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Objective: The study compared the morphometric changes of the cervical spinal cord using
dynamic magnetic resonance imaging (MRI) in patients with cervical spondylotic myelopa-
thy (CSM) and assessed the correlation with kinematic changes, cord cross-sectional area
(CSA), and high signal intensity (SI) on T2-weighted imaging (T2WI).

Methods: Patients with CSM were evaluated through dynamic MRI for sagittal and axial
CSA changes of the cervical cord, cerebrospinal fluid (CSF) reserve ratio, degree of cord
impingement, cord compression rate, range of motion (ROM), and severity of SI on T2WI.
The degree of cord impingement was evaluated using the Muhle grading system. Clinical
outcomes were assessed using Japanese Orthopaedic Association scoring and Nurick grade.
Results: The study included 191 patients (113 males) with a mean age of 55.34 + 12.09 years.
The lowest sagittal CSF reserve ratio and cord occupation rate were observed during exten-
sion. Cord impingement and SI change were more prevalent in extension-positioned MRI.
There was no difference between ROM on dynamic radiographs and dynamic MRI. Preop-
erative cervical ROM was greater in patients with intensely high SI change.

Conclusion: Dynamic MRI is useful for evaluating neck movement. Patients with high SI
had greater ROM before surgery but worse outcomes after. Neck extension exacerbated cer-
vical stenosis and cord compression compared to flexion, and cervical spinal motion con-
tributed to the severity of CSM. Cervical spinal motion should be carefully evaluated, par-
ticularly in hyperextension, to prevent worsening of CSM.

Keywords: Cervical myelopathy, Dynamic MRI, Cervical motion, Signal intensity, Anteri-
or decompression, Posterior decompression

termine the relationship between the disc and the spinal cord
(SC) and the presence of intramedullary signal change. High

Magnetic resonance imaging (MRI) is essential to diagnose  signal intensity (SI) on T2-weighted imaging (T2WT) has been

cervical spondylotic myelopathy (CSM), as it can accurately de-  regarded as an important prognostic factor and was found to
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correlate with the severity of CSM."” Studies have demonstrat-
ed a high signal change in T2WTI, cord compression, and neu-
rological outcomes with only static MRI.**%” Additionally, some
pathologies can be found to reflect dynamic strain of the cervi-
cal spine when invisible cases using static imaging.®

Dynamic mechanical factors are reported as the cause of the
occurrence and exacerbation of cervical myelopathy.>>'° Dy-
namic MRI is beginning to be clinically applied for the diagno-
sis and treatment of cervical spine diseases, especially CSM,
which is reported to cause and worsen symptoms through cer-
vical motion.>"' However, there is still no consensus on the sig-
nificance of changes in SI severity and dynamic MRI findings.
Furthermore, the impact of dynamic factors on the clinical out-
comes of cervical myelopathy needs to be better understood.

In this study, we investigated prospectively dynamic MRI in
preoperative neck flexion-extension positions in cervical my-
elopathic patients. We compared the morphometric changes of
cord compression on dynamic MRI, changes in the SI on T2WI,
and parameters of the cervical spine in patients with CSM. The
objective of the study was to analyze the relationship between
preoperative intramedullary signal change on MRI, dynamic
factors, and surgical outcomes.

MATERIALS AND METHODS

1. Patient Populations

This prospective cohort study included 233 patients with CSM
caused by cervical disc protrusion, bony spur, or ossification of
the posterior longitudinal ligament (OPLL) who underwent
surgery at Yongin Severance Hospital and Inje University Sang-
gye Paik Hospital between June 2018 and December 2022. Among
these patients, 32 patients were excluded due to congenital anom-
aly, infection, trauma, tumor, previous history of cervical fusion,
or ankylosing spondylitis (Fig. 1). This study was approved by the
Institutional Review Board of Yonsei College of Medicine, Yongin
Severance (IRB No. 9-2023-0222). A diagnosis of CSM was as-
signed with radiological confirmation by MRI, and the diagno-
sis was determined when one or more upper motor neuron do-
mains were involved (e.g., spasticity, hyperreflexia, positive
Babinski sign), based on neurological examination.’

2. Radiologic Assessment
1) Plain radiographs

Preoperative lateral standing plain radiographs were obtained
in neutral, flexion, and extension positions. The following pa-
rameters were evaluated: C2-7 angle (the angle created by a
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233 Study population
Cervical spondylotic myelopathy
(Jun 1st 2018-Dec 31st 2022;
Yonsei University, Inje University)

32 Congenital anomaly,
trauma, previous history
of cervical fusion

10 Follow-up period
less than 24 months

191 Eligible patients
113 Anterior decompression and fusion,
69 posterior cervical decompression,
and 9 combined anterior-posterior surgery

Fig. 1. Flow chart of patient selection.

line parallel to the inferior end plate of the C2 body and a line
parallel to that of the C7 body was measured on neutral, flexion,
and extension position). The C2-7 angle was measured in the
neutral position, flexion position, and extension position. Cer-
vical range of motion (ROM) was measured as the difference of
C2-7 angle values between the extension and flexion positions.
The dynamic parameter of C2-7 ROM was calculated using the
following formula: C2-7 ROM (°) = (extension C2-7 Cobb lor-
dotic angle)—(flexion C2-7 Cobb lordotic angle)."

2) Patient positioning and MRI protocol

All patients underwent high-resolution MRI using the 3.0T
Signa MRI unit (GE HealthCare, Chicago, IL, USA) or 3.0T
Skyra unit (Siemens, Munich, Germany). For cervical dynamic
MR, the patient’s neck was positioned in extension and flexion
using a custom-made cushion placed under the head and shoul-
ders (Fig. 2). A routine neutral examination was first performed
in the supine position. The patients were tolerable to the neck
extension and flexion position under the observation of a phy-
sician. There was no standard predetermined flexion-extension
position to avoid neurologic problems. Neutral MRI obtained
T1- and T2-weighted sequences in sagittal and axial views; only
T2-weighted images were obtained by dynamic MRL

3) Signal intensity grading

Increased SI referred to a high-intensity area compared with
the adjacent isointensity portion of the SC in both sagittal and
axial planes. We defined the increased SI at the narrowest level
of the SC as “grade 0 (G0)” if no intramedullary high SI appeared
on the T2WI, as “grade 1 (G1)” if there was a predominantly
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Fig. 2. Positions of the cervical spine for the dynamic magnetic resonance imaging (MRI). During cervical dynamic MRI, the
patient’s neck was alternately positioned in extension and flexion using a custom-made cushion under the head and shoulders.
Flexion-positioned MRI (A), neutral-positioned MRI (B), and extension-positioned MRI (C).

Fig. 3. Measurement technique of morphometric parameters on T2-weighted magnetic resonance imaging (MRI) during flex-
ion, neutral, and extension. Flexion MRI in sagittal section (A), neutral MRI in sagittal section (B), extension MRI in sagittal
section (C), flexion MRI in axial section at C4-5 (D), neutral MRI in axial section at C4-5 (E), and extension MRI in axial sec-
tion at C4-5 (F). Black dashed line indicates the SC area, black solid line indicates the SC plus CSF area of compression level,
and white dashed line indicates the C2-7 angle. CSE, cerebrospinal fluid; SC, spinal cord.

faint and indistinct border, and as “grade 2 (G2)” if there was a

predominantly intense and well-defined border.>*

4) Cervical stenosis grading

Cervical stenosis was evaluated using the classification of
Muhle et al.,* which has 4 stages: stage 0, normal width of the
spinal canal, and no signs of anterior and posterior subarach-
noid space narrowing; stage 1, partial obliteration of the anteri-
or or posterior subarachnoid space or of both; stage 2, complete
obliteration of the anterior or posterior subarachnoid space or
of both; and stage 3, anterior or posterior cord impingement or
both. Muhle grade was determined by evaluating multi-posi-

https://doi.org/10.14245/ns.2448166.083

tional MRI at the most compressed lesion. The degree of cervi-
cal stenosis was evaluated using Muhle classification on T2WI
in 3 kinetic positions: neutral, flexion, and extension (axial and
sagittal).

5) Cross-sectional area

The cross-sectional area (CSA) of the SC was measured at the
greatest compressed levels. The CSA was obtained at the affect-
ed level during flexion, neutral position, and extension (Fig. 3).
The CSA of the SC and canal on the midsagittal plane was mea-
sured at the area between a line crossing the SC at the lower
endplate of C2 and the lower endplate of C7. A comparison of
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morphometric parameters at compression levels in all 3 posi-
tions on axial T2WI was performed, including the SC area, ce-
rebrospinal fluid (CSF) area, and CSF reserve ratio (CSF/CSF+
SC).’ The degree of SC compression changes in the cervical
flexion-extension state was compared and analyzed to measure
the CSA using software (ZeTTA PACS, TaeYoung Soft Co., Ltd.,
Gwacheon, Korea). CSA measurements were conducted 2 times,

and the mean was used to minimize intraobserver differences.

6) Diameter

On axial and sagittal T2ZWI MRI, the SC occupation rate in
the dural sac was calculated using the following formula: (di-
ameter of the SC)/(diameter of the dural sac) x 100.”* The mea-
surements were performed at the level of maximum SC compres-
sion. The level with the smallest SC area was selected for patients
with multisegmental involvement.

3. Assessment of Clinical Outcomes

Clinical outcomes were assessed using the Japanese Ortho-
paedic Association (JOA) scoring system and Nurick grade. Data
were obtained for all patients preoperatively and for a minimum
of 24 months postoperatively. The recovery ratio was calculated
using the following formula:

JOA recovery ratio (%) = (postoperative JOA score—preopera-
tive JOA score)/[17 (full score)-preoperative JOA score]

4. Treatments

The surgical treatments were determined based on various
factors such as the number of affected levels, patient comorbidi-
ties, cervical alignment, instability, occupying ratio, and surgeon
preference. Various surgical approaches such as anterior, poste-
rior, or combined operations were chosen to decompress affect-
ed levels. Follow-up examinations were conducted at 3-month,
6-month, 12-month, or 24-month intervals after the surgery to
investigate the clinical correlation between postoperative neu-

rological outcomes and radiographic imaging findings.

5. Statistical Analysis

All data are expressed as mean + standard deviation or per-
centage. For the demographic data, the means of continuous
and categorical data were compared by Student t-test and chi-
square test, respectively. Repeated measures analysis of varianc-
es with a post hoc Scheffé test was used to compare the mean
results on neutral, flexion, and extension MRI at the compres-
sion levels. Radiological parameters measured by 2 observers
were analyzed using the Cohen « coefficient for categorical
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variables and intraclass correlations (ICCs; 2-way mixed model
with consistency agreement; 95% confidence interval) for con-
tinuous variables. Cohen « coefficient and ICC values were cat-
egorized as poor agreement (0.00-0.20), fair agreement (0.21-
0.40), moderate agreement (0.41-0.60), good agreement (0.61-
0.80), and very good agreement (0.81-1.0)." Patients were clas-
sified based on the severity of SI on T2WTI in a neutral position,
such as none, faint, or intense SI. The stage of stenosis based on
the classification of Muhle et al.® was considered a quantitative
variable. All statistical analyses were performed using MedCalc
ver. 22.014 (MedCalc, Mariakerke, Belgium), and p-values <0.05

were considered to indicate statistical significance.

RESULTS

Clinical and radiographic data were recorded from 191 patients

Table 1. Patient demographics

Characteristic Value
Age (yr) 55.34 (29-79)
Sex, male:female 113:78

Preoperative clinical assessment

JOA 11.07+2.41 (5-15)
Nurick 2.56+0.98 (1-5)
2-Year postoperative clinical assessment

JOA 14.89+ 1.75 (9-17)

Recovery rate (%) 85.49+13.21 (40-100)

Nurick 1.63+0.87 (0-4)
Most compressed levels

C3-4 36 (18.8)

C4-5 50 (26.2)

C5-6 77 (40.3)

C6-7 28 (14.7)
Procedure

Anterior 113 (59.16)

Posterior 69 (36.13)

Combined anterior-posterior 9(4.71)
Pathology

Disc 141 (73.8)

Osteophyte 12 (6.3)

OLF 9(4.7)

OPLL 29 (15.2)

Values are presented as mean + standard deviation (range) or num-
ber (%).

JOA, Japanese Orthopaedic Association; OLE ossification of ligament
flavum; OPLL, ossification of the posterior longitudinal ligament.

https://doi.org/10.14245/ns.2448166.083
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(113 males and 78 females) who underwent anterior decompres-
sion with fusion (n=113), posterior cervical decompression
(n=69), including cervical laminoplasty (n=43) or laminecto-
my with fusion (n=26), and combined anterior-posterior sur-
gery (n=9) for CSM and completed at least 24 months of follow-
up. The average follow-up period was 49.8 + 13.4 months (25-
64 months). The mean age at the time of surgery was 55.34
12.09 years (range, 29-79 years). Baseline patient characteristics,
demographics, and surgical information are listed in Table 1.

1. Radiological Findings According to Neck Motion

The sagittal CSA of the cervical cord was smaller when the
neck was extended (516.95 + 106.20 mm?) compared with when
it was in a neutral position (534.04 + 86.96 mm?) or flexed (560.70 +
90.53 mm’). Similarly, the sagittal CSA of CSF was smaller in the
extension position (294.53+101.02 mm?) compared with the
neutral (353.50+ 106.61 mm?) and flexion positions (349.43 +
123.80 mm?). The sagittal CSF reserve ratio also showed signifi-
cant differences between flexion-extension neck motion and the
neutral posture (p=0.004). However, there were no significant
changes in the axial CSA of the SC, CSF area, or CSF reserve
ratio during neck movement (Table 2).

In addition, the diameter of the sagittal SC and cord occupa-
tion rate at the compression level were significantly different

Table 2. Radiological findings according to neck motion

depending on neck movement, with the lowest diameter observed
during the extended posture. The sagittal cord occupation rate
was lowest during extension (69.07% * 20.62%) posture com-
pared with neutral (74.36% + 18.07%) and flexion (78.02% +
17.31%) posture (p<0.001). The smallest diameter of the axial
SC was observed in the extension posture compared with flex-
ion and neutral postures (p=0.015). During neck motion, there
was no difference in the diameter of the dural sac, and the axial

cord occupancy rate was also similar (Table 2).

2. Signal Intensity, Compression Level, and Cervical

Stenosis With Neck Motion

The severity of intramedullary high SI on T2WI changed with
neck movement. Out of 191 patients, 70 (36.65%) showed no
intramedullary SI (GO) on sagittal T2ZWT in a neutral position,
47 patients had faint intramedullary SI (G1), and 74 had intense
SI change (G2). However, in the extension posture, 3 of 70 pa-
tients who had no SI in the neutral position exhibited faint SI
(G1). The percentage of high SI (G1 and G2) increased in the
extension posture (124 of 191, 64.92%) compared with the neu-
tral posture (121 of 191, 63.35%), while that of the high SI de-
creased in the flexion posture (118 of 191, 61.78%) (Fig. 4). Our
results showed that 4.3% of patients with no SI in a neutral po-
sition displayed SI changes in an extension MRI, and 6.4% of

Variable Flexion Neutral Extension p-value
Sagittal CSA at compression
SC (mm?) 560.70+90.53 534.04+86.96 516.95+106.20 <0.001*
CSF area (mm?) 349.43+123.80 353.50+106.61 294.53+101.02 <0.001*
CSF reserve ratio (%) 37.63+£9.63 39.34+8.71 35.89+9.06 0.004*
Axial CSA at compression
SC (mm?) 68.95+15.18 67.60+15.44 68.03+£15.92 0.637
CSF area (mm?) 79.77 +33.89 77.33+30.78 76.51+£35.26 0.594
CSF reserve ratio (%) 51.55+13.08 51.60+13.37 50.50+14.31 0.759
Sagittal diameter at compression
SC (mm) 5.04+1.29 4.70+1.26 4.59+1.55 0.006*
Dural sac (mm) 6.45+0.72 6.33+0.69 6.61+0.82 0.002%
Cord occupation rate (%) 78.02+£17.31 74.36£18.07 69.07 +20.62 <0.001*
Axial diameter at compression
SC (mm) 5.97+1.02 5.67+1.05 5.48+1.49 0.015*
Dural sac (mm) 10.31+£1.96 10.19+1.97 10.04+£2.25 0.472
Cord occupation rate (%) 59.49+12.43 55.60+9.61 56.64+16.39 0.096

Values are presented as mean + standard deviation.
CSA, cross-sectional area; SC, spinal cord; CSF, cerebrospinal fluid.
*p <0.05, statistically significant differences.

https://doi.org/10.14245/ns.2448166.083
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Fig. 4. Increase of SI grade and cervical stenosis during extension. A 53-year-old male was diagnosed with cervical spondylotic
myelopathy due to a herniated cervical disc at C4-5-6. (A) Flexion-positioned magnetic resonance imaging (MRI) showed in-
tramedullary faint SI (G1) at C4-5 and no effacement of subarachnoid space. (B) Neutral-positioned MRI showed complete
obliteration of the anterior subarachnoid space (Muhle grade 2). (C) Extension-positioned MRI showed severe cord impinge-
ment at C4-5-6 (Muhle grade 3) and intense intramedullary SI (G2). (D) Flexion-positioned axial view showed cord compres-
sion, but the subarachnoid space was not obliterated. (E) On the neutral axial T2-weighted imaging (T2WTI), effacement on the
right anterior subarachnoid space was noted. (F) On extension-positioned axial T2WI, intense intramedullary SI (G2) was ob-

served.

patients with SI in a neutral position displayed no SI in a flexion
MRI. Compared with the neutral position, the extension-posi-
tioned MRI increased compression levels in 122 of 191 (63.87%)
patients. On the other hand, flexion-positioned MRI decreased
compression levels in 16 of 191 patients (8.38%). Moreover, upon
analysis of Muhle classification, the grade of cervical stenosis
increased in the extension posture compared with the neutral
and flexion postures (Table 3).

3. Radiological and Clinical Findings According to the

Severity of Signal Intensity

Patients who had intensely high SI on T2WI before surgery
had significantly lower preoperative JOA scores and recovery
ratios (10.09% £ 2.33% and 79.82% + 15.26%, respectively) com-
pared with those who did not have SI changes (12.09% +2.13%
and 92.93% + 6.35%, respectively). The mean preoperative cer-
vical ROM was more prominent in patients with intensely high
SI change compared with those with no SI, with values of 45.04° +
18.90° in SI G2, 35.05°+15.63° in SI G1, and 30.34°£12.31° in
SI GO (p<0.001) (Table 4). Moreover, there was no difference

448 WwWww.e-neur ospine.org

Table 3. Change of signal intensity and cervical stenosis ac-
cording to neck motion

Variable Flexion Neutral Extension
SI grade
GO 73 (38.22) 70 (36.65) 67 (35.08)
Gl 44 (23.04) 47 (24.61) 50 (26.18)
G2 74 (38.74) 74 (38.74) 74 (38.74)
Muhle grade
GO 8 (4.19) 0 (0) 0 (0)
Gl 76 (39.79) 90 (47.12) 36 (18.85)
G2 71 (37.17) 64 (33.51) 68 (35.60)
G3 36 (18.85) 37 (19.37) 87 (45.55)

Values are presented as number (%).
S, signal intensity; G, grade.

between ROM on dynamic radiographs and dynamic MRI (p=
0.3296).

4. Interobserver Reliability
For the CSA assessment, interobserver reliability was classi-

https://doi.org/10.14245/ns.2448166.083
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Table 4. Radiological and clinical findings according to signal intensity

SI grade GO (n=70) Gl (n=47) G2 (n=74) p-value
No. of compression lesions 3.61£0.99 3.51+1.09 3.36+£0.97 0.319

Preop JOA 12.09+£2.13 11.11+£2.32 10.09+2.33 <0.001*
Postop JOA 15.89+1.02 14.64+1.65 14.11+£1.92 <0.001*
Recovery rate (%) 92.93+6.35 83.35+12.24 79.82+£15.26 <0.001*
ROM on dynamic x-ray 27.68+9.99 33.88+15.89 43.61+14.43 <0.001*
ROM on MRI 30.34+12.31 35.05+15.63 45.04+18.90 <0.001*

Values are presented as mean + standard deviation.
SI, signal intensity; JOA, Japanese Orthopaedic Association; ROM, range of motion; MRI, magnetic resonance imaging.
*p<0.05, statistically significant differences.

Table 5. Interobserver reliability of the radiological parameters

Variable Flexion Neutral Extension

Sagittal CSA of SC 0.95 (0.94-0.96) 0.87 (0.83-0.91) 0.85 (0.81-0.89)
Sagittal CSA of CSF 0.93 (0.92-0.95) 0.91 (0.87-0.93) 0.87 (0.80-0.91)
Axial CSA of SC 0.95 (0.93-0.96) 0.90 (0.88-0.93) 0.91 (0.87-0.92)
Axial CSA of CSF 0.92 (0.89-0.94) 0.91 (0.88-0.93 0.94 (0.92-0.95)
Sagittal diameter of SC 0.94 (0.92-0.95) 0.88 (0.84-0.91 0.87 (0.83-0.90)

0.81 (0.75-0.86)
0.93 (0.91-0.95)
0.89 (0.86-0.92)

Sagittal diameter of dural sac
Axial diameter of SC

Axial diameter of dural sac

0.81 (0.76-0.86)
0.89 (0.86-0.92)

)
)
0.82 (0.75-0.86)
)
) 0.90 (0.87-0.93)

(

(
0.87 (0.83-0.90
0.85 (0.80-0.89

Values are presented as intraclass confidence correlation (95% confidence interval).

CSA, cross-sectional area; SC, spinal cord; CSFE, cerebrospinal fluid.

fied as “very good agreement” (ICC between 0.85 and 0.95) at
the compressed level and in the neutral, flexion, and extension
positions (Table 5). The interobserver reliability for cord and
dural sac diameters was classified as “very good agreement”
(ICC between 0.81 and 0.94) at the compressed level and in the
neutral, flexion, and extension positions. Details are presented
in Table 5. The interobserver reliability was found to be very
good, with a Cohen k coefficient of 0.99 for the intramedullary
SI grade on sagittal T2WT and 0.99 for the detection of the Muh-

le grade of cervical stenosis.

DISCUSSION

Several previous researchers used quantitative MRI to mea-
sure the SC’s transverse area or the diameters of compressed le-
sions.>*'® They reported that the spinal canal becomes narrow-
er when the neck is extended.”"” However, no previous prospec-
tive research analyzed changes in the CSAs of the SC and sub-
arachnoid space or changes in intramedullary SI in the sagittal
plane using dynamic MRI. The present study compared the

https://doi.org/10.14245/ns.2448166.083

morphometric measurements of the SC in kinematic motion
among patients with CSM and investigated the relationship be-
tween cervical motion, myelopathic symptoms, and the severity
of SI. The results revealed that the morphometric SC was more
compressed during neck extension than during neck flexion or
neutral positions. The sagittal plane of T2WT on magnetic reso-
nance was more effective than axial T2WT in detecting changes
in the CSA of the cord and CSF reserve ratio. The diameter of
the cord became smaller during neck extension on axial and
sagittal MRI. The severity of SI on T2WI was more prominent
in extension-positioned MRI than in flexion-positioned MRI.
Additionally, patients with a higher grade of SI had a more com-
prehensive range of neck motion before the surgery and experi-
enced an unfavorable recovery after surgery.

Hyperextension of the neck causes canal narrowing by induc-
ing buckling ligamentum flavum and the laminae, and the cord
impinges anteriorly against a disc or bony spur. They will induce
a higher intrinsic pressure, increasing axial tension and poten-
tial ischemic injury.® This “pincer effect” repeatedly aggravates

SC compression, leading from mild myelopathic symptoms to

www.e-neurospine.org 449
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severe myelopathy."” A previous report showed the narrowing
of the spinal canal by 17%-29% in extension MRI, but canal di-
ameter measurements were performed in only 2 cases.”” We
measured the CSA on T2WI, and our results showed 8.57%
narrowing of the CSA of the spinal canal on the sagittal plane
on T2WI MR by neck extension but no change of the spinal ca-
nal on the axial plane during extension position. During flexion,
the cervical SC is stretched and more anterior in the canal.”
Uchida et al. reported increased SC compression during neck
flexion in patients with cervical myelopathy.**"** In contrast to
previous reports, flexion-positioned MRI may reflect a state
without SC compression, as the spinal canal is enlarged by the
neck flexion position.”” Watanabe et al.** measured the SC pres-
sure at the C5-6 level in 20 patients with CSM. The authors
found that compressive forces to the dura at the stenotic level
were low in neutral and flexion positions but increased in neck
extension. The pressure increased to 23.6+7.5 mmHg with
neck extension and decreased to 5.3 +2.7 mmHg with flexion.
In this study, we found that the spinal canal sagittal CSA in-
creased by 2.54% in a flexion position compared with a neutral
position as analyzed on MRI. In cadaveric studies, it was deter-
mined that flexion stretched the cervical SC while extension
loosened it.>® Thus, the subarachnoid space should be consid-
ered a buffer for cord compression rather than the spinal canal.
Mubhle et al. reported shortening of the subarachnoid space
during neck extension.® In this study, we measured the CSF re-
serve as a subarachnoid space, including values of both SC and
CSF during neck motion. We observed a significant difference
in the CSF reserve ratio between flexion and extension, with a
smaller ratio in extension than in flexion. The sagittal plane of
T2WI was more effective than axial T2WT in detecting changes
in the CSA of the cord and CSF reserve ratio.

Signal change on T2WT at the level of cord compression is an
important prognostic factor that also correlates with the severity
of CSM."” Some pathologies may not be visible on static MRI.
Zeitoun et al*** stated that extension-positioned MRI did not
help to identify intramedullary SI change due to significant cer-
vical canal stenosis and cord compression. Flexion-positioned
MRI permits better intramedullary high SI visualization on a
T2-weighted sequence.”* Our present findings are not in agree-
ment with these previous observations. There is a correlation
between the severity of cord compression and the SI change, as
reported in the literature.>'”*” Patients with more advanced spon-
dylosis had significantly more stenosis at dynamic positions
compared with those with less advanced disease.*'"*> We showed

a significant increase in cord impingement in extension (87 of
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191 patients, 45.5%) versus flexion (36 of 191 patients, 18.8%)
in CSM, which is consistent with the findings of other studies.®
We observed an increase in the prevalence of intramedullary SI
change in extension (64.92%) versus flexion (61.78%). We found
that 4.3% of patients with no SI in a neutral position changed
into SI change in an extension MRI and 6.4% of patients with
SI in a neutral position changed into no SI in a flexion MRI.
Based on our results, extension-positioned MRI provides a more
reliable evaluation of high intramedullary SI than the neutral
and flexion positions.

The increase in SI in the neck extension position has several
possible explanations. The intramedullary signal changes on
T2WI were presumed to indicate myelomalacia or cord gliosis
secondary to long-standing compression of the SC.***** Previous
experimental studies support the notion that chronic compres-
sion of the SC leads to diminished blood flow, and that ischemia
to the cord is the pathophysiological mechanism of cervical com-

pressive myelopathy.***!

The presence of a high SI lesion on
T2WI was observed in patients with a more constricted or nar-
row SC, and the intensity of the signal change increased over
time.” In the early stage, an intramedullary SI change on an
MRI reflects cord edema. In the intermediate stage, a signal
change reflects cystic necrosis of the central gray matter after
prolonged cord edema.”” Ramanauskas et al.”* reported that, in
the early and intermediate stages, the SC exhibited high SI on
T2WI, whereas at a later stage, the SC manifested low SI on T1-
weighted imaging (TTWTI) and high ST on T2WI. In our study,
the extension-positioned MRI presented a narrower CSA of the
compressed cord and a lower CSF reserve ratio than the flex-
ion- or neutral-positioned MRI, and compression of the SC ag-
gravates ischemia of the cord. In reversible intramedullary sig-
nal changes, SC compression is aggravated during neck exten-
sion, causing the cord SI change to intensify; conversely, during
neck flexion, SC compression improves slightly, and the result-
ing intramedullary SI change could mask the spinal SI change.
An intramedullary SI change might become irreversible if this
phenomenon occurs repeatedly over time, such as alow ST on a
TIWI MRL Patients with preoperatively low SI on TIWI MRI,
that is, a snake eye appearance, had poor neurological outcomes
after decompression.>*

Dynamic MRI can reveal detailed compression levels, but
static MRI might not show cord compression.>** We found that
compression levels increased by 63.87% when patients under-
went an extension-positioned MRI. SC compression might be
observed in asymptomatic patients on neutral MRI, and not
every compression level is clinically significant.”** The increase
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in compression levels found in extension MRI should be con-
sidered when determining whether surgical treatment and sur-
gical level expansion are necessary. As it is difficult to statisti-
cally show the influence of dynamic MRI on surgical decision-
making in this study, we have included example cases in the
supplementary figures (Supplementary Figs. 1-3). In the future,
we plan to investigate how changes in dynamic MRI caused by
neck movement affect changes in surgical treatment strategies.
A multicenter expert opinion study is needed to investigate the
clinical relevance and effectiveness of dynamic magnetic reson-
snce images.

Previous studies showed that the anteroposterior diameter of
the dural sac and SC is shorter during extension than flexion."**
Machino et al.”? confirmed that the anteroposterior diameter of
the dural sac and SC in patients with CSM is significantly shorter
than that in asymptomatic subjects. This study has shown that
the sagittal spinal canal diameter and cord occupancy rate dif-
fer significantly during neck motion. The compressed cord di-
ameter decreases in the extension position rather than in flex-
ion. Accurately assessing the difference in diameters on the axi-
al view can be challenging in cases of severe cord compression.

Stretch and shear forces are a leading cause of myelopathy,
supported by evidence from various experimental models, in-
cluding neural injury, tethered cord syndrome, and diffuse axo-
nal injury."" Studies have shown that segmental instability and
mobility of the cervical spine play a significant role in the onset
and prognosis of CSM.*"! However, there is limited data on the
relationship between cervical motion, high SI, and the severity
of myelopathy symptoms. There are several grading systems for
SI changes in the SC, but most focus on 2 intensity types: faint/
fuzzy or intense/well-defined.** In the present study, there was
a correlation between greater neck ROM and more severe SI
changes. With respect to neurological outcomes based on the
severity of S, the patients with no signal changes on T2WT had
greater improvement in the JOA recovery ratio than patients with
faint or intense SI changes on T2WL.

Dynamic MRI has benefits in identifying missed pathologies
not visible on static MRI, such as changes in compressed levels
and SI grade. In the following cases, we recommend routine or
additional dynamic MRI for more benefits. Dynamic MRI has
the potential to enable an early diagnosis when patients exhibit
signs of myelopathy without severe cord compression or SI chang-
es in static MRI by allowing the clinicians to assess changes in
SC compression according to neck movement. Dynamic MRI
can be helpful in planning the proper surgical position, and
surgical decompression can be performed carefully when a se-
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verely compressed lesion is fully understood. Surgeons need to
prescribe dynamic MRI to evaluate compression lesions and
determine the appropriate surgical approach and levels. Dy-
namic MRI can also be helpful in assessing severe spondylosis
in elderly patients with cervical myelopathy to determine which
of the multilevel compression lesions caused by a bony spur or
disc protrusion is the most compressed. On the other hand, dy-
namic MRI has the potential risk of symptom exacerbation,
such as developing weakness in the upper or lower extremities,
spasticity, or gait disturbance. As the potential benefits of dy-
namic MRI must be weighed against the risks of symptom wors-
ening, dynamic MRI should be performed with careful consid-
eration in patients with severe compressive myelopathy who
have disc protrusions, osteophyte formation, hypertrophied lig-
amentum flavum, cervical canal stenosis, or segmental instabil-
ity. In addition, it is crucial to consider the cost-effectiveness
and time requirements of dynamic MRI. In Korea, a dynamic
MRI can cost an additional USD 300 and take an extra 20 min-
utes compared with a routine cervical MRL

In clinical practice, it is essential to avoid neck hyperextension
exercises, which can exacerbate cervical conduction abnormali-
ties and lead to severe cervical myelopathy.* Before conducting
a dynamic MR, it is recommended that the patient’s neck flex-
ion and extension motion be practiced. If patients develop pa-
ralysis of their upper or lower extremities, worsening of neuro-
logical deficits, or intolerable numbness in both hands during
the neck motion trial, a dynamic MRI would not be indicated
because it dangerously exacerbates the symptoms. Also, patients
with intense SI on static MRI must carefully perform flexion-
and extension-positioned MRIs. Dynamic MRI should only be
conducted during the daytime, and the patient should be closely
monitored by the doctor throughout the test. We received per-
mission from the patients before we conducted dynamic MRIs,
and they made it clear that they would call for a halt to the pro-
cedure immediately if any symptoms, such as numbness or weak-
ness, worsened. During our study period, 2 patients had to dis-
continue the dynamic MRI due to claustrophobia or panic symp-
toms, even after being given sedatives. However, none of the
patients experienced neurological deficits that worsened during
the dynamic MRL

Dynamic MRI is a diagnostic tool that can reveal pathological
phenomena that might not be visible in static MRI. However, it
can worsen neurological deficits due to severe SC compression
in the extended posture. Therefore, it should never be used in
cases of traumatic instability, and it is contraindicated in cases
of traumatic spinal hematoma or spontaneous spinal epidural
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hematoma.

This study had several limitations. The study included a small
number of patients and did not consider other cervical align-
ment parameters, such as T1 slope, TIA, neck tilt, C2-7 sagittal
vertical axis, or rotational motion. We included surgical cases
and did not evaluate nonoperative cases. We focused on the de-
gree of morphological cord compression visible on MRI using
quantitative measurements in cervical myelopathic patients who
needed surgery. Moreover, we only used T2-weighted images
for data measurements as TIWI was not performed on dynam-
ic motion due to high costs and the national insurance policy.
The degrees of neck motion were not standardized for dynamic
MRI due to pain or neurological deficits limiting neck motion.
Additionally, the study was performed using dynamic supine
MRI, which does not resemble physiological status in the up-
right position. However, our results showed no significant dif-
ference in ROM between cervical dynamic x-ray and dynamic
MRI. We plan to perform further research to investigate the
numerical value of signal change on TIWI and T2WT in a large
number of patients with cervical myelopathy. Nonetheless, our
current findings may be helpful in considering the decision of
surgical levels and approaches for patients with CSM.

CONCLUSION

Dynamic MRI is a valuable tool for evaluating the physiolog-
ical state during neck movement. We found that dynamic MRI
identified the severity of cord compression and the prevalence
of SI change and detected missed lesions more effectively than
static MRI. The severity of intramedullary high SI is more prom-
inent in an extended position. Patients with a higher grade of SI
had a wider range of neck motion before surgery and experienced
a less favorable recovery after surgery. The degree of cervical
stenosis and cord compression on neck extension increased, and
cervical spinal motion contributed to the severity of CSM, par-
ticularly in a hyperextension posture, which may help avoid ag-
gravating myelopathic symptoms.

NOTES

Supplementary Materials: Supplementary Figs. 1-3 can be
found via https://doi.org/10.14245/ns.2448166.083.
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Supplementary Fig. 1. Multilevel cord compression during extension. A 73-year-old male was diagnosed with cervical spondy-
lotic myelopathy due to a herniated cervical disc and bony spur at C5-6-7. (A) Flexion-positioned magnetic resonance imaging
(MRI) showed cord compression decrease at C5-6-7 and no effacement of the subarachnoid space. (B) Neutral-positioned MRI
showed partial obliteration of the anterior subarachnoid space at C5-6-7. (C) Extension-positioned MRI showed severe cord
impingement at C3-4-5-6-7 and complete cord compression at C3-4-5. (D) We performed cervical selective laminoplasty and
fusion C3-4-5-6-7, and his upper and lower weakness improved after the surgery.
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Supplementary Fig. 2. Mild cord compression in neutral-positioned magnetic resonance imaging (MRI). A 55-year-old female
was diagnosed with cervical spondylotic myelopathy due to a herniated cervical disc and bony spur at C5-6. (A) Flexion-posi-
tioned MRI showed mild cord compression decrease and no effacement of the subarachnoid space at C5-6. (B) Neutral-posi-
tioned MRI showed a partial anterior subarachnoid space at C5-6. (C) Extension-positioned MRI showed severe cord impinge-
ment at C5-6 and intense intramedullary SI (G2). (D) We performed anterior cervical discectomy and fusion C5-6, and she ex-
perienced an improvement in her arm and leg weakness and numbness.
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Supplementary Fig. 3. A pathological lesion with no visible compression lesion in neutral-positioned magnetic resonance im-
aging (MRI). A 57-year-old male had undergone anterior cervical discectomy and fusion (ACDF) with a standalone cage on
C3-4 10 years ago and had upper extremities weakness and ataxic gait aggravation one year previously. He was diagnosed with
cervical spondylotic myelopathy, but no cord compression was found. (A) Flexion-positioned MRI showed SI at C3-4 and C5-6
but no cord compression. (B) Neutral-positioned MRI did not show any cord compression. (C) Extension-positioned MRI
showed severe cord impingement at C4-5 and an increase in the intramedullary SI (G2) at C5-6. (D) We performed ACDF C4-
5-6, and he showed improved gait disturbance and weakness in the upper extremities after surgery.
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