord compression do not always have cor-
responding symptoms, in part due to supraspinal
compensatory mechanisms.**9:29:3°
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Limitations

It is important to note that the performance of the link
prediction model is highly dependent on sample size.
Future study with a larger group of severe DCM patients
will allow for better stratification of the moderate/severe
group, although this is partially mitigated as these
patients are treated similarly from a clinical perspective.
Future investigation utilizing comparisons between the
mJOA subscores and the brain functional connectivity
network could provide additional insights into the neu-
ral plasticity associated with DCM. Although the statisti-
cal analysis of connectivity differences between patients
and the healthy control volunteer cohort accounted for
the variation in age of each patient, inclusion of addi-
tional older healthy control volunteers would be useful
in improving the performance of the predictive model.
Furthermore, the matrix representing each DCM stage
was calculated by binarizing functional connectivity cor-
relation matrix. Although the current study iterated
1000 times over matrices representing differences
between DCM stages until reaching a steady state solu-
tion, a more comprehensive algorithm that includes the
weight of ROI-to-ROI connections would likely benefit
the characterization of network representing each DCM
state, thus the outcomes of the link prediction model.
Finally, continuous collection of longitudinal imaging
that tracks disease progression of individual patients is
necessary to validate the current cross sectional model.
This could also provide more information about impact
of symptom duration on supraspinal reorganization. In
addition, there is a small subset of DCM patients that
improve neurologically with nonoperative treatment,
and a longitudinal study design would allow for further
investigation into this group. Lastly, we theorize a com-
bination of structural and functional connectivity pat-
terns could be employed to further understand how the
brain compensates for neurological impairment during
progressive DCM.

To summarize, a series of well defined, predictable
changes in brain functional connectivity occur during
DCM pathogenesis. Additionally, the proposed link pre-
diction model may be beneficial in future studies for
monitoring disease progression and/or predicting treat-
ment response in patients with DCM.
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