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ABSTRACT

Cerebral palsy (CP), a heterogeneous neurodevelopmental disorder
characterized by motor dysfunction, poses unique challenges when
compounded by cervical myelopathy, a condition arising from chronic
spinal cord compression. Cervical myelopathy often progresses
undiagnosed in CP patients due to overlapping symptoms, resulting in
severe motor and sensory impairments. This study aims to evaluate the
combined predictive value of spinal cord compression ratio, duration of
symptoms, and CP subtype on postoperative functional outcomes in CP
patients undergoing spinal fusion surgery. Functional outcomes were
assessed using the Modified Barthel Index (MBI), a measure of
independence in activities of daily living. The study hypothesized that
higher spinal cord compression ratio would positively correlate with
improved MBI scores, while prolonged duration of symptoms and the
dyskinetic CP subtype would negatively impact recovery. Findings
confirmed spinal cord compression ratio as a significant independent

predictor, with higher values associated with better postoperative
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function due to reduced spinal cord compression. Conversely,
prolonged duration of symptoms led to irreversible neuronal damage,
emphasizing the critical importance of timely surgical intervention.
Dyskinetic CP emerged as a poor prognostic factor due to abnormal
sensorimotor integration and uncontrolled movement in the cervical
region, which undermines surgical stability and necessitates more
intensive rehabilitation. Results from this study highlight the need for
early diagnosis and intervention in CP patients with cervical
myelopathy to optimize surgical outcomes and prevent long-term
disabilities. Spinal cord compression ratio and duration of symptoms,
alongside CP subtypes, serve as critical tools for preoperative
counseling and postoperative planning. This study thus emphasizes the
importance of a holistic approach to spinal fusion surgery in CP patients,
emphasizing the interplay of radiological, clinical, and demographic

factors in predicting recovery.

Keywords: cerebral palsy, cervical myelopathy, spinal cord compression ratio,

dyskinetic, duration of symptoms



I. INTRODUCTION
1. Background

Cerebral palsy (CP) is a chronic neurodevelopmental condition incurred
by non-progressive brain injury during prenatal, perinatal and postnatal
stages of development '. With average global frequency of CP being 1.6
to 3.4 children per 1000 born and 2 to 2.5 children per 1000 born in the
United States, CP continues to affect the lives of many people
regardless of the level of development of the region they live in 3.
Prenatal complications like intrauterine infections, perinatal
complications including hypoxic-ischemic encephalopathy, preterm
birth, and birth asphyxia, alongside postnatal causes such as neonatal
infections, traumatic brain injuries, or severe jaundice leading to
kernicterus are key contributing causes of the multifactorial etiology of
CP “. As a heterogeneous group of clinical syndromes characterized by
motor dysfunctions that affect movement, posture, and coordination,

diagnosis of CP is mostly made clinically facilitated by radiological



findings in the brain °. Previous publications report brain abnormalities
in 86% of radiological imaging, with white matter injury being the most
common (19 — 45%) followed by other patterns including grey matter

injury (21%) and focal vascular insults (10%) °.

Pathological cerebral lesion in the developing brain —
depending on its type, location and degree — results in abnormal motor
functions and even cognitive decline that degrades quality of life 7. In
children, periventricular white matter lesions are known to result in
better hand function compared to focal ischemic infarcts and basal
ganglia and thalamus involvement 7. A unilateral brain lesion may
sometimes disrupt the growth of contralateral pathways, contributing to
the persistence of ipsilateral projections and thus less effective motor

control 7.

Among the wvarious subtypes, spastic CP accounts for
approximately 80% of cases ®. Spastic CP can be topographically

classified into quadriplegia, diplegia and hemiplegia based on the



involvement of the limbs in spastic type °. Evidence shows a diplegic
pattern of is associated with birth shorter than at 32 weeks °. Dyskinetic
and ataxic types are not topographically classified®. The spastic subtype
is marked by increased muscle tone, hyperreflexia, and muscle stiffness,
which impair voluntary movement and lead to gait abnormalities, such

10, 11 " These motor

as stiff-knee in swing, scissoring or toe-walking
impairments often lead to secondary complications over time, including

joint deformities, and muscle contractures, further exacerbating

functional limitations and reducing independence '°.

One of the most severe complications in older CP patients is
cervical myelopathy, a pathologic condition arising from chronic spinal

12 Cervical

cord compression, particularly in the cervical spine
myelopathy is often a result of static pathophysiological changes such
as cervical spondylosis, cervical radiculopathy, kyphotic deformities, or
ossification of the posterior longitudinal ligament and ligamentum

flavum, which are more prevalent in CP patients due to abnormal

biomechanical stress on the spine '* ', Dynamic factors like neck



flexion and extension movements may also narrow the cervical spinal
canal and therefore contribute to the strain and shear forces on the spinal
cord. Some studies also report on the critical role of biomolecular forces
including ischemic injury from chronic vascular compression and
glutamate-mediated excitotoxicity in triggering abnormal development
of cervical myelopathy !4 !°. Persistent spasticity, abnormal postural
alignment, and repetitive strain on the cervical vertebrae may accelerate
degenerative changes, leading to progressive narrowing of the spinal
canal and eventually intramedullary hypertrophy in the cervical region

if left untreated for a prolong period 41617,

Cervical myelopathy presents with a range of neurological
symptoms, including limb weakness, gait disturbances, and spasticity,
which may exacerbate pre-existing motor deficits from CP. Signs from
neurological manifestations often include subtle changes in dexterity,
such as difficulty with fine motor tasks, and nonspecific sensory
disturbances like stiffness, prickling pain, radiating pain, numbness or

tingling in the neck, trapezius, anterior chest, shoulder, lateral arm,



forearm and hands, depending on the level of vertebrae affected '°. As
the condition progresses, patients may develop more pronounced motor
dysfunction, including increased difficulty walking, frequent falls, and
spastic paraparesis or quadriparesis. Advanced cases of cervical
myelopathy in CP patients can also exhibit bowel and bladder
dysfunction due to impaired autonomic control, as cervical myelopathy
may further progresses to the adjacent regions of spinal cord and
continue to disturb the corticospinal tract '8. Early recognition and
appropriate management are therefore critical to preserving function

and preventing long-term complications in this vulnerable population.

Cervical myelopathy in CP patients is often underdiagnosed due
to overlapping symptoms with their baseline motor deficits. Hence,
when left untreated, it progresses to severe motor impairment, sensory
disturbances, and loss of independence in daily activities. Surgical
intervention, specifically spinal fusion surgery, is a widely adopted
treatment for cervical myelopathy '°. This procedure is aimed at

stabilizing the spine, alleviating compression on the spinal cord, and



correcting the alignment to improve neurological function '°. Despite
the procedural advancements, postoperative outcomes in CP patients
remain unpredictable depending on the number of motion segments
involved, warranting further investigation into factors that influence

recovery .

Three key factors that garnered recognition in predicting
surgical outcomes are the spinal cord compression ratio, duration of
symptoms and the type of CP. Spinal cord compression ratio, a
radiological parameter quantifying the degree of spinal cord
compression, serves as a critical determinant of the severity of cervical
myelopathy 222, A higher spinal cord compression ratio indicates less

compression and generally demonstrates a better prognosis post-surgery.

Duration of symptoms reflects the time elapsed between the day
first symptom onset was reported and the day of first spinal fusion
surgical intervention. Conversely, prolonged duration of symptoms,

often from reluctance of patients in undertaking an invasive treatment



like the surgery and delayed diagnosis of cervical myelopathy, is only
expected to result in irreversible neuronal damage especially if cervical

myelopathy already manifests as symptomatic 2324,

Patients with dyskinetic type of CP experiences abnormal
sensorimotor integration, implying that the brain processes and reacts
to sensory inputs incorrectly 2> 2°, This abnormal plasticity makes the
condition resistant to immediate therapeutic intervention as it
consolidates these dysfunctional patterns as poor motor memories 2.
Once these abnormal motor patterns become firmly established,
traditional interventions like spinal fusion surgery may no longer have
positive outlook 2.  While these factors have been individually studied
in general populations with cervical myelopathy, their combined

predictive value in the context of CP remains underexplored.

2. Necessity of Study

CP patients represent a unique demographic with distinct anatomical



and functional challenges and are particularly vulnerable to the natural
process of age related neurodegenerative complications such as cervical
myelopathy. Should cervical myelopathy progress to become
symptomatic, their predisposition to spinal deformities and altered
biomechanics necessitates immediate tailored clinical attention.
However, current literature on cervical myelopathy predominantly
focuses on the general adult population, with limited application to CP
patients®”-28, This disparity poses significant challenges for clinicians in

devising effective treatment plans for this vulnerable group.

The limited understanding of how spinal cord compression ratio
and duration of symptoms interact to influence functional outcomes
post-surgery in CP patients highlights a critical gap in knowledge.
Addressing this gap is essential for several reasons. First, identifying
the role of these factors can optimize the timing of surgical
interventions, potentially preventing irreversible damage where the
neurologic integrity of spinal cord had been breached. Second,

elucidating the quantitative contributing power of spinal cord



compression ratio, duration of symptoms and CP subtypes could serve
as a valuable tool for preoperative counseling and postoperative
rehabilitation planning. Lastly, insights gained from this study could
guide better resource allocation for stakeholders such as clinicians in
the field and government bodies, ensuring that high-risk patients

receive comprehensive and timely care.

3. Purpose of Study

The primary objective of this study is to evaluate the combined
contributive value of spinal cord compression ratio, duration of
symptoms and type of CP on functional outcomes in CP patients with
cervical myelopathy undergoing their first anterior and/or posterior
spinal fusion surgery. Functional outcome from rehabilitative
perspective will be assessed using the Modified Barthel Index (MBI), a
widely recognized measure of independence in activities of daily living.

The study therefore aims to determine whether spinal cord compression



ratio, duration of symptoms and type of CP are significant contributors

of postoperative MBI scores.

4. Hypothesis

It 1s hypothesized that spinal cord compression ratio will have a positive
association with postoperative MBI scores, with higher values
indicating better recovery. In contrast, it is expected that duration of
symptoms will negatively correlate with MBI scores, with longer
symptom durations predicting worse outcomes. Dyskinetic CP subtype
is also expected to have a negative prognosis due to the consistent yet
uncontrolled movement in the cervical region post-surgery. The
combined analysis of these variables is anticipated to yield an evidence-
based recommendation for apt surgical timing and rehabilitation

strategies.
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II. MATERIALS AND METHODS
1. Patient Selection and Study Design

This retrospective single center cohort study from March 2006 to May
2024 included 75 patients diagnosed with CP and cervical myelopathy
who underwent anterior and/or posterior spinal fusion surgery with cage
or plate under the Department of Neurosurgery and admitted to the
Department of Rehabilitation Medicine for post-surgical observation at
Severance Hospital, Seoul, Republic of Korea (Table 1). Inclusion
criteria is as follows: (1) confirmed clinical diagnosis of cerebral palsy,
irrespective of subtype (2) clinical and radiographic confirmation of
cervical myelopathy by a specialized radiologist with visible spinal
cord compression of the cervical region on magnetic resonance imaging
(3) aged at least 18 years or older at the time of surgical intervention (4)
ability to understand the study and provide informed consent (or via
legal guardian for patients with cognitive impairments). Exclusion
criteria included: (1) presence of any other major medical conditions

such as advanced heart disease, severe respiratory conditions or

11 -



terminal illnesses like cancer (2) patients with progressive neurological
diseases other than CP that could confound the analysis of rehabilitation
outcomes, such as amyotrophic lateral sclerosis, multiple sclerosis,
autoimmune disease for peripheral neuropathy (3) patients with
contraindications for undergoing spinal fusion surgery, such as
uncontrolled bleeding disorders or other risk factors for surgical
complications (4) pregnant women (5) patients with medical records
that were barely recognizable (such as MRI) (6) those with largely
missing medical data or had been lost to follow up over a period of at

least 1 year.
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Table 1. Patient baseline characteristics.

Patient Sex Age Duration of BMD Type of CP Spinal cord Hypertrophy
No. (Years) symptoms (months) compression ratio
1 Female 47 85.0 Normal Dyskinetic 0.524 Present
2 Female 45 42.0 Osteoporosis Spastic 0.734 Present
3 Male 44 137.1 Osteoporosis Dyskinetic 0.899 Present
4 Male 35 61.1 Normal Spastic 0.732 Present
5 Male 52 1.0 Normal Spastic 0.701 Present
6 Male 38 109.2 Osteopenia Dyskinetic 0.530 Present
7 Male 36 62.8 Osteopenia Dyskinetic N/A Absent
8 Male 41 37.1 Normal Dyskinetic 0.675 Absent
9 Female 40 64.4 Normal Dyskinetic 0.415 Present
10 Male 58 122.5 Normal Spastic 0.549 Present
11 Male 47 28.3 Osteoporosis Spastic 0.590 Absent
12 Female 36 1.6 Osteopenia Dyskinetic 0.454 Absent

-13 -



13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Male
Male
Female
Female
Male
Male
Male
Male
Male
Male
Male
Female
Male
Male
Male

30
47
32
41
33
25
43
42
25
40
44
38
50
46
49

16.3
85.2
7.6
7.1
2.9
61.3
170.0
36.5
3.1
60.9
97.4
24.2
12.4
170.1
30.6

Normal
Normal
Osteopenia
Osteopenia
Normal
Normal
Normal
Osteoporosis
Normal
Normal
Osteopenia
Osteopenia
Osteoporosis
Osteopenia

Osteopenia

-14 -

Spastic
Spastic
Spastic
Dyskinetic
Spastic
Dyskinetic
Spastic
Spastic
Spastic
Dyskinetic
Dyskinetic
Spastic
Spastic
Spastic
Dyskinetic

0.586
0.616
0.304
0.432
0.530
0.733
0.306
0.760
0.716
0.714
N/A
0.498
0.731
0.408
0.613

Present
Present
Present
Present
Present
Present
Present
Present
Present
Present
Absent
Present
Present
Present

Present



28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

Female
Male
Male
Male

Female

Female
Male
Male
Male
Male

Female
Male

Female
Male

Female

41
36
25
38
40
51
47
37
36
18
35
72
30
39
47

76.8
3.1
1.4

67.1

170.6

88.2

13.4
3.0
1.5

250.1
6.2
219.2
3.0
24.4
132.3

Osteopenia
Osteoporosis
Normal
Osteoporosis
Osteoporosis
Osteoporosis
Normal
Normal
Normal
Osteopenia
Osteopenia
Osteoporosis
Osteoporosis
Osteoporosis

Normal

- 15 -

Spastic
Dyskinetic
Spastic
Dyskinetic
Spastic
Dyskinetic
Spastic
Spastic
Dyskinetic
Spastic
Spastic
Dyskinetic
Spastic
Spastic
Spastic

0.712
0.744
0.540
0.641
0.350
0.748
0.486
0.794
0.479
0.520
0.484
0.605
0.534
0.510
0.636

Present
Present
Present
Present
Present
Present
Present
Absent
Present
Present
Present
Present
Present
Present

Absent



43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

Female
Male
Female
Female
Female
Female
Female
Male
Female
Female
Female
Male
Male
Male

Female

39
53
48
62
33
39
45
56
41
58
45
38
31
45
42

82.5
5.9
8.8

36.5
4.5
17.3
19.5
1.9
12.2

74.3

94.6
3.1
6.9
6.2

59.8

Normal
Osteoporosis
Osteopenia
Osteoporosis
Normal
Normal
Normal
Normal
Osteoporosis
Osteopenia
Normal
Osteoporosis
Osteoporosis
Normal

Normal
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Spastic
Spastic
Spastic
Dyskinetic
Dyskinetic
Spastic
Spastic
Spastic
Spastic
Spastic
Dyskinetic
Spastic
Spastic
Dyskinetic
Spastic

0.496
0.484
0.673
0.426
0.703
0.512
0.793
0.311
0.584
0.823
0.680
0.594
0.448
0.627
0.748

Present
Present
Present
Present
Present
Present
Present
Present
Present
Present
Present
Present
Present
Present

Present



58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

Male
Male
Male
Female
Female
Male
Female
Male
Male
Female
Female
Female
Female
Female

Male

69
56
50
44
42
47
50
56
38
48
39
62
51
52
48

13.1
676.5
66.7
410.3
510.3
341.0
375.9
678.5
454
36.5
18.7
130.0
80.7
48.3
243

Osteopenia
Osteoporosis
Osteopenia
Osteopenia
Normal
Normal
Normal
Osteopenia
Osteopenia
Osteopenia
Normal
Normal
Osteopenia
Normal

Normal
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Dyskinetic
Spastic
Dyskinetic
Spastic
Spastic
Dyskinetic
Spastic
Dyskinetic
Dyskinetic
Spastic
Dyskinetic
Spastic
Spastic
Spastic
Spastic

0.814
0.272
0.366
0.618
0.498
0.682
0.549
0.334
0.751
0.628
0.356
0.594
0.419
0.417
0.736

Present
Present
Present
Present
Present
Present
Present
Present
Present
Present
Present
Present
Present
Present

Absent



73 Male 38 2.0 Osteoporosis Spastic 0.766 Present
74 Male 49 141.0 Normal Dyskinetic 0.832 Present
75 Male 45 245.3 Normal Spastic 0.605 Present

Note. The table presents individual patient data, including demographic and clinical characteristics. Sex is listed as male or female. Age is in
years. Duration of Symptoms is reported in months. Bone Mineral Density (BMD) is categorized as normal, osteopenia, or osteoporosis. Type
of CP refers to the classification of cerebral palsy (spastic or dyskinetic). Spinal Cord Compression Ratio is presented as a numeric value where
available. Hypertrophy refers to the presence or absence of spinal hypertrophy. Missing data are marked as N/A.

Abbreviations. BMD: Bone Mineral Density; MBI: Modified Barthel Index; N/A, Not Available.

-18 -



2. Data Collection

All patient data has been collected from the Electronic Medical Records,
Severance Hospital, Seoul, Republic of Korea. Data collection focused
on demographic information, clinical history, and preoperative
assessments. Patients' ages at the time of surgery, range of cervical
myelopathy, presence of hypertrophy, bone mineral density (normal,
osteopenia and osteoporosis) based on the T-score of their bone mineral

density evaluation of the lumbar region, and their sex were documented.

Duration of symptoms, defined as the time elapsed between the
Reported onset of neurological symptoms, such as limb weakness or
gait instability and surgical intervention, was recorded in months. The
Modified Ashworth Scale was used to assess spasticity and thus classify
CP subtypes. Scores ranged from zero, representing no increase in
muscle tone, to four, indicative of rigid limb spasticity. Patients with a
minimum score of 1 were classified into spastic and others into

dyskinetic if they did not show any signs of velocity-dependent increase

-19 -



in muscle tone when their upper and lower limb muscles were passively

stretched by trained physical therapists during the pre-assessment.

Detailed reviews of preoperative, imaging studies, and
rehabilitation progress notes were also taken. Measurements were
performed at each cervical vertebra from C1 to C7, ensuring a
perpendicular angle of 90 degrees to the spinal axis at the level of
interest. Similarly, spinal cord compression ratio was calculated using
preoperative MRI by determining the anterior-posterior ratio of the
affected sagittal spinal cord diameter to the average sagittal spinal cord
diameters from C1 to C7, and expressing this value as a rounded-up
value to one decimal point in millimeters (Figure 1). The anterior-
posterior diameter of the spinal cord was recorded for each vertebra.
The smallest AP diameter among the measured levels was identified as
the numerator, representing the most severe point of spinal cord
compression. MRI images were analyzed using a Picture Archiving and
Communication System (ZeTTA PACS; TaeYoung Soft Co., Ltd.,

Version 2.0.3.5.2.1.; 2023). Functional independence in activities of

-20 -



daily living was evaluated preoperatively using MBI. MBI assessments
were conducted by physical therapists three months and 12 months
following surgery, with patients categorized into deterioration outcome
group with any numerical decrease in score and into preserved outcome

group with any increase or maintenance in score numerically (Table 2).

=21 -



Figure 1. T2-MRI (sagittal view) indicating AP diameters of the cervical spinal cord marked by dotted lines numbered from 1
to 7 (left) as denominator and marked by a dotted line as 1 (right).
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3. Surgical Procedures

All patients underwent spinal fusion surgery, performed using either an
anterior or posterior approach, depending on the anatomical and
pathological features of their condition ¥. The choice of approach was
tailored to each patient following detailed preoperative evaluations,
including MRI and CT imaging, to determine the degree of spinal cord
compression, spinal alignment, and any associated deformities .
Neurological examinations and functional assessments further guided

the surgical planning process 2°. All surgery has been performed by

well-experienced neurosurgeons.

4. Rehabilitation Protocol

Postoperative rehabilitation was initiated after 48 hours of surgery with
ample bed-rest in the immediate phase after surgery, following a
conventional protocol designed to maximize functional recovery.
Rehabilitation was conducted by a multidisciplinary team consisting of

-23-



physical therapists, occupational therapists, and physicians specializing
in rehabilitation medicine. Early mobilization was emphasized, with
range-of-motion exercises introduced shortly after surgery to prevent
stiffness and maintain joint mobility. As patients’ conditions stabilized,
they were encouraged to participate in assisted transfers and ambulation
if possible. Pain management was actively taken into consideration
upon patient’s request. Physical therapy included strengthening
exercises targeting both upper and lower extremities, with a focus on
reducing spasticity and improving motor control. Occupational therapy
addressed daily living activities such as dressing, grooming, and
feeding, with adaptive devices provided to meet individual needs. All
physical therapy was conducted by trained physical therapists. All

occupational therapy was conducted by trained occupational therapists.

5. Data Analysis

Descriptive statistics were used to summarize baseline characteristics,

- 24 -



including mean and standard error mean for continuous variables
including spinal cord compression ratio, duration of symptoms and
frequencies for categorical variable type of CP (spastic vs dyskinetic).
Correlation analyses were performed to examine relationships between
spinal cord compression ratio, duration of symptoms, and MBI scores.
Univariable and multiple linear regression models were constructed to
evaluate the predictive contributions of spinal cord compression ratio,
type of CP and duration of symptoms to postoperative functional

outcomes

6. Statistical Analysis

Demographical and clinical characteristics between the preserved
outcome and deteriorated outcome groups were analyzed using
following statistical analysis. Continuous variables such as age, spinal
cord compression ratio, and preoperative MBI scores were analyzed

using independent t-tests, with statistical significance set at p < 0.05.
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Duration of symptoms, measured in months, did not follow a normal
distribution and thus was analyzed using the Mann-Whitney U test (p <
0.05). Categorical variables including sex, type of CP, BMD, and the
presence of hypertrophy were evaluated using the Chi-square test, with
significance set at p < 0.05 as well. Univariable linear regression was
used to calculate the contributing power and model performance for
each individual independent factors. Multivariable linear regression
was used to calculate the integrated contributing factor of all
independent variables. Multicollinearity, residual normality, and
homoscedasticity, were also conducted to ensure model validity and are
reflected with regression analysis. Model performance was assessed
using R? values, with statistical significance set at p <0.05. All analyses

were performed using SPSS version 28.0 (IBM Corp., Armonk, NY).

6. Ethical Considerations

This study retrospectively analyzes clinical data obtained in the course
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of treatment that has already ended, and the study is conducted through
the analysis of medical records from the aforementioned hospital EMR,
and does not pose detrimental risk to human subjects. It does not collect
prospective information from the subjects for research purposes. In
order to strictly maintain the confidentiality of the patient's personal
information throughout the entire research process, including the
collection and analysis of clinical data, the writing of the paper, and the
publication of the paper, research-related documents is stored in a
locked device, coded with identifying information, all data de-identified
before analysis, and stored on a computer with limited access, so as not

to infringe on the rights or welfare of the patient.

This study was conducted in accordance with the principles
outlined in the Declaration of Helsinki and approved by the Severance

Hospital Institutional Review Board No. 4-2024-0643.
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I11. RESULTS

A total of 75 CP patients with cervical myelopathy were included in the
study’s analysis. The cohort was divided into two groups: preserved
outcome (n = 32) and deteriorated outcome (n = 43). There was no
statistically significant difference in age between the preserved
outcome (44.25 + 1.84 years) and deteriorated outcome groups (42.77
+ 1.42 years) (p = 0.518) (Table 2). Similarly, the groups did not differ
significantly in sex distribution with 65.5% male in the preserved
outcome group compared to 53.5% male in the deteriorated outcome
group (p = 0.291) or type of CP (spastic: 56.3% in the preserved
outcome group vs. 67.4% in the deteriorated outcome group)
(dyskinetic: 43.8% in the preserved outcome group vs. 32.6% in the
deteriorated outcome group) (p = 0.322) (Table 2). No significant
differences were observed in spinal cord compression ratio (preserved
outcome: 0.611 + 0.03 mm; deteriorated outcome: 0.57 + 0.23 mm; p =
0.193) or duration of symptoms (preserved outcome: 63.83 + 12.01

months; deteriorated outcome: 112.42 + 26.41 months; p = 0.672)
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(Table 2). BMD distributions were nearly identical between groups,
with no significant difference (p = 0.998). Hypertrophy was present in
87.5% of the preserved outcome group and 90.7% of the deteriorated
outcome group, with no significant difference (p = 0.657) (Table 2).
Preoperative MBI scores were significantly higher in the deteriorated
outcome group (53.00 = 5.64) compared to the preserved outcome
group (69.70 = 4.05) (p = 0.016) (Table 2). At three months
postoperatively, short-term MBI scores were similar between the two
groups with preserved outcome groups showing a slightly higher score,
although no significant difference observed (54.83 + 5.68 vs. 54.03 +
4.52,p=0.911) (Table 2). Similarly, at one year postoperation, the long-
term MBI score was higher in the preserved outcome group compared
to the deteriorated outcome group, although the difference was not
statistically significant (62.00 + 5.87 vs. 52.12 £ 5.42, p =0.223) (Table

2).

With regards to MBI score differences over time, patients in the

preserved outcome group exhibited a significant short-term
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improvement (1.92 £ 2.08), whereas patients in the deteriorated
outcome group showed a marked decline (-18.59 + 3.29, p < 0.001)
(Table 2). Likewise, the long-term MBI improvement in the preserved
outcome group (5.54 + 4.23) was significantly greater than the
substantial decline observed in the deteriorated outcome group (-33.08

+ 5.53, p <0.001) (Table 2).
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Table 2. Demographic characteristics of patients according to their groups measured with MBI differences.

Variables Preserved outcome (n = 32) Deteriorated Outcome (n = 43) p
Age (year) 4425+ 1.84 42.77+1.42 0.518
Sex (n, %) 0.291
Male 21 (65.5%) 23 (53.5%)
Female 11 (34.4%) 20 (46.5%)
Type of CP (n, %) 0.322
Spastic 18 (56.3%) 29 (67.4%)
Dyskinetic 14 (43.8%) 14 (32.6%)
Spinal cord compression ratio 0.611 +0.03 0.57+0.23 0.193
Duration of symptoms (months) 63.83 +£12.01 112.42 £26.41 0.672
BMD (n, %) 0.998

Normal

Osteopenia

15 (46.9%)
9 (28.1%)
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Osteoporosis
Hypertrophy (n, %)

Present

Absent
Pre-OP MBI
Short Term MBI (3months)
Long-Term MBI (1 year)
Short-Term MBI Difference
Long-Term MBI Difference

8 (25.0%)

28 (87.5%)
4(12.5%)
53.00 + 5.64
54.83 +5.68
62.00 £ 5.87
1.92 +2.08
5.54+423

11 (25.6%)

39 (90.7%)
4(9.3%)
69.70 + 4.05
54.03 +4.52
52.12+5.42
~18.59 £ 3.29
-33.08 £ 5.53

0.657

0.016*
0.911
0.223

<0.0071***
<0.0071***

Note. Statistical analysis for age, spinal cord compression ratio, Pre-OP MBI, short-term MBI, long-term MBI, short-term MBI difference and

long-term MBI difference were performed with independent t-test with p < 0.05. Statistical analysis for duration of symptoms was performed

with Mann-Whitney test, p <0.05. Statistical analysis for sex, Type of CF, BMD, presence of hypertrophy were measured with Chi-Square test,

p <0.05.
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1. Spinal cord compression ratio is a strong significant

prognostic factor of post-surgical outcome.

Univariable regression analysis was first conducted to evaluate the
relationship between the spinal cord compression ratio as an
independent variable and MBI total score (Table 3). The affected
diameter of the cervical spinal cord served as the numerator while the
average AP diameters of the cervical spinal cord served as the
denominator. For short-term MBI scores, spinal cord compression ratio
demonstrated a significant positive association (B=47.16, standard
error =15.43, [=0.38, t=3.057, p=0.003) (Table 3). The model
explained approximately 14.3% of the variance in short-term MBI
scores (R*=0.14), with a Durbin-Watson (DW) value at 1.964,
indicating no substantial autocorrelation in the residuals (Table 3). The
regression model was statistically significant (F=9.346, p=0.003)

(Table 3).

Long-term MBI scores, however, spinal cord compression ratio
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did not show a significant association (B= -14.92, standard error =
20.43, = -0.11, t=-0.730, p=0.469) (Table 3). The model explained
only 1.1% of the variance (R?>=0.01), and DW value was 2.30, thus
indicated no issues with autocorrelation (Table 3). The overall
regression model was not statistically significant. These findings
suggest that a higher spinal cord compression ratio, indicating a
relatively less compressed spinal cord, correlates with better short-term
functional outcomes and therefore is a meaningful predictor of short-

term MBI scores but not long-term MBI scores in this cohort.

Multivariable linear regression analysis was conducted to
evaluate the relationship between spinal cord compression ratio and
short-term MBI total scores while controlling for other variables,
including age, sex, duration of symptoms, and type of CP (Table 3). The
overall regression model was statistically significant (F=10.437,
p<0.001) and explained 28.3% of the variance in short-term MBI scores

(R>=0.28), and a DW value of 2.11, indicating no substantial
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autocorrelation in the residuals (Table 3). Among the predictors, spinal
cord compression ratio (=0.38, t=3.228, p=0.002) and age (= -0.38,
t= -3.258, p=0.002) showed significant associations with short-term
MBI scores (Table 5). A higher spinal cord compression ratio,
indicating less spinal cord compression, was positively associated with
better short-term functional outcomes while older age was negatively

associated with short-term MBI scores.

Other variables, including sex (£=0.02, t=0.154, p=0.878),
duration of symptoms (5= -0.104, t=-0.826, p=0.413), and type of CP
(6=0.09, t=0.809, p=0.422), were not significant predictors. Tolerance
and variance inflation factor (VIF) values for all predictors were within

acceptable ranges, indicating no statistical issues with multicollinearity

(Table 3).

The normal P-P plot of regression standardized residuals for the
model examining spinal cord compression ratio as a predictor of short-

term MBI scores (Figure 2) demonstrated that the residuals closely
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followed the diagonal regression line, implying an approximate
normality. This supports the validity of the regression model and
confirms that the relationship between spinal cord compression ratio
and short-term MBI scores meets the assumption of normality for
residuals, ensuring reliable statistical inferences. Spinal cord
compression ratio is therefore a strong significant predictor of short-
term MBI scores, alongside age, underscoring the relevance of these
factors in early functional recovery of CP patients who underwent

spinal fusion surgery of the cervical region.

A greater proportion of patients in the deteriorated outcome
group exhibits a wider distribution along the lower spinal cord
compression ratio axis in the short term (Figure 3). In contrast, the
preserved outcome group shows a relatively narrower and more
concentrated distribution along this axis (Figure 3). Although there was
no statistical significance in the long term, patients in both the
deteriorated outcome and preserved outcome groups displayed a similar

distribution pattern in the long-term outcomes (Figure 3).
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Table 3. Univariable and Multivariable Regression Analysis of Spinal Cord Compression Ratio as a Predictor of MBI Scores

Univariable Regression Analysis (n=75)

MBI R? DW B St. error B t p F
Short term 1.96 47.16 15.43 0.38 3.057 0.003%* 9.346
Long term  0.01 2.30 -14.92 20.43 -0.11 -0.730 0.469 0.534

Multivariable Linear Regression Analysis in the short-term (n=75)

R? DW B t P F Tolerance VIF
Model 0.28 2.11 <0.001*** 10.437
summary
Age -0.38 -3.258 0.002** 1.000 1.000
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Spinal cord 0.38 3.228 0.002%* 1.000 1.000

compression

ratio

Sex 0.02 0.154 0.878 0.996 1.004
Duration -0.10 -0.826 0.413 0.852 1.174
(months)

Type of CP 0.09 0.809 0.422 0.999 1.001

Note. DW indicates Durbin-Watson. B indicates regression coefficient. St. error indicates standard error. f indicates standardized
coefficient.
*p < 0.05, **p <0.01, ***p<0.001.
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Figure 2. Normal P-P Plot demonstrating Regression
Standardized Residuals for the Model Predicting Short-

Term MBI Total scores based on multivariable linear
regression.
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Figure 3. Scatter graph of OP patients in accordance to their groups based on the degree of change in short-term and long-term
MBI total score difference, with spinal cord compression ratio as the independent variable.
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2. Type of CP is a strong significant prognostic factor of post-

surgical functional outcome in the long term.

Univariable regression analysis was conducted to evaluate the
relationship between the type of CP as the independent variable and
MBI total score (Table 4). For short-term MBI scores, type of CP did
not demonstrate a significant association (B=1.41, standard error =4.78,
$=0.04, t=0.950, p=0.769) (Table 4). The model explained only 0.2%
of the variance in short-term MBI scores (R?>=0.002) and had a DW
value of 1.74, indicating no substantial autocorrelation in the residuals.
The regression model was not statistically significant (F=0.087,

p=0.769) (Table 4).

For long-term MBI scores, however, type of CP showed a
significant positive association (B=12.74, standard error = 5.46, f=0.32,
t=2.334, p=0.024) (Table 4). The model explained approximately 10.4%
of the variance in long-term MBI scores (R*=0.10) and had a DW value

of 2.14, suggesting no issues with autocorrelation. The regression
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model was statistically significant (F=5.446, p=0.024) (Table 4). These
findings suggest that the type of CP may not be a meaningful predictor
of short-term MBI scores in this model but is significantly associated
with long-term functional outcomes. Individuals with dyskinetic CP
may have a worse prognosis for long-term functional recovery

compared to other types of CP in this cohort.

Multivariable linear regression analysis was also conducted to
confirm the relationship between type of CP and long-term MBI total
scores in post-surgery patients, while controlling for other variables
including age, sex, duration of symptoms, and spinal cord compression
ratio (Table 4). The overall regression model was statistically
significant (F=6.502, p=0.014) and explained 12.4% of the variance in
long-term MBI scores (R*=0.12), with a DW value of 2.13, indicating

no substantial autocorrelation in the residuals (Table 4).

Among the predictors, dyskinetic type of CP was significantly

associated with long-term MBI scores ($=0.35, t=2.550, p=0.014).
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This result is explained by the coding of CP types, where the dyskinetic
type was coded as 0 and the spastic type as 1, reflecting a negative
association with higher long-term MBI scores in dyskinetic CP patients.
Other variables, including age (= -0.01, t=-0.103, p=0.919), spinal
cord compression ratio (= -0.10, t= -0.688, p=0.495), sex ($=0.10,
t=0.750, p=0.457), and duration of symptoms (f=0.17, t=1.268,
p=0.211), were not significant predictors. Tolerance and VIF for all
predictors were within acceptable ranges, indicating no issues with

multicollinearity (Table 4).

The normal P-P plot of regression standardized residuals for the
model examining the type of CP as a predictor of long-term MBI total
score differences demonstrated that the residuals closely followed the
diagonal regression line (Figure 4), indicating an approximate
normality of residuals. This supports the validity of the regression
model and confirms that the assumption of normality for residuals has

been satisfied (Figure 4). Therefore the role of CP can be validated as a
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significant predictor of long-term functional outcomes, highlighting its
relevance in the recovery trajectory of CP patients with cervical

myelopathy who underwent spinal fusion surgery.

There was no apparent significant difference in the short-term
MBI score difference between individuals with dyskinetic CP and
spastic CP (Figure 5). Both groups displayed similar range of score
differences and interquartile ranges, implying a comparable short-term
functional outcomes between the two CP types (Figure 5). A similar
pattern was observed for long-term MBI score differences (Figure 5).
These results show that both types of CP showed no significant impact

on the long-term MBI score changes (Figure 5).
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Table 4. Univariate regression analysis for MBI score differences with CP subtype being the independent variable.

Univariable Regression Analysis (n=75)

MBI R? DW B St. error ] t p F
Shortterm — 40 174 1.41 4.78 0.04 0.950 0.769 0.087
Long term 0.104 2.14 12.74 5.46 0.32 2.334 0.024* 5.446
Multivariable Linear Regression Analysis in the long-term (n=75)

R? DW B t P F Tolerance VIF
Model 0.12 2.13 0.014* 6.502
summary
Age -0.01 -0.103 0.919 0.987 1.003
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Spinal cord
compression
ratio

Sex

Duration of
symptoms
(months)
Type of CP

-0.10

0.10

0.17

0.35

-0.688

0.750

1.268

2.550

0.495 0.995 1.005

0.457 1.000 1.000
0.211 1.000 1.000
0.014* 1.000 1.000

Note. DW indicates Durbin-Watson. B indicates regression coefficient. St. error indicates standard error. ff indicates standardized

coefficient.
*p < 0.05, **p <0.01, ***p<0.001.
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Figure 4. Normal P-P plot displaying patient distribution
over long-term MBI Total score difference.
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3. Duration of symptoms is a weak but significant prognostic

factor of post-surgical functional outcome.

Longer symptom duration negatively impacts the recovery of functional
status post-surgery, implying that CP patients who experience cervical
myelopathy for extended periods before surgery tend to have worse
post-surgical rehabilitation outcomes over short term (B = -0.30,
p=0.023) (Table 5, Figure 5). Univariable and multivariable linear
regression analysis in the short-term and long-term for duration of
symptoms did not reveal any statistical significance (Table 5). Greater
proportion of patients in deteriorated outcome Group shows a wider
distribution along the longer duration of symptoms axis, in the short
term (Figure 5). Although there has not been statistical significance in
the long term, patients in deteriorated outcome and preserved outcome

group show similar distribution pattern. (Figure 5).
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Table S. Univariate regression analysis for short term and long term MBI scores with duration of symptoms as a single
independent variable.

Univariable Regression Analysis for MBI Scores with Duration of Symptom as Independent Variable (n=75)

MBI R? DW B St. error ] t p F
Short term  0.088 1.73 -0.04 0.02 -0.30 -2.345 0.023* 5.498
Long term  0.025 2.20 0.03 0.03 0.16 1.114 0.271 1.241

Note. DW indicates Durbin-Watson. B indicates regression coefficient. St. error indicates standard error. f§ indicates standardized
coefficient.
*p < 0.05, **p < 0.01, ***p<0.001.
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Figure S. Patient distribution data concerning duration of symptoms in short term and long term in accordance to MBI
differences.
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IV. DISCUSSION

The findings of this study provide novel insights into the potential
prognostic factors influencing functional recovery in CP patients with
cervical myelopathy undergoing spinal fusion surgery. The emphasis on
spinal cord compression ratio and type of CP as primary predictors,
rather than traditional metrics like the modified Japanese Orthopaedic
Association (mJOA) score, represents a significant shift in the
perspective at which the rehabilitative progress should be viewed.
While the mJOA score is a widely recognized well-established tool for
evaluating neurological deficits in cervical myelopathy, its utility in CP
patients is limited due to the baseline neurological impairments inherent
to this population and may also be subjected to cultural variance °.
Components of mJOA are not well correlated to other metrics such as
Neck Disability Index 3!. Unlike subjective clinical scoring systems,
spinal cord compression ratio is derived from imaging data and
undeniably reflects the anatomical state of the spinal cord 3*3*. This

eliminates variability in interpretation and provides surgeons with a
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reliable indicator of the extent of spinal cord compression. spinal cord
compression ratio, as a direct and pronounced radiological measure of
biomechanical compression, thus offers a more objective and specific
quantification metrics that is especially relevant in predicting surgical

outcomes in CP patients with cervical myelopathy.

The study’s findings confirm that spinal cord compression ratio
is a strong significant independent predictor of postoperative MBI
scores. Higher spinal cord compression ratio values, indicative of less
severe spinal cord compression, were associated with improved
functional outcomes. This positive correlation also highlights the
critical importance of addressing spinal cord compression through
timely surgical intervention, reducing the biomedical impact that helps
redistribute loading in the cervical region ¥ 3¢, Tissue stress can
therefore be relieved with relief of deformative forces along axial
alignment of the spine 37 3. By restoring the biomechanical dynamic
balance, patients will be able to experience reduction in pain and

overcome sensory deficits, while securing motor control ability from
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further deterioration through hypertrophy in the long run. The findings
from this study thus suggest that spinal cord compression ratio could be
further explored as a criterion for surgical candidacy in CP patients,
particularly those presenting with ambiguous clinical symptoms that
overlap with cervical myelopathy. Furthermore, its applicability to both
CP patients and the general population with cervical myelopathy

underscores its versatility and relevance in clinical practice.

The study also revealed a significant negative correlation
between duration of symptoms and postoperative MBI scores,
highlighting the detrimental impact of delaying surgical intervention.
Prolonged duration of symptoms likely intensifies neuronal damage due
to chronic spinal cord compression, whereby hypertrophy leads to
irreversible functional deficits over time. When the spinal cord is
subjected to sustained pressure, it undergoes progressive ischemia and
demyelination, impairing the ability of nerve cells to transmit signals
effectively®. This can be particularly detrimental to CP patients who

are already facing a disadvantageous motor and sensory dysfunction
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due to their poor orientation of spinal vertebrae. Once damage reaches
a critical threshold, the potential for recovery may diminish
significantly even after surgical decompression as adjacent neural

integrity cannot be fully salvaged *-2,

This finding aligns with already established neuroprotective
principles, which emphasize the critical importance of -early
intervention to preserve neuronal integrity and prevent permanent
neurological decline > *. For patients with CP, the implications are
particularly profound as they often present with complex and
multifaceted symptoms that can obscure the early signs of cervical
myelopathy, such as worsening gait instability or subtle reduction in

dexterity of the hands * %,

Delayed diagnosis and treatment can
further exacerbate these challenges, as ongoing spinal cord

compression adds onto the pre-existing motor and functional deficits

caused by CP itself 4647,

Another important aspect of this study is the clear classification
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of type of CP as the contributing prognosis factor. A recent 2024 study
by Yang et al analyzed athetoid CP patients who underwent cervical
spinal fusion surgery, revealing that the anterior fusion alone had the
highest revision rate at 42.7% *3. Combined anterior-posterior fusion
surgery, however, resulted in the lowest revision rate at 11.1% hence
proving its higher durability in this patient population **. CP subtypes
are therefore a chief prognostic factor in predicting the result of spinal
fusion surgery and even other related surgeries involving the relief of
compression. Patients with dyskinetic CP may experience a worse
prognosis as this particular subtype mostly affects movement control
rather than muscle strength or structure. Their spine may not be fully
stabilized from a single episode of surgery; abnormal movements may
not be corrected due the consistent uncontrolled movement in the
surgical region leading to gradual loosening of the screw *°. Fractures
may be induced on the vertebrae on top or bottom of the screw, resulting
in subsequent surgeries to be even more difficult *°. Should cervical
myelopathy be present in multiple vertebrae, wider affected area may
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require even more intensive post-surgical rehabilitation in patients with

this type of CP.

The study accentuates the need for more comprehensive clinical
interpretation and timely intervention from diagnosis to treatment. For
patients and their caregivers, this means understanding that postponing
surgery in the presence of progressive motor or sensory deficits may
significantly reduce the chances of achieving a successful recovery.
Each additional month of untreated compression increases the
likelihood of permanent disability, hence limiting independence in daily

activities such as walking, dressing, or feeding.

From a practical perspective, it is essential for patients to
recognize that earlier surgical intervention not only halts further
damage but also optimizes the chances for meaningful functional
recovery. Future research could explore the concept of specific duration
of symptoms thresholds—critical time windows within which surgery

is most beneficial—potentially guiding standardized timelines for
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intervention. For now, the evidence strongly advocates for prioritizing

early diagnosis and prompt treatment to protect long-term quality of life.

One of the most novel aspects of this study is the combined
predictive value of spinal cord compression ratio, CP subtype and
duration of symptoms. While these variables have been individually
validated in the general population with cervical myelopathy or among
CP patients without symptomatic spinal cord compression, their
interaction in this unique population represents an important area of
investigation. Not only does this model consist of a very forthright
radiologic parameter spinal cord compression ratio, but also integrate
clinical classification and demographic metrics. Such a holistic model

offers a robust tool for clinical decision-making.

By integrating spinal cord compression ratio, type of CP and
duration of symptoms, clinicians can better stratify patients based on
their risk profiles and optimize the timing of surgical interventions. This

combined approach not only enhances the precision of preoperative
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counseling but also informs postoperative rehabilitation strategies

tailored to the unique needs of CP patients.
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Limitations and Future Directions

While the study provides valuable insights, several limitations warrant
consideration. First, the small sample size may limit the generalizability
of the findings to the broader CP population. Future studies with larger
and more diverse cohorts are needed to validate the predictive model
and refine its applicability. Second, the study focuses exclusively on
spinal cord compression ratio, type of CP and duration of symptoms,
while other potential predictors, such as location of cervical myelopathy,
range of cervical myelopathy, level of hand dexterity, nutritional status,
comorbidities, and socioeconomic factors, remain unexplored.
Incorporating additional biomarkers and clinical parameters into the
predictive model could enhance its accuracy and utility. Moreover, the
study’s reliance on MBI as the sole measure of functional recovery,
while holistically practical, may not fully capture the delicate changes
in motor and sensory functions specific to CP patients. Future research
should consider incorporating complementary outcome measures, such

as gait analysis and quality-of-life assessments, to provide a more
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comprehensive evaluation of recovery. Lastly, longitudinal studies
tracking functional outcomes beyond the immediate to intermediate
postoperative period are essential to understanding the longer term
implications of spinal cord compression ratio, type of CP and duration

of symptoms on quality of life and level of functional independence.
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V. Conclusion

In conclusion, this study advances our understanding of the factors
influencing functional recovery in CP patients with cervical
myelopathy undergoing spinal fusion surgery. By highlighting the
combined predictive value of spinal cord compression ratio and
duration of symptoms, it paves the way for more targeted and effective
clinical interventions. Future research should build on these findings to
develop comprehensive predictive models that incorporate a broader
range of variables, ultimately enhancing the quality of care for this

vulnerable population.
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