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ABSTRACT

Background: Phase-contrast MRI of CSF and spinal cord dynamics has evolved among diseases caused by altered CSF volume (spontaneous intracranial hypotension,
normal pressure hydrocephalus) and by altered CSF space (degenerative cervical myelopathy (DCM), Chiari malformation). While CSF seems to be an obvious target
for possible diagnostic use, craniocaudal spinal cord motion analysis offers the benefit of fast and reliable assessments. It is driven by volume shifts between the
intracranial and the intraspinal compartments (Monro-Kellie hypothesis). Despite promising initial reports, comparison of spinal cord motion data across different
centers is challenged by reports of varying value, raising questions about the validity of the findings.

Objective: To systematically investigate inter-center differences between phase-contrast MRI data.

Methods: Age- and gender matched, retrospective, pooled-data analysis across two centers: cardiac-gated, sagittal phase-contrast MRI of the cervical spinal cord
(segments C2/C3 to C7/T1) including healthy participants and DCM patients; comparison and analysis of different MRI sequences and processing techniques (manual
versus fully automated).

Results: A genuine craniocaudal spinal cord motion pattern and an increased focal spinal cord motion among DCM patients were depicted by both MRI sequences (p
< 0.01). Higher time-resolution resolved steeper and larger peaks, causing inter-center differences (p < 0.01). Comparison of different processing methods showed a
high level of rating reliability (ICC > 0.86 at segments C2/C3 to C6/C7).

Discussion: Craniocaudal spinal cord motion is a genuine finding. Differences between values were attributed to time-resolution of the MRI sequences. Automated
processing confers the benefit of unbiased and consistent analysis, while data did not reveal any superiority.

1. Introduction

Among diseases that are related to narrowed CSF space, such as
degenerative cervical myelopathy (DCM) and Chiari I malformation, or
altered CSF volume, such as spontaneous intracranial hypotension,
idiopathic intracranial hypertension, and normal pressure hydrocepha-
lus, non-invasive, spinal phase-contrast MRI may help to solve known
clinical-anatomical ambiguities by providing in vivo diagnostics of CSF
and CNS dynamics (Carroll and Callen, 2022; Hoxworth, 2014; Wymer
et al., 2020; Kelly and Yamada, 2016; Bradley et al., 2016; Stocklein
et al., 2022). While qualitative measures of CSF flow are acknowledged
as part of clinical routine diagnostics (normal pressure hydrocephalus,

Chiari I malformation), quantitative analysis is challenged by fluid dy-
namics, such as bidirectional flow, turbulences, and multiform bound-
aries (Bunck et al., 2011). In contrast, craniocaudal motion of the spinal
cord can be quantitatively and qualitatively measured (Hupp et al.,
2019; Hupp et al., 2021; Wolf et al., 2021; Wolf et al., 2021; Wolf et al.,
2022). It has the benefit of fast and reliable assessment, segmentation,
and processing. Furthermore, the passive motion is driven by changes in
blood volume and CSF volume (Cushing, 1925; Tain et al., 2011;
Schmidt et al., 1968; Matsuzaki et al., 1996), thus reflecting information
beyond CSF shifts, and the information gathered can be linked to CNS
strain. (Wolf et al., 2021; Wolf et al., 2021) Spinal cord motion has been
an upcoming target among recent studies mainly focusing on DCM:

Abbreviations: aMCC, adapted maximum canal compromise; CNN, convolutional neural network; DCM, degenerative cervical myelopathy; ICC, Intra-class Cor-

relation Coefficient; ROI, region of interest; Vgyc, velocity encoding.

* Corresponding author at: Department of Neurology and Neurophysiology, Breisacher Str. 64, D-79106 Freiburg, Germany.

E-mail address: katharina.wolf@uniklinik-freiburg.de (K. Wolf).

https://doi.org/10.1016/j.nicl.2023.103334

Received 14 December 2022; Received in revised form 17 January 2023; Accepted 19 January 2023

Available online 23 January 2023

2213-1582/© 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:katharina.wolf@uniklinik-freiburg.de
www.sciencedirect.com/science/journal/22131582
https://www.elsevier.com/locate/ynicl
https://doi.org/10.1016/j.nicl.2023.103334
https://doi.org/10.1016/j.nicl.2023.103334
https://doi.org/10.1016/j.nicl.2023.103334
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

K. Wolf et al.

focally increased craniocaudal spinal cord motion has been described by
axial and sagittal phase-contrast MRI acquisitions (Vavasour et al.,
2013; Chank et al., 2014; Hupp et al., 2019; Hupp et al., 2021; Hupp
et al., 2019) as well as ongoing strains across the cervical spinal cord,
and prolonged motion over one heartbeat (Hupp et al., 2021; Wolf et al.,
2021; Wolf et al., 2021). The “AO Spine RECODE-DCM” (aospine.
org/recode) has addressed the well described functional — anatomical
- paradox with ambiguous clinical and radiological presentations and
has proposed a disease concept recognizing factors of dynamic stress on
the spinal cord beyond the absolute anatomical extent of the stenosis
(Davies et al., 2022).

Additionally, relevant increases of spinal cord motion at segment
C2/C3 have also been depicted in patients with spontaneous intracranial
hypotension and definite leak (Wolf et al., 2022), and decreased spinal
cord motion in cases with idiopathic intracranial hypertension (Wolf
et al., 2022) which is most likely caused by the loss, or the surplus of the
surrounding resistances due to alterations in CSF volume, respectively.

Thus, spinal cord motion might be a promising, yet to be clinically
evaluated target relating to changes of intracranial pressure. In DCM,
focal analysis of spinal cord motion might possibly be enabling the
prediction of those at risk of developing progressive myelopathy.

Despite reproduction of similar effects among the most recent studies
on spinal cord motion in DCM (Hupp et al., 2021; Wolf et al., 2021;
Hupp et al., 2019), the reported values differed by almost a factor of two
(Supplement 1). As this factor lies beyond any expected variability, it is
crucial to understand these differences and to explore intermodal
comparability before proceeding with further trials.

Some technical details on phase-contrast MRI and processing might
be of importance: e.g., the sensitivity to different velocities depends on
the pre-determined velocity encoding (Vgnc) gradient. If the chosen
Venc is too high, measurements are insensitive to low velocities; if the
chosen Vgyc is too low, high velocities cannot be measured (Wymer
et al., 2020; Johnson and Markl, 2010; Markl, 2022). These extreme
values appear as so-called phase-wraps, or aliasing artifacts. To a limited
extent, aliasing can be corrected (Herraez et al., 2002; Kasim, 2017).
Also, a higher Vgnc might cause a slightly higher range of data vari-
ability (Lotz et al., 2002). Additionally, an effect called phase-drift might
lead to an offset-error of the velocity measurements, that results in a
systematic overestimation of each value. It can be systematically cor-
rected by different methods (Wymer et al., 2020; Johnson and Markl,
2010). Time-resolution and different standards of data processing might
play a role (Lotz et al., 2002).

It therefore could be hypothesized, that overestimation of spinal cord
motion might be due to incorrect segmentation and/or data processing;
underestimation might be due to lower time-resolution and/or low Vgnc
without correction of phase-wraps.

The aim of this study was to systematically explore differences be-
tween MRI protocols and data processing methods across centers and
their effect upon possible confounding factors.

2. Methods

Study outline: retrospective, inter-center pooled-data analysis of
healthy participants and DCM patients that had been included within
separate, prospective studies. Data had been collected between July
2016 and February 2020 (Center 1) and between June 2018 to February
2021 (Center 2). Written informed consent of each participant was ob-
tained. The local ethic committees approved to the trials (Vote numbers:
Center 1: KEK-ZH 2012-0343, BASEC Nr. PB_2016-00623, registered at
https://www.clinicaltrials.gov — NCT 02170155; Center 2: EK-FR 261/
17, EK-FR 338/17, registered at German registry of clinical trials,
DRKS00017351, DRKS00012962).

Recruitment procedures, inclusion and exclusion criteria have been
reported by each center (Hupp et al., 2019, 2021; Wolf et al., 2019; Wolf
et al., 2021). In short: healthy participants were required to have no
impairment in daily life and no incidental relevant stenosis in the latter

Table 1
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MRI sequences and processing techniques.

Center 1 (Hupp
et al., 2021) (Hupp

Center 2 (Wolf et al.,
2021) (Wolf et al.,

et al., 2019) 2021)

Scanner 3 T, Siemens, 3 T, Siemens,
MAGNETOM Skyra MAGNETOM Prisma
and Prisma

T2-weighted ~ Spatial 0.5 x 0.5 x 3mm®  0.64 x 0.64 x 1.0 mm®

sequence resolution

Sagittal VENnc 2 cm/s 5 cm/s, PEAK-GRAPPA

phase- acceleration (Jung
contrast et al., 2008)
sequence Direction of Caudo-cranial Cranio-caudal
velocity
measurements
Spatial 0.4 x 0.4 x 5.0 0.62 x 0.62 mm? x 3
resolution mm® mm
Cardiac gating Retrospective Prospective ECG-
pulse-trigger by trigger
finger-pulse
oximeter
Time-resolution 20, interpolated ~40
per heartbeat
Processing Segmentation manual Automated, CNN-
based
Region of Standard size: size varying (=40
interest 20.03 mm? mmz)*
Angle-correction Yes, manual Yes, automated

Subtraction of the
mean velocity from
each single value

Phase-drift
correction

Point-by-point-
subtraction of
velocities measured in
static tissue phase at
the same level

*region of interest included all voxels with a CNN-based probability of > 80 % to
belong to spinal cord tissue at segment.

MRI; DCM patients were required to present with symptomatic relevant
cervical stenosis. Mild symptoms beyond radiculopathy as clumsiness of
hands, or loss of dexterity were accepted. At Center 2, only mono-
segmental relevant stenosis was included.

Selection of datasets:

Datasets of all healthy participants and DCM patients at Center 1
were screened and included if there were no typical MRI artifacts, and if
T2-weighted images could be used as an overlay on phase-contrast im-
ages. DCM patients were additionally required to present with mono-
segmental stenosis. Included datasets were matched 1:1 by age, sex, and
level of stenosis (if applicable) to a cohort of Center 2 for inter-center
comparison. For comparison of different processing methods, repeated
measurements of healthy participants at Center 1 were included as well,
if they fulfilled the above stated criteria.

Imaging:

Both imaging protocols comprised high-resolution T2-weighted se-
quences and sagittal 2D phase-contrast MRI sequences covering the
entire cervical spine. Further details of imaging protocols and the
different processing methods have been reported separately (Hupp et al.,
2019, 2021; Pfender et al., 2022; Wolf et al., 2021; Wolf et al., 2021).
Key features were summarized in Table 1.

The main differences between the two cardiac-gated phase-contrast
MRI protocols between Center 1 and Center 2 were: retrospective, pe-
ripheral pulse gating using a finger-pulse oximeter versus prospective
ECG-triggering, Venc gradient (2 cm/s versus 5 cm/s), time-resolution
versus ~40 timepoints per heartbeat, depending on the heart rate),
and direction in which velocities were measured (caudo-cranial versus
cranio-caudal), respectively.

Data processing differed by manual segmentation versus fully auto-
mated segmentation based on a trained convolutional neural network
(CNN) algorithm. This led to differences regarding the size of the region
of interest (ROI): standardized (manual processing, Center 1) versus
variable size of the ROI that depended on the actual size of the spinal
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Fig. 1. Demonstration of cardiac triggering and shift of the time-resolved velocity curves. A: Cardiac-gating can be performed by ECG-triggering (red stars, R-peak,
top) or peripheral finger-pulse-triggering by pulse-oximeter (green stars, pulse peak, bottom). Thus, data acquisition begins at different time-points of the cardiac
cycle. B: data plots of spinal cord velocity curves over one heartbeat, red curves are ECG-triggered, green curves are triggered by peripheral finger-pulse. The main
craniocaudal spinal cord motion occurs therefore at different timepoints of the recordings. To compare data, the time axis must be shifted accordingly (black arrow).
C: Schematic plot of a spinal cord velocity curve measured in mm/s (y-axis) over the duration of a heartbeat measured in ms (x-axis). The velocity range (peak-to-
peak velocity amplitude (mm/s)) is the difference between the maximum velocity in the caudal direction (positive value) and the maximum velocity in the cranial
direction (negative value). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

cord (automated processing, Center 2). In addition, phase-drifts were
addressed differently; Center 1 subtracted the mean velocity, while
Center 2 used automated point-to-point subtraction of static tissue
phase. Both processing protocols applied an approximate correction by
dividing by the cosine of the angle between the midline of the spinal
cord and the straight, in-plane direction of the velocity measurements
(manual vs automated assessment of the angle). At Center 2, an auto-
mated correction of aliasing artifacts was included within the pipeline
(Herraez et al., 2002; Kasim, 2017).

Each center has evaluated and reported good to excellent interrater
reliability, and scan-rescan reliability prior to this evaluation (Wolf
et al., 2021; Hupp et al., 2019).

For comparison of phase-contrast MRI processing methods, the
automated CNN-based pipeline (https://www.nora-imaging.org, (nora-
imaging)) was adapted to data of Center 1. The CNN trained and suc-
cessfully implemented at Center 2 did not sufficiently depict spinal cord
tissue across the entire cervical canal in magnitude images of Center 1.
Anatomical CNN-based analysis could be transferred without loss of
sensitivity (rated by Dice coefficient) and used as an overlay among
those cases with matching T2-weighted and phase-contrast images.
Thus, further data processing including automated generation of ROIs,
correction for phase-drift, angular tilt, and phase-wrapping, was iden-
tical to the processing method by Center 2.

For visualization of the velocity curves over one heartbeat (inde-
pendent of its intraindividual duration and independent of different
time-resolution), time-resolved velocity-plots were generated by inter-
polation of each dataset to 30 timepoints (Fig. 1). The plots were

Table 2
Study population, and anatomical data of the spinal canal.

adapted to reflect the same caudocranial direction. It is important to
note that, due to different triggering (ECG versus peripheral finger-
pulse), the time-axis is shifted due to a delay between the R-peak of
the ECG and the arrival of the peripheral pulse peak (Fig. 1).

For anatomical measurements of the cervical spinal canal based on
the T2-weighted images, all datasets were processed by the CNN-based
automated pipeline implemented in the software NORA (Wolf et al.,
2021).

Parameters of interest:

The quantitative measurement made from the spinal cord velocity
curve was the velocity range (peak-to-peak velocity amplitude, mm/s)
per segment C2/C3 to C7/T1. This parameter is robust to phase drifts.
(Fig. 1).

The anatomical parameter of interest was the adapted maximum
canal compromise (aMCC) per segment (Wolf et al., 2021; Nouri et al.,
2016) as a relative measure of the spinal canal narrowing calculated
using the canal cross-sectional area (mrnz) per intervertebral segment
C2/C3 to C7/T1 in relation to the canal cross-sectional areas one
segment above and below. The higher the value, the more pronounced is
the relative spinal narrowing.

2.1. Statistical analysis:

Statistical analysis was performed using IBM SPSS Statistics®
Version 28.0 (IBM Corporation, IBM SPSS Statistics for Macintosh,
Armonk, New York, USA). Data were given as mean and standard de-
viation (SD) unless otherwise indicated. Comparison of unrelated data

Healthy participants

DCM patients

Center 1 Center 2 P Center 1 Center 2 P
Number 13 13 12 12
% Women 54 54 33 33
Age (years) 64 +6 63+5 0.762 51.4+7 51.9 +£13 0.786
Adapted Maximum canal compromise (aMCC) C2/C3 1.01 £0.1 1.00 £ 0.1 0.727 1.02 £ 0.1 1.03 £ 0.1 0.169
C3/C4 1.13+0.1 1.11 £ 0.1 0.650 1.07 £ 0.2 1.11+0.1 0.027
C4/C5 1.04 + 0.1 1.12+0.1 0.029 1.12+0.3 1.46 + 0.6 0.449
C5/C6 1.09 + 0.2 1.21 £ 0.1 0.005 1.44 + 0.4 1.75 £ 0.7 0.449
C6/C7 1.05+0.1 1.12+0.1 0.022 1.12+0.2 1.10 £ 0.1 0.109
C7/T1 1.06 £ 0.1 1.05+0.1 0.153 1.02+0.1 1.11 £ 0.2 0.740
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Table 3
Spinal cord velocity range (=peak-to-peak velocity amplitude) per heartbeat.

MRI sequence Center 1 (Vgne

2 cm/s, lower

Center 2 (Vgnc P
5 cm/s, higher

time- time-
resolution) resolution)
MRI processing manual automated
Velocity range (mm/s) segment  mean SD mean SD
Healthy participants, C2/C3 2.59 0.8 6.60 1.8  <0.001
n=13 C3/C4 2.94 0.8 7.04 2.6  <0.001
C4/C5 3.45 0.8 8.03 2.8 <0.001
C5/C6 3.85 1.0 7.28 2.7 <0.001
C6/C7 3.64 0.9 7.25 2.4  <0.001
C7/T1 3.29 0.9 7.25 2.4  <0.001
Patients, n = 2 C2/C3 3.98* 2.0 7.45 2.6 0.002
C3/C4 5.81 4.5 10.66* 3.4 0.007
C4/C5 8.04** 6.0 13.88** 5.9 0.023
C5/C6 10.54** 4.7  14.13** 6.9 0.260
C6/C7 7.42%% 3.1 11.71%* 4.5 0.019
C7/T1 4.85 2.6 8.50 4.6 0.027

Significant differences between healthy participants and DCM patients are
indicated by asterisks (*p < 0.05, **p < 0.01).

was conducted via Mann-Whitney-U test. Rating reliability of different
processing methods was determined via the Intra-class Correlation Co-
efficient (ICC, single measures, two-way mixed effect model, absolute
agreement) and classified as “poor” for <0.5, “moderate” for 0.50 to
0.74, “good” for 0.75 to 0.9, and “excellent” for >0.9 (Koo and Li, 2017).
Additionally, the bivariate linear relation of data was qualitatively
investigated by scatter plots, and statistically by the Pearson correlation
coefficient (r). Correlation was rated as “moderate” for 0.4-0.69,
“strong” for 0.7 to 0.89, and “very strong” for >0.9 (Schober et al.,
2018). P < 0.05 was required to assume significance.

3. Results

3.1. Study population, anatomical data and spinal cord motion data as
reported by each Center

25 datasets, 12 of DCM patients and 13 of healthy participants, were
identified at Center 1 and matched to 25 datasets of Center 2 (Table 2).
Each DCM cohort consisted of four patients with relevant mono-
segmental stenosis at C4/C6 and eight with stenosis at C5/C6. At Center
1, six additional re-scans of healthy participants were eligible for
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automated processing, resulting in a total of 31 identically acquired
datasets from Center 1 undergoing manual and automated processing.

Among healthy participants, relative spinal canal narrowing was
slightly increased at the C4/C5 to C6/C7 segments in the population
from Center 2 compared to that from Center 1 (Table 2, e.g., aMCC C5/
C6 1.09 £+ 0.2. 1.21 + 0.1. p = 0.005). In DCM patients, there was no
difference in the extent of stenosis between the two Centers (Table 1, e.
g., aMCC segment C5/C6: 1.44 + 0.4, 1.75 £ 0.7, p = 0.449), whereas
the aMCC of the adjacent segment C3/C4 was higher in patients from
Center 2 (aMCC 1.07 £+ 0.2, 1.11 + 0.1, p = 0.027).

The range of the spinal cord velocities in healthy participants and
DCM patients were about a factor of two higher at Center 2 compared to
Center 1 (Table 3, e.g., C2/C3: healthy participants — 2.59 + 0.3 mm/s,
6.60 £ 1.8 mm/s, p < 0.001, DCM patients — 3.98 + 2.0 mm/s, 7.25 +
2.4 mm/s, p = 0.002).

At each center, DCM patients showed significantly higher spinal cord
velocity ranges at the stenotic and adjacent segments compared to
healthy participants (Table 3, Fig. 2, e.g., C5/C6: Center 1 — 3.85 + 1.0
mm/s, 10.54 + 4.7 mm/s, p < 0.001. Center 2 -7.28 + 2.7 mm/s, 14.13
+ 6.9 mm/s, p = 0.002).

3.2. Comparison of identically processed data (fully automated, point-to
point phase-drift correction by subtraction of static tissue data)

Plots of the craniocaudal spinal cord velocity values standardized
over one heartbeat showed a similar pattern, independent of the
acquisition method (Fig. 3). Shortly after the beginning of the cardiac
systole, a craniocaudal oscillation could be observed, followed by a
second, smaller oscillation. In healthy participants, peaks are consis-
tently steep and pronounced within measurements recorded by the
phase-contrast MRI sequence of Center 2 (about 40 measurements per
cardiac cycle; Vgnc 5 cm/s, prospective ECG-triggering). However,
peaks were less pronounced and smaller within the measurements
conducted by Center 1 (Vgnc 2 cm/s, 20 timepoints per cardiac cycle,
retrospective finger-pulse-triggering). In patients, the spinal cord ve-
locity pattern showed extensively increased craniocaudal oscillations
compared to healthy participants, while peaks reached similar heights at
the stenotic segments regardless of the acquisition method (Fig. 3).

The slopes of the measurements at Center 2 appear “noisier”
compared to measurements at Center 1. The offset error seems less well
corrected in MRI measurements from Center 1, and at lower cervical
segments in measurements by Center 2 applying the automated, point-
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Fig. 2. Boxplots of the spinal cord velocity range (=peak-to-peak veocity amplitude) per segment measured at Center 1 and Center 2. Asterisks indicate significant
differences between healthy participants and patients per Center: * p < 0.05, ** p < 0.01.
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Fig. 3. Spinal cord velocities in mm/s (y-axis) as recorded by Center 1 (green curves, peripheral finger-pulse triggering) and Center 2 (red curves, ECG-triggering),
processed per each intervertebral segment over one heartbeat (x-axis). Positive values represent motion in the caudal direction, and negative values in the cranial
direction. At the top, measurements of 13 matched healthy participants are displayed. An early craniocaudal peak at the beginning of the cardiac cycle (blue star) can
be observed within all measurements (time variation due to different method of cardiac gating, see Fig. 1). At the bottom, measurements at segment C5/C6 of all
DCM patients presenting with stenosis at C4/C5 or C5/C6 are plotted. Note the increased range of spinal cord velocity on the y-axis. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 4

Rating reliability of two different processing pipelines generating the spinal cord
velocity range (=peak-to-peak velocity amplitude) of identically acquired spinal
cord velocity curves; ICC - Intra-class Correlation Coefficient, r — Pearson cor-
relation coefficient.

segment ICC P r P
Velocity range (peak-to-peak C2/C3 0.890 <0.001 0.758  <0.001
velocity amplitude) C3/C4 0.862  <0.001 0.880 <0.001
C4/C5 0.992 <0.001 0.981  <0.001
C5/C6 0.991 <0.001 0.944 <0.001
C6/C7 0.921  <0.001 0.821  <0.001
C7/T1 0.739  <0.001 0.650  <0.001

by-point correction of Center 2.

A quantitative comparison of identically processed data between
Centers reproduced similar results among healthy participants and DCM
patients, with significantly higher values at Center 2 compared to Center
1 (Supplement 2).

3.3. Comparison of different processing techniques (identical MRI
sequences, automated versus manual processing)

The rating reliability of the two processing methods to assess the
velocity range was excellent at segments C4/C5 to C6/C7 (>0.9), good
at segment C2/C3, and C3/C4 (ICC > 0.8), and moderate at segment C7/
T1 (ICC 0.739, Table 4). Scatter plots and correlation analysis (Fig. 4,
Table 4) showed a strong linear relationship between the spinal cord
velocity range generated by the two different processing methods, with
the best results at segments C4/C5 and C5/C6 (r > 0.9); the correlation
at segment C7/T1 was moderate (r = 0.650, p > 0.001). For further
visualization, additional Bland-Altmann plots per segment can be found
in Supplement 2.
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4. Discussion

This study presents an evaluation of different phase-contrast MRI
sequences and processing techniques to assess cervical spinal cord mo-
tion across two centers. Analysis demonstrated a genuine spinal cord
motion pattern per heartbeat and a pathologically increased spinal cord
motion in DCM patients (e.g., extensively increased oscillations, Fig. 3),
which was depicted by different techniques. Differences between spinal
cord velocity ranges may mainly be attributed to different time-
resolution used for phase-contrast MRI sequences. Sufficient time-
resolution (approximately >20 true timeframes per heartbeat) will be
important to depict the physiological range of spinal cord motion. Until
further explorations of a sufficient lower limit, the maximum operable
time-resolution should be aimed for. Manual versus automated pro-
cessing techniques appeared to equivalent results, while the application
of standardized CNN-based protocols across Centers would benefit from
identical MRI sequences.

Acquisition of phase-contrast MRI data:

The spinal cord motion pattern revealed very prominent peaks of
spinal cord motion at the beginning of the cardiac cycle across both
acquisition techniques and centers. In a setting of higher time resolution,
the peaks were reproducibly higher and steeper in comparison to those
in lower time-resolution assessments (Fig. 3). This phenomenon can be
physically explained: the sensitivity to depict a short period of motion
increases with higher time resolution, and the true peaks are more likely
to be resolved. This explains the main differences across centers in spinal
cord motion analysis. Major disparities were observed within healthy
participants (physiologically lower velocity ranges), whereas assess-
ments of pathologically increased spinal cord motion in DCM patients
was similar. Thus, a setting of low time-resolution leads to a systematic
underestimation of velocity values. Retrospective gating may have an
additional effect: in retrospective triggering, data were interpolated and
therefore the technique might be slightly less sensitive to short and
smaller peaks at a certain timepoint (Lotz et al., 2002). Also, higher Vgnc
might cause a slightly greater data variability (Lotz et al., 2002).

Velocity range in mm/s

(peak-to-peak velocity amplitude)
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Fig. 4. Scatter plot of different processing methods of 31 identically acquired phase-contrast MRI measurements: data were processed by a manual method of Center
1 (x-axis) and by a fully automated pipeline (Center 2, y-axis). The spinal cord velocity range (peak-to-peak-velocity amplitude) in mm/s was generated; data show a

strong linear relation at all segments (r > 0.76) except at C7/T1 (r = 0.65).
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Overall, the effects of these differences across the MRI protocols are
expected to be weak.

It would need further exploration within larger trials to determine
whether the low time-resolution setting can depict relevantly increased
spinal cord motion at a sufficient level of sensitivity.

Processing of phase-contrast MRI data:

The velocity range (peak-to-peak velocity amplitude) has been reli-
ably depicted by both processing methods, making it attractive for
possible clinical implementation.

Data processing was less reliable at segment C7/T1, which had
already been observed by intra-center analysis of Center 1 previously
(Hupp et al., 2019), while data reproducibility had been good at the
same segment at Center 2 (Wolf et al., 2021). Thus, we conclude that this
effect is more likely attributed to the MRI technique than to the pro-
cessing. Possible confounding factors could be the applied coil, slight tilt
of the sagittal plane, or artifacts caused by the arch of the aorta.

Other useful measurements that can be made from the velocity
curves, such as the total displacement of the spinal cord over one
heartbeat, might be less reliable as it is sensitive to phase-drifts. This
parameter might be used with caution in a setting of identical scanners,
order of MRI sequences, and processing. Additionally, it should be noted
that differences in cardiac gating could have a small but possibly
important impact, as prospective gating causes minor measurements
gaps at the end of the cardiac cycle in contrast to retrospective
triggering.

Current visualization of the velocity plots including a point-by-point
subtraction of static tissue phase for phase-drift correction, seem to show
a higher offset error in datasets of Center 1 and at lower segments
measured by Center 2 (Fig. 3). In our experience, including non-
published data, phase-drift correction by point-to-point subtraction of
static tissue phase cannot always be reliably implemented at the cervical
spine due to varying effects depending on the site, direction, and time of
acquisition. A subtraction of the mean or median may give a method that
is independent of these effects, and which is currently applied in ongoing
trials at both centers.

One limitation of the study is the small sample size. It must be noted
that slight inter-center differences of automated processing methods
might have remained, as phase-contrast MRI sequences of Center 1 were
not directly segmented within the magnitude images but overlayed on
matching T2-weighted images. Still, the exploration detected a major
cause explaining data variability while similar spinal cord motion pat-
terns were depicted. This is an important step that underscores the
authenticity of spinal cord motion and the general feasibility of its
analysis. To continue with further research and clinical studies, com-
parisons between scanners applying identical MRI sequences and pro-
cessing methods should be conducted. We see this work as a basic study
upon which future potential multicenter studies can be based.

5. Conclusion

Data demonstrated a consistent and very specific pattern of physio-
logical craniocaudal spinal cord motion in healthy participants and
definite pathological increase in DCM patients across two centers.
Variability of measurements were due to differences in acquisition
techniques, e.g., differences in time-resolution. Diagnostic studies
should aim for a maximum achievable time-resolution to depict the
entire range of spinal cord motion.

Focusing on the velocity range (which is equivalent to the peak-to-
peak velocity amplitude) is recommended, as the value is easy to
generate, robust to different methods of processing, and not affected by
phase-drift. Automated segmentation and processing will enable unbi-
ased, consistent, time-saving, and uniform analysis.
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