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Abstract

Background and Purpose: The timing of decision-making for a surgical intervention in
patients with mild degenerative cervical myelopathy (DCM) is challenging. Spinal cord
motion phase contrast MRI (PC-MRI) measurements can reveal the extent of dynamic
mechanical strain on the spinal cord to potentially identify high-risk patients. This study
aims to determine the comparability of axial and sagittal PC-MRI measurements of spinal
cord motion with the prospect of improving the clinical workup.

Methods: Sixty-four DCM patients underwent a PC-MRI scan assessing spinal cord
motion. The agreement of axial and sagittal measurements was determined by means of
intraclass correlation coefficients (ICCs) and Bland-Altman analyses.

Results: The comparability of axial and sagittal PC-MRI measurements was good
to excellent at all cervical levels (ICCs motion amplitude: .810-940; p < .001). Sig-
nificant differences between axial and sagittal amplitude values could be found at
segments C3 and C4, while its magnitude was low (C3: 0.07 + 0.19 cm/second; C4:
—0.12 + 0.30 cm/second). Bland-Altman analysis showed a good agreement between axial
and sagittal PC-MRI scans (coefficients of repeatability: minimum —0.23 cm/second at
C2; maximum —0.58 cm/second at C4). Subgroup analysis regarding anatomic conditions
(stenotic vs. nonstenotic segments) and different velocity encoding (2 vs. 3 cm/second)
showed comparable results.

Conclusions: This study demonstrates good comparability between axial and sagittal
spinal cord motion measurements in DCM patients. To this end, axial and sagittal PC-MRI
are both accurate and sensitive in detecting pathologic cord motion. Therefore, such mea-
sures could identify high-risk patients and improve clinical decision-making (ie, timing of

decompression).

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Journal of Neuroimaging published by Wiley Periodicals LLC on behalf of American Society of Neuroimaging.

J Neuroimaging. 2022;1-13.

wileyonlinelibrary.com/journal/jon 1


https://orcid.org/0000-0003-0845-2514
mailto:Markus.Hupp@balgrist.ch
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://wileyonlinelibrary.com/journal/jon
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjon.13035&domain=pdf&date_stamp=2022-08-12

JOURNAL OF

COMPARISON OF SPINAL CORD MOTION MEASUREMENTS

THE OFFICIAL IOURNAL OF THE AMERICAN SOCIETY OF NEUROIMAGING

KEYWORDS

cervical stenosis, degenerative cervical myelopathy, phase contrast MRI, spinal cord compression,
spinal cord oscillation, spinal cord motion

INTRODUCTION

Degenerative changes of the cervical spine may result in cervical
spinal stenosis with consecutive spinal cord compression leading to
the clinical imprint of degenerative cervical myelopathy (DCM). DCM
is the most common cause of nontraumatic incomplete spinal cord
injury.12 While standard of care is decompressive surgery in DCM
patients with moderate and severe impairments, treatment decisions
(operative vs. conservative) in mild DCM are still challenging.® The
clinical assessments such as modified Japanese Orthopaedic Asso-
ciation (mJOA) score are good ad hoc measures but are rather
insensitive to reveal deterioration at an early stage of DCM and to
identify patients at risk.* The pathophysiology of DCM is attributed
to immediate (ie, direct or static) cord compression, spinal malalign-
ment leading to altered cord tension, impaired vascular supply, and
repeated dynamic injury.>~8 Dynamic spinal cord injury is often nar-
rowed to segmental hypermobility; however, cardiac-related peri-
odic cord motion may play a by far underestimated role in this
pathophysiological consideration. The cervical spinal cord is subject
to a physiological craniocaudal motion supposedly due to cardiac
pulse wave dynamics, which can be assessed by phase contrast
MRI (PC-MRI).?10 Previous studies, applying 2-dimensional PC-MRI,
demonstrated increased spinal cord motion at the level of a cervi-
cal spinal stenosis.!1"1> Interestingly, increased motion was associ-
ated with sensorimotor deficits'21* and impaired electrophysiological
readouts.’*1> Thus, altered spinal cord motion may be a poten-
tial biomarker of spinal cord dysfunction, identifying patients at risk
for disease progression. However, to date no standardized PC-MRI
protocol has been established (plethora of readouts of spinal cord
motion1214-17; axjal?-11.15.18 and sagittal PC-MRI1216.17.19) Recently,
sagittal phase contrast measurements'®1” and the axial imaging”!!
were reported to assess craniocaudal spinal cord motion. However,
the agreement between these two approaches remains unclear. While
axial measurements are adapted to the alignment of the spinal cord
(slice orientation perpendicular to the spinal cord; Figure 1A), sagit-
tal measurements may be confounded by a misalignment of the spinal
cord in the sagittal field of view, causing a systematic measurement
error.

This study therefore aims to determine the agreement of axial and
sagittal PC-MRI measurements of spinal cord motion with the prospect
of improving the clinical workup of DCM patients. We hypothesized
that sagittal spinal cord motion measurements may be confounded by
the misalignment of the spinal cord within the field of view and can
therefore not be as accurate as axial measurements that are aligned

perpendicular to the spinal cord.

METHODS
Study design and population

This prospective, cross-sectional, single-center study recruited 64
DCM patients from the outpatient clinic of the University Spine Center,
University Hospital Balgrist, Zurich between March 2019 and August
2021. Inclusion criteria were as follows: a cervical spinal stenosis on
T2-weighted (T2w) MRI; clinical symptoms consistent with DCM (ie,
pain, sensory, or motor deterioration in the upper or lower limbs, gait,
or bladder dysfunction); no other neurological disorder (identified by
medical history and neurological examination); age 18-80 years; and no
MRI contraindications. Symptom severity and functional impairment
were assessed with the mJOA score?® and complementary clinical
examinations (ie, a thorough standardized neurological examination
according to the International Standards for Neurological Classifica-
tion of Spinal Cord Injury including segmental sensory assessments and
motor scores?!; the Graded and Redefined Assessment of Strength
and Prehension for hand function??). DCM was diagnosed in patients
with at least one clinical symptom and sign of cervical myelopathy?3
complemented by corresponding stenosis in cervical spine MRI. Some
patients in our population were rated with an mJOA score of 18, while
symptoms consistent with DCM were observed in the complementary

assessments.

Standard protocol approvals, registrations, and
patient consents

This prospective study was approved by the local ethics commit-
tee (Kantonale Ethikkommission Zurich, KEK-ZH 2012-0343, BASEC
Nr. PB_2016-00623) and registered (www.clinicaltrials.gov; NCT
02170155). The work described has been carried out in accordance
with The Code of Ethics of the World Medical Association (Declara-
tion of Helsinki) for experiments involving humans. Informed consent
was obtained from all participants prior to study enrolment. Study data
were collected and managed using REDCap electronic data capture

tools hosted at Balgrist University Hospital, Zurich, Switzerland.2*
Imaging
The MRI setup was supported by a radiologist (RS) and a physicist (MK).

All subjects underwent a 3T MRI scan (MAGNETOM Prisma; Siemens
Healthcare GmbH, Erlangen, Germany) including sagittal T2w and axial
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FIGURE 1

Illustrative example of axial and sagittal phase contrast measurements. In a patient with a multisegmental cervical stenosis,

maximum stenosis was observed at segment Cé (A; midsagittal T2 weighted [w]; B; axial T2w). Spinal cord motion was assessed with an axial phase
contrast-MRI (PC-MRI) slice (C), orientated perpendicular to the spinal cord (A; red line showing slice orientation) with a predefined region of
interest (ROI) (C; axial PC-MRI; segment C6; ROI = red ellipse). In sagittal phase contrast imaging, all cervical segments were obtained with a
predefined ROI (D; midsagittal T2w; E; midsagittal PC-MRI; ROls = red circles). Velocity in PC-MRI (C, axial PC-MRI; E, sagittal PC-MRI) was

encoded in gray values, while darker colors represent higher caudal motion.

TABLE 1 Parameters of MRl sequences

Axial T2w Sagittal T2w Axial PC Sagittal PC
TE (ms) 93 87 12.36 12.36
TR (ms) 3600 3760 60.84 60.28
Slice thickness (mm) 3 2.5 5 5
Flip angle (°) 90/150 90/160 10 10
Field of view (mm) 160 220 140 180
Bandwidth (Hz/px) 284 260 355 355
Base resolution 320 384 256 256
Phase resolution 80% 75% 50% 50%
Spatial resolution (mm3) 0.5x0.6x3.0 0.6x08x25 0.3x0.6x5.0 0.4x0.8x5.0
Parallel imaging technique GRAPPA 2 None None None

Abbreviations: GRAPPA, GeneRalized Autocalibrating Partial Parallel Acquisition; TE, echo time; TR, repetition time; w, weighted.

T2w MRI. Spinal cord motion was assessed with sagittal and axial
PC-MRI retrospectively cardiac gated using a finger clip (MRI param-
eters are listed in Table 1). The 2-dimensional phase contrast sequence
encoded craniocaudal spinal cord motion. The velocity encoding (venc)
value was set to 2 or 3 cm/second (from April 2020) based on previous
findings of cord motion.” 1271518 \ie|ocity signal was assessed within 20
time points during a cardiac cycle and 128 cardiac cycles were acquired
per measurement. Slice orientation in axial PC-MRI (measurement at
the corresponding intervertebral disc level) was adjusted perpendicu-
lar to the spinal cord (Figure 1A); sagittal phase contrast measurements
were placed midsagittal into the spinal cord (Figure 1D). While in sagit-
tal PC-MRI no adaption to the alignment of the spinal cord is possible

for each individual cervical segment, it may be confounded by the mis-
alignment of the cord to the vertical reference line within the field
of view (Figure 2), which may cause a systematic measurement error.
Total acquisition time was approximately 23 minutes.

Cervical segments were classified as “stenotic” or “nonstenotic.”
A stenotic segment was defined as a loss of the cerebrospinal fluid
(CSF) signal in axial T2w imaging ventral and dorsal to the spinal cord.
Segments with visible CSF signal in axial T2w imaging ventral and/or
dorsal to the spinal cord were defined as nonstenotic. In axial PC-
MRI in patients with a monosegmental stenosis, the C2 segment and
the stenotic segment were measured. In patients with a multisegmen-
tal stenosis, the C2 segment and the most stenotic segment (defined
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FIGURE 2 Misalignment of the spinal cord in sagittal phase contrast MRI. In a patient with a multisegmental cervical spinal stenosis, the spinal
cord shows a lordotic flection (A; midsagittal T2 weighted [w]; red circles representing phase contrast MRI [PC-MRI] regions of interest). In axial
imaging, the slice orientation was adjusted perpendicular to the spinal cord (B; midsagittal T2w, magnification of the red section in panel A, white
dotted line representing the orientation of the axial PC-MRI slice), measuring appropriately through plane craniocaudal spinal cord motion. In
contrast, in sagittal PC-MRI spinal cord motion was assessed craniocaudal within the field of view (B; midsagittal T2w; magnification of the red
section in panel A; green arrow represents the orientation of the craniocaudal PC-MRI velocity measurements), while the spinal cord was
misaligned to the vertical reference line (B; sagittal T2w; magnification of the red section in panel A; dotted red line representing the spinal cord
orientation at the level of the cervical disc C6/C7). The misalignment (B; sagittal T2w; magnification of the red section in panel A; misalignment
angle a) may confound craniocaudal spinal cord motion measurements by a systematic measurement error.

as maximum spinal canal narrowing) were measured. The stenotic
respectively the most stenotic segment was judged visually in T2w
imaging by two investigators (NP, MH; consultant neurologists). In all
patients, additional axial PC-MRI measurements at as many as possible
other stenotic (multisegmental stenosis) and nonstenotic (monoseg-
mental and multisegmental stenosis) cervical segments were obtained.

In sagittal PC-MRI, all cervical segments were measured.

Imaging analysis

Image processing was performed using the Horos free DICOM viewer
(www.horosproject.org) by two experienced investigators (NP, MH;
consultant neurologists). Phase contrast images were visually con-
trolled for artifacts prior to image processing. In axial phase contrast
measurements, craniocaudal spinal cord motion was determined by
a predefined ellipsoid-shaped region of interest (30.56 mm?) mid-
centered into the spinal cord (Figure 1C). In sagittal measurements,
a predefined round-shaped region of interest (20.03 mm?) was cen-
tered on the spinal cord at the corresponding cervical intervertebral
disc level (Figure 1E). Velocity calculation was conducted as reported
previously.”11 PC-MRI spinal cord motion readouts included the ampli-
tude (maximum negative peak to maximum positive peak) of the

velocity signal over the cardiac cycle. The misalignment angle a was

measured between the spinal cord orientation at the segmental cervi-
cal disc level (perpendicular to the axial PC-MRI slice; red dotted line;
Figure 2) and the vertical reference line (orientation of the craniocau-
dal velocity measurement; green arrow; Figure 2) within the field of
view.

Statistical analysis

Statistical analysis was conducted using SPSS (IBM SPSS Statistics for
Windows, Version 26.0. Armonk, NY; IBM Corp). Metrics are reported
as group mean =+ standard deviation (SD). Statistical significance was
set at <.05. Spinal cord motion values were compared in each cervical
segment (C2 = segment C2/C3; C3 = segment C3/C4; C4 = segment
C4/C5; C5 = segment C5/Cé; Cé6 = segment C6/C7) separately, as
previous work showed significant differences of spinal cord motion
between the cervical segments.?1¢ At segment C7/T1, no comparison
of axial and sagittal PC-MRI was possible as no axial measurement was
available.

Statistical analyses were conducted in the whole group (all col-
lected measurements); additional subgroup analysis was performed
with regard to the velocity encoding (2 vs. 3 cm/second) and in stenotic
and nonstenotic segments separately. All data were tested for nor-

mal distribution by means of histograms and Shapiro-Wilk test. If
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differences of axial minus sagittal spinal cord motion values were
normally distributed (all measurements: amplitudes C4, C5, and Cé;
subgroup venc 2 cm/second: amplitudes C4, C5, and Cé; subgroup venc
3 cm/second: amplitudes C2, C3, C5, and Cé; subgroup nonstenotic
segments: amplitudes C3 and C5; subgroup stenotic segments: ampli-
tudes C4, C5, and C6), a one-sample t-test was used to test if the
mean differences of the amplitude values between the two methods
(ie, axial minus sagittal PC-MRI value) were significantly different from
zero. In not normally distributed data, a one-sample Wilcoxon test was
used. If the mean or median difference of a parameter was different
from zero, there was no agreement between axial and sagittal PC-
MRI measurements. Comparability of axial and sagittal PC-MRI was
examined by intraclass correlation coefficients (ICCs; single measures,
two-way mixed effects model, absolute agreement) and Bland-Altman
analysis?° to estimate limits of agreement between the two (ie, axial
vs. sagittal PC-MRI) methods. The ICC values were characterized as
follows: “poor” for <.50, “moderate” for .50-.74, “good” for .75-.90, and
“excellent” for >.90.26 Between subgroup differences were evaluated
with the Mann-Whitney U test (amplitude differences; amplitude val-
ues; age; misalignment angle of the spinal cord) and Fishert's exact
test (number of stenotic segments; proportion of measurements in
stenotic segments; site of the maximum spinal cord compression; sex).
Correlations between the amplitude differences and the misalignment
angle a and between the amplitude difference and the correspond-
ing amplitude mean value were tested by calculation of Spearman-Rho

coefficients.

Data availability

The MRl data acquired and processed in the present study are available
from the corresponding author upon request with the need for a formal
data sharing agreement.

RESULTS
Patient demographics

Sixty-four patients (40 (62.5%) male; age: 56.6 + 14.7 years) were
enrolled (Table 1). Twenty-three patients (35.9%) presented with a sin-
gle stenosis, and 41 (64.1%) had multiple stenotic segments (number
of stenotic segments: 2.05 + 1.02). mJOA score ranged from 11 to 18
(15.70 + 2.14). Twenty-five (39.1%) patients showed hyperintensity
on T2w MRI consistent with myelopathy. In 64 patients with avail-
able sagittal phase contrast imaging (320 segmental measurements
in segments C2-C6), a total of 270 segmental axial PC-MRI measure-
ments were performed (Table 2). Five axial (1.9%) and 18 sagittal
(5.6%) segmental PC-MRI measurements were excluded from analy-
sis due to artifacts (Table 2). Artifacts in PC-MRI could be attributed
to aliasing due to low velocity encoding in axial and sagittal mea-

surements, to infolding artifacts of the shoulders in caudal cervical
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segments in axial measurements, and to unproper slice placement and
motion artifacts (2 patients = 12 segmental datasets) in sagittal mea-
surements. In total, 62 values of axial and sagittal measurements could
be compared at segment C2, 43 at C3, 51 at C4, 54 at C5, and 41
at Cé.

Spinal cord misalignment in sagittal PC-MRI

Misalignment of the spinal cord to the vertical reference within the
field of view in sagittal MRI (Figure 2), potentially causing a systematic
measurement error, was most prominent at Cé6(13.24 + 8.27°), but less
at segments C2 (6.43 + 4.53°), C3 (7.32 + 4.47°), C4 (8.26 + 6.07°),
and C5 (8.53 + 7.10°). No correlations could be found between the
amplitude differences and the misalignment angles in any segment
(p>.169).

Differences of spinal cord motion values between
axial and sagittal measurements

Segmental axial and sagittal amplitude values are illustrated in Table 3
(group mean) and Figure 3 (all measurements; individual values). Over
all measurements (venc 2 and 3 cm/second; stenotic and nonstenotic
segments), the test of the median or mean differences of the amplitude
values (axial minus sagittal PC-MRI values) showed significant differ-
ences to zero at the cervical segments C3 (0.07 + 0.19 cm/second;
p=.001) and C4 (—0.12 + 0.30 cm/second; p = .008; Table 3).

While results in the whole patient group may be confounded
by different measurement techniques (ie, different venc used
for measurements) and anatomic conditions (ie, measurements
in stenotic vs. nonstenotic segments), subgroup analyses were
conducted.

In a subgroup analysis with regard to the different venc used for
the measurements, no significant amplitude differences could be found
in measurements with venc 2 cm/second (p > .165; Table 4). In venc
3 cm/second measurements, amplitude differences were significantly
different from O in segments C3 (0.07 + 0.11 cm/second; p = .001) and
C4(—0.24 + 0.25 cm/second; p <.001; Table 4).

Additionally, amplitude differences at the C4 level in the subgroup
with venc 3 cm/second measurements were higher compared to the
subgroup with venc 2 cm/second (p < .001), while no significant dis-
agreement could be observed between subgroups in other segments
(C2: p =.832; C3: p = .600; C5: p = .481; Cé: p = .754). There was
no significant difference at the C4 level between subgroups with venc
2 cm/second and venc 3 cm/second measurements in terms of age
(52.2 + 17.8 vs. 57.1 + 12.4 years; p = .354), sex (36.8% vs. 40.6%
female; p = 1.000), the proportion of measurements in stenotic seg-
ments (68.4% vs. 50.0%; p = .250), the number of stenotic segments
within the patient (2.3 + 1.0 vs. 2.0 + 1.0; p = .830), the misalignment
angle of the spinal cord (10.0 + 6.7° vs. 7.2 + 5.5°; p = .071), and

the site of the maximum spinal cord compression (venc 2 cm/second:
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TABLE 2 Basicdemographics and number of phase contrast measurements

Basic demographics (N = 64)

Sex (male) 40 (62.5%)
Age (years) 56.6+14.7
Monosegmental stenosis 23(35.9%)
Multisegmental stenosis 41 (64.1%)
Number of stenotic segments 2.05+1.02
mJOA 1570+ 2.14
T2w myelopathy 25 (39.1%)

Number of phase contrast measurements

Axial segment N Stenotic segment Nonstenotic segment
c2 64 0 64

C3 44 20 24

c4 57 32(1) 25(1)

C5 60 50(2) 10

Cé 45 21 24(1)

Sagittal segment N Stenotic segment Nonstenotic segment
c2 64 0 64(2)

C3 64 20(1) 44 (1)

C4 64 31(3) 33(2)

C5 64 51(2) 13(3)

Cé 64 23(1) 41(3)

Number of phase contrast measurements with regard to venc

Axial segment

venc 2

Stenotic segment

Nonstenotic segment

venc 3

Stenotic segment

Nonstenotic segment

C2 0 29 0 35

C3 10 0 10 24

C4 14 (1) 8(1) 18 17

C5 23(2) 2 27 8

Cé 8 2 13 22(1)
venc 2 venc 3

Sagittal segment

Stenotic segment

Nonstenotic segment

Stenotic segment

Nonstenotic segment

C2 0 29(1) 0 35(1)
C3 10 19 (1) 10(1) 25
C4 15(1) 14 (1) 18(2) 17 (1)
C5 24(2) 5 27 8(3)
Cé 10 19(1) 13(1) 22(2)

Note: Inside parenthesis is the number of measurements with artifacts.

Abbreviations: mJOA, modified Japanese Orthopaedic Association; N, number; venc, velocity encoding; w, weighted.

C3, 21.1%; C4, 31.6%; C5, 47.4%; C6, 0.0% vs. venc 3 cm/second: C3, could be observed in stenotic segments for the amplitude at C3 only
15.6%; C4, 18.8%; C5, 50.0%; C6, 15.6%; p = .292), but for amplitude (0.10 + 0.27 cm/second; p = .049; Table 5). Additionally, amplitude dif-
values in axial measurements (Table 4; p =.031). ferences between measurements in stenotic and nonstenotic segments

In nonstenotic segments, a significant difference from 0 was found did not show a significant disagreement at any cervical segment (C2:
for the amplitude differences at segments C3 (0.06 + 0.10 cm/second; no stenotic segments; C3: p = .732; C4: p = .287; C5: p = .389; Cé:

p = .010) and C4 (-0.14 + 0.27 cm/second; p < .010), while this p=.130).
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TABLE 3 Amplitude values of axial and sagittal measurements, ICCs, and Bland-Altman coefficients in each cervical segment in all
measurements

Difference Axial Coefficient of
Axial Sagittal - Sagittal repeatability Intraclass correlation coefficients
Segment N Mean SD Mean SD Mean SD 1.96 x SD p ICC Cliin Cliax p
C2 62 0.51 0.28 0.48 0.25 0.02 0.12 0.23 .186 .902 842 .940 <.001
C3 43 0.83 0.56 0.76 0.55 0.07 0.19 0.37 .001 934 871 966 <.001
c4 51 0.83 0.48 0.94 0.53 -0.12 0.30 0.58 .008 .810 669 .892 <.001
C5 54 1.05 0.54 1.04 0.53 0.01 0.19 0.36 676 .940 .899 965 <.001
Ccé6 41 0.89 0.46 0.88 0.41 0.02 0.22 0.43 .600 876 779 .932 <.001

Note: The motion amplitude values (all measurements) are reported per cervical segment for axial and sagittal measurements. Additionally, the difference of
axial minus sagittal values for each cervical segment is shown. The amplitude difference between axial and sagittal measurements was significantly different
from O at segment C3 and C4. Intraclass correlation coefficients (ICCs; two-way mixed model, single measures, absolute agreement) with its 95% confidence
interval (Cl) are presented for each cervical segment.

Abbreviations: N, number of measurements; SD, standard deviation.
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FIGURE 3 Individual segmental amplitude values in axial and sagittal phase contrast measurements. Individual segmental amplitude values
for all measurements (venc 2 and 3 cm/second; stenotic and nonstenotic segments) are shown for each cervical segment. The individual axial and
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TABLE 4 Amplitude values of axial and sagittal measurements, ICCs, and Bland-Altman coefficients in each cervical segment in subgroups
with different venc

Velocity encoding 2 cm/second

Axial Sagittal Bland-Altman coefficients Intraclass correlation coefficients
Segment N Mean SD Mean sD Mean sD 1.96 xSD p ICC Cliin Clnax p
C2 28 0.54 0.33 0.50 027 0.04 0.14 0.28 362 .882 762 .943 <.001
C3 10 0.97 064 0.88 0.62 0.10 0.36 0.70 285 843 .509 .958 .001
C4 19 1.05 059 0.96 058 0.09 0.26 0.52 165 894 749 .958 <.001
C5 22 1.05 053 1.08 049  0.02 0.21 0.42 .638 915 .808 .964 <.001
Cé 10 1.00 025 0.96 024 0.04 0.19 0.36 559 732 .235 .926 .006

Velocity encoding 3 cm/second

Axial Sagittal Bland-Altman coefficients Intraclass correlation coefficients
Segment N Mean sD Mean sD Mean sD 1.96 xSD p ICC Cliin Clinax p
Cc2 34 0.47 022 046 0.24 001 009 0.17 .358 .931 .867 .965 <.001
c3 33 0.79 053 0.72 0.53 007 011 021 001 .973 914 .989 <.001
c4 32 0.70 034 0.93 051 -024 025 0.48 <001 .734 167 .899 <.001
C5 32 1.05 055 1.04 0.56 000 017 0.33 921 956 912 .978 <.001
Cé 31 0.86 0.51 085 0.45 0.01 0.23 0.45 767 .887 .780 .944 <.001

Note: The motion amplitude values for the subgroups with venc 2 cm/second (upper table) and venc 3 cm/second (lower table) measurements are reported
per cervical segment for axial and sagittal measurements. The amplitude difference of axial minus sagittal measurements was significantly different from O at
segment C3 and C4 in the venc 3 cm/second subgroup. Intraclass correlation coefficients (ICCs; two-way mixed model, single measures, absolute agreement)
with its 95% confidence interval (Cl) are presented for each cervical segment.

Abbreviations: N, number of measurements; SD, standard deviation.

TABLE 5 Amplitude values of axial and sagittal measurements, ICCs, and Bland-Altman coefficients in each cervical segment in stenotic and
nonstenotic segments

Nonstenotic segments

Axial Sagittal Bland-Altman coefficients Intraclass correlation coefficients
Segment N Mean SD Mean SD Mean SD 1.96 x SD p ICC Cliin Clnax p
C2 62 0.51 028 048 0.25 002 012 0.23 186 902 .842 .940 <.001
C3 24 0.63 0.24 058 0.23 0.06 0.10 0.19 010 .896 719 .958 <.001
c4 22 0.69 034 0.83 040 -014  0.27 0.53 004  .687 .353 861 <.001
C5 7 0.80 048 0.82 043 -0.02 0.07 0.13 378 990 .948 .998 <.001
Cé 21 0.74 041 0.76 040 -0.02 0.20 0.39 .903  .883 .734 .951 <.001
Stenotic segments

Axial Sagittal Bland-Altman coefficients Intraclass correlation coefficients
Segment N Mean SD Mean SD Mean SD 1.96 x SD p ICC Cliin Clinax p
Cc2 0 na Na na na na na na na na na na na
C3 19 1.09 072  0.99 0.73 0.10 027 0.52 049 928 .822 .972 <.001
C4 29 0.94 054 1.08 061 -0.09 031 0.62 115 842 691 .923 <.001
C5 47 1.08 054 1.07 0.54 002 020 0.39 587 934 .884 .962 <.001
Cé 20 1.06 0.47 1.00 0.39 0.06 0.23 0.46 277 849 663 .937 <.001

Note: The motion amplitude values in subgroups with measurements in nonstenotic (upper table) and stenotic (lower table) segments are reported per cervical
segment for axial and sagittal measurements. The amplitude difference between axial minus sagittal measurements was significantly different from O at
segment C3 and C4 in nonstenotic segments and at segment C3 in stenotic segments. Intraclass correlation coefficients (ICCs; two-way mixed model, single
measures, absolute agreement) with its 95% confidence interval (Cl) are presented for each cervical segment.

Abbreviations: N, number of measurements; SD = standard deviation.
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FIGURE 4 Bland-Altman plots for all measurements. The mean of the amplitudes (x-axis) and the differences of the axial minus sagittal
amplitude values (y-axis) are plotted in each cervical segment. The solid horizontal line represents the mean of all measurement values, while the
pointed lines represent the limits of agreement (1.96 x standard deviation). N, number of measurements.

Agreement of axial and sagittal measurements

Over all measurements (venc 2 and 3 cm/second; stenotic and non-
stenotic segments), ICCs of axial and sagittal amplitude values showed
good to excellent values in all segments (.810-.940; p < .001; Table 3).
The Bland-Altmann readouts, that is, the measurement bias and limits
of agreement, of the amplitude values in each cervical segment can
be found in Table 3. The coefficients of repeatability (+1.96 SD of
the mean difference between tests) ranged from 0.23 cm/second at
segment C2 to 0.58 cm/second at C4. A summary of comparability
analyses, that is, ICCs and Bland-Altman analysis, can be found in
Table 3 and Figure 4.

In a subgroup analysis with regard to the different venc used in
measurements, the ICCs ranged from .732 to .915 in measurements
with venc 2 cm/second and from .734 to .973 in measurements with
venc 3 cm/second (Table 4). The coefficients of repeatability in venc
2 cm/second measurements ranged from 0.28 cm/second at segment
C2 to 0.70 cm/second at C3 (Table 4; Figure 5). In venc 3 cm/second
measurements, it ranged from 0.17 cm/second at segment C2 to
0.48 cm/second at C4 (Table 4; Figure 5).

In measurements in nonstenotic segments, ICCs ranged from .687
to 0.990, and in stenotic segments from .842 to .934 (Table 5). The
coefficients of repeatability in measurements in nonstenotic segments
ranged from 0.13 cm/second at segment C5 to 0.53 cm/second at C4
(Table 5; Figure 6). In stenotic segments, it ranged from 0.39 cm/second
at segment C5 to 0.62 cm/second at C4 (Table 5; Figure 6).

Amplitude differences with regard to the amplitude
mean
A correlation between the segmental amplitude mean values and the

differences of the amplitude values was found at C2 (r = .256; p =.045)
and a trend for a correlation at segment C6 (r =.284; p =.072).

DISCUSSION

This study demonstrates a good comparability and agreement between
axial and sagittal spinal cord motion PC-MRI in DCM patients. A
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FIGURE 5 Bland-Altman plots for subgroups with velocity encoding of 2 versus 3 cm/second measurements. The mean of the amplitudes
(x-axis) and the differences of the axial minus sagittal amplitude values (y-axis) are plotted in each cervical segment for measurements with
velocity encoding (venc) of 2 cm/second (red color) versus venc 3 cm/second (blue color). The solid horizontal line represents the mean of all
measurement values, while the pointed lines represent the limits of agreement (1.96 x standard deviation). The black solid horizontal line
illustrates the O value reference for amplitude differences. N, number of measurements.

possible measurement error in sagittal PC-MRI through the spinal
cord misalignment to the vertical reference line within the field of
view appears to be negligible. However, a potential future clinical
application would greatly benefit from a standardized MRI protocol
and postprocessing pipeline, thus improving comparability of findings
across different clinical centers.

Different techniques and numerous readouts measuring spinal
cord motion reported in previous studies challenge the compara-
bility between sites.””1%27-30 |n our study, we decided to analyze
the agreement of the motion amplitude between axial and sagittal
measurements as an easy-to-collect readout with no need for a phase
drift correction. Varying phase drift was reported across different
scanners®! and also over time in the same scanner,3? potentially
limiting the use of readouts with need for a phase drift correction
like the area under the curve of the motion signal. To our knowledge,

reproducibility of phase contrast measurements across different

scanners was rarely analyzed,3® where a substantial agreement but
also a significant bias could be observed across different readouts
of pulmonary blood flow measurements. Hence, the agreement for
different spinal cord motion readouts has to be further evaluated
across scanners. Importantly, the PC-MRI postprocessing for velocity
calculations should be automated as far as possible, but also easy to be
transferred and introduced across different clinical centers. Wolf et al.
reported an evaluation technique using a 3-dimensional hierarchical
deep convolutional neural network (CNN) for anatomical segmenta-
tion and spinal cord motion measurements.¢:1” This approach appears
promising, as motion evaluation could be conducted automatically
after appropriate training of the CNN. However, it may be challenging
to widely transfer this technique to other centers in order to foster
clinical application. Our group reported a manual method, using free
available DICOM tools and manual calculation of velocity values.”11

This approach could be easily introduced at other centers, but remains
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more time consuming and lacks further automatization. Reliability
between different evaluation techniques (ie, automated vs. manual
calculation) is not known. To further promote the implementation of
spinal cord motion PC-MRI measurements within the clinical setting,
comparison of different postprocessing techniques (ie, CNN vs. manual
evaluation) between sites is mandatory. Furthermore, a proper venc in
PC-MRIis important for spinal cord motion measurements, adapted as
far as possible to the expected velocities.3*3> While improper low venc
causes aliasing artifacts, noise in velocity images increases with higher
venc, probably leading to measurement errors.?¢ In subgroup analyses
with regard to different venc used in our measurements, a significant
difference between axial and sagittal amplitude values could only be
found at C3 and most obvious at C4 in venc 3 cm/second measure-
ments and amplitude differences were higher in venc 3 cm/second
compared to venc 2 cm/second measurements at C4. An increasing
measurements error with higher velocity encoding was previously
reported,3® while this was relevant with an extensive higher venc
only (ie, a deviation of more than 10% if venc increases by more than
three times the velocity in the vessel). However, the magnitude of
differences was low and aliasing artifacts could be observed in 5.6% of
patients using a velocity encoding of 2 cm/second. In principle, aliasing
artifacts within PC-MRI measurements could be corrected,3” but this
leads to more complicated and time-consuming postprocessing of the
measurements. The question now turns to, whether it is advisable to

choose a venc of 3 cm/second or a venc of 2 cm/second for spinal cord

motion measurements. Considering the pros and cons, we recommend
avelocity encoding of 3 cm/second for future measurements, where no
further aliasing was noticed and the magnitude of differences observed
appears to be acceptable for clinical use. However, venc may be further
adjusted to an optimal value (eg, 2.5 cm/second) within establishment
of a“gold standard” protocol for clinical implementation.

Previous studies reported excellent interrater and test-retest
reliability of spinal cord motion measurements with axial and sagittal
PC-MRI.%111517 |n addition, in our study we demonstrate a good
to excellent?® comparability and agreement of these two different
PC-MRI measurement techniques (ie, axial and sagittal phase contrast
imaging) of spinal cord motion in DCM patients. We hypothesized that
a difference of velocity values in sagittal measurements compared to
axial values might be mostly attributed to a systematic measurement
error due to the misalignment of the spinal cord within the field of
view. Significant differences between axial and sagittal amplitude
values could only be found at C3 and C4, but not in segments C5 and
Cé6 with higher spinal cord misalignment. Additionally, no correlation
between the misalignment angle and the amplitude differences could
be found, underlining the weak effect of this potential confounder.
Thus, effect size of a systematic measurement error due to spinal
cord misalignment within the field of view is supposed to be weak as
values of sagittal measurements showed a good agreement to axial
data without the need for a correction. The reason for less agreement

between axial and sagittal amplitude values in segments C3 and C4
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compared to other segments remains unexplained. With regard to
the segmental anatomic conditions (ie, measurements in stenotic vs.
nonstenotic segments), subgroup analysis showed a good to excellent
comparability between axial and sagittal values in both subgroups. In
previous reports, reliability of spinal cord motion measurements was
not reported for stenotic and nonstenotic segments separately. Inter-
estingly, measures of reliability in our population showed comparable
to even better values of reliability (ie, higher ICC values) in stenotic seg-
ments and no disagreement of differences could be found between the
subgroups with measurements in stenotic and nonstenotic segments.
While the spinal cord is subject not only to a craniocaudal oscillation,
but also to anterior-posterior and right-left motion,®® measurements
in stenotic segments may be more reliable due to narrowed anatomic
conditions. Restricted anterior-posterior motion may limit potential
partial volume effects between the spinal cord and CSF within the
cardiac cycle reducing measurements errors. A weak correlation
between the amplitude difference and the magnitude of the amplitude
mean could be found at segment C2 only. While overall the magnitude
of differences between axial and sagittal motion values appears
acceptable for future clinical application, in a few measurements rel-
evant differences could be observed, underlining the importance of a
standardized measurement protocol to further improve comparability.
In summary, phase contrast measurements of spinal cord motion have
potential to be applied in the clinical settings, but pros and cons of
different evaluation techniques have to be considered.

Sagittal PC-MRI can assess the entire cervical spine in one PC-MRI
measurement. A potential systematic measurement error in sagit-
tal PC-MRI through the spinal cord misalignment within the field of
view (Figure 1) could be shown to be negligible. In contrast, axial
measurements might be more precise, accounting for the spinal cord
misalignment by adapting the measurement slice perpendicular to
the spinal cord (Figure 1A), but are more time consuming, as each
cervical segment has to be analyzed separately (ie, causing longer
MRI measurement time, difficult to implement in clinical protocols).
Sagittal phase contrast measurements appear as a good compromise
between accuracy (good agreement to axial values; good interrater and
test-retest reliability’”; no need for a correction for the spinal cord
misalignment) and feasibility (ie, shorter measurement time compared
to separate axial measurements in each cervical segment) within the
clinical setting.

This study has few limitations. As no analysis was possible at seg-
ment C7, where the maximum spinal cord misalignment to the vertical
reference line was observed, a relevant systematic measurement error
in segments with higher grade of spinal cord misalignment could not be
excluded. However, spinal canal stenosis in these segments is rare and
measurements in segment Cé (also considerable spinal cord misalign-
ment) showed a good agreement. Another limitation of our study is
based on the use of only one MRI scanner. Scanners from different MRI
vendors may influence comparability across measurements. Addition-
ally, further insights of reliability between different PC-MRI protocols
and postprocessing techniques across centers are required to define
a “gold standard” and to foster its clinical application in the diagnostic
workup of DCM.

In conclusion, the confident assessment of spinal cord damage in
DCM patients remains an unmet clinical need. There is evidence to
support the use of spinal cord motion surrogate parameters in order
to determine the degree of dynamic mechanical stress precipitating
spinal cord damage. To this end, axial and sagittal PC-MRI are both
accurate and sensitive in detecting pathologic cord motion. Therefore,
such measures could identify high-risk patients and improve clinical
decision-making (eg, timing of decompressive surgery).
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