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ARTICLE INFO ABSTRACT

Keywords: Short MRI acquisition time, high signal-to-noise ratio, and high reliability are crucial for image quality when
Synthetic T, -weighted MRI scanning healthy volunteers and patients. Cross-sectional cervical cord area (CSA) has been suggested as a marker
Quantitative MRI of neurodegeneration and potential outcome measure in clinical trials and is conventionally measured on T,-
Neurodegeneration

weigthed 3D Magnetization Prepared Rapid Acquisition Gradient-Echo (MPRAGE) images. This study aims to
reduce the acquisition time for the comprehensive assessment of the spinal cord, which is typically based on
MPRAGE for morphometry and multi-parameter mapping (MPM) for microstructure. The MPRAGE is replaced
by a synthetic T;-w MRI (synT;-w) estimated from the MPM, in order to measure CSA. SynT,-w images were
reconstructed using the MPRAGE signal equation based on quantitative maps of proton density (PD), longitudinal
(R,) and effective transverse (R,*) relaxation rates. The reliability of CSA measurements from synT,-w images
was determined within a multi-center test-retest study format and validated against acquired MPRAGE scans by
assessing the agreement between both methods. The response to pathological changes was tested by longitudinally
measuring spinal cord atrophy following spinal cord injury (SCI) for synT;-w and MPRAGE using linear mixed
effect models. CSA measurements based on the synT;-w MRI showed high intra-site (Coefficient of variation
[CoV]: 1.43% to 2.71%) and inter-site repeatability (CoV: 2.90% to 5.76%), and only a minor deviation of -1.65
mm? compared to MPRAGE. Crucially, by assessing atrophy rates and by comparing SCI patients with healthy
controls longitudinally, differences between synT;-w and MPRAGE were negligible. These results demonstrate
that reliable estimates of CSA can be obtained from synT;-w images, thereby reducing scan time significantly.

Spinal cord injury
Cervical cord atrophy

Abbreviations 1. Introduction
CNR Contrast-to-noise ratio
CoV Coefficient of variation One of the most common magnetic resonance imaging (MRI) modal-
CSA Cross-sectional spinal cord area ities is T;-weighted (T;-w) MRI which is routinely applied in the clin-
FoV Field of view ics and research to assess tissue structures and determine volumetric
MPM Multi-parameter mapping changes in the brain and spinal cord. For instance, spinal cord ge-
MPRAGE T,-weighted 3D Magnetization Prepared Rapid Acquisi- ometry measures such as the cross-sectional area (CSA) can be deter-
tion Gradient-Echo mined on T;-w images (Chien et al., 2020; Cohen-Adad et al., 2021;
SCI Spinal cord injury Freund et al., 2010; Lundell et al., 2011). Measuring the CSA has been
synT;-w MRI Synthetic T,-weighted MRI suggested as a marker for pathologic effects in different diseases such as
THS Traveling heads study spinal cord injury (SCI) and multiple sclerosis, and as a potential out-
VL Vertebral level come measure in clinical trials for which reliable MRI protocols are re-

quired (Casserly et al., 2018; Freund et al., 2013a; Kearney et al., 2015;
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Schmierer and Miquel, 2018; Seif et al., 2019). Routinely, a high res-
olution (1 mm? isotropic) T;-w 3D Magnetization Prepared Rapid Ac-
quisition Gradient-Echo (MPRAGE) sequence is used with an acquisition
time of 10 min depending on the volume of interest.

MRI scans with a short acquisition time, high signal-to-noise and
contrast-to-noise ratios (CNR) are desirable when measuring patients
in the MR scanner. Long acquisition time often leads to increased pa-
tient’s discomfort and motion which in turn can result to motion ar-
tifacts (Oztek et al., 2020). Synthetic MRI is a technique that enables
to reconstruct multiple contrast weighted images based on quantitative
maps of physical tissue properties (Noth et al., 2015; Tanenbaum et al.,
2017). It has already been shown that synthetic MRI may provide a
valid alternative to conventional MR acquisitions in the brain for assess-
ing its morphology and generating diagnostic images in several diseases
such as brain tumors, epilepsy, and multiple sclerosis (Gracien et al.,
2019; Granberg et al., 2016; Noth et al., 2015). Thus, this approach
helps us to generate several contrast weightings from the same ac-
quisition and thereby shorten the acquisition time, which is benefi-
cial for both clinical routine and long study protocols. For the recon-
struction of synthetic MR images quantitative MRI protocols are re-
quired. The multi-parameter mapping (MPM) protocol (Helms et al.,
2008; Weiskopf et al., 2013) is a quantitative MRI protocol and pro-
vides quantitative maps of proton density (PD), magnetization satu-
ration, and longitudinal (R;) and effective transverse (R,*) relaxation
rates. These quantitative maps are sensitive to the tissue microstructure
such as myelin and iron content and are used as surrogate markers in
neuroimaging studies (Weiskopf et al., 2021). Crucially, they allow the
reconstruction of a synthetic T;-weighted (synT;-w) image, which can
be used for morphological assessments such as the CSA. Therefore, using
only the MPM protocol for quantitative maps and the resulting synthetic
T;-w MRI may allow us to reduce the total scan time as the acquisition
of an additional conventional structural T,-w image would not be nec-
essary.

However, the implementation of this new outcome measure in clini-
cal studies, in particular when conducting multi-center studies, requires
high reliability and validity, which are still unknown for measuring the
CSA on synT;-w images.

Here, we (1) reconstructed synthetic T, -w images based on quantita-
tive maps derived from the MPM protocol of the cervical spinal cord, (2)
explored the test-retest repeatability of the spinal cord cross-sectional
area measurements from C1 to C3 in a multi-center study, and (3) vali-
dated the application of the generated synT;-w images in a longitudinal
study to reliably detect cord atrophy in patients suffering from spinal
cord injury by comparing the synT;-w MRI against the reference stan-
dard MPRAGE.

2. Materials and methods
2.1. Participants and study design

This study includes two different MRI data sets acquired within our
previous studies, a: The "Traveling heads study (THS)" (Leutritz et al.,
2020; Seif et al., 2022) for assessing intra- and inter-site repeatability,
and b: a longitudinal dataset (Freund et al., 2013b) of SCI patients and
healthy controls to test how the approach of reconstructing synthetic
T,-w images and measuring changes in spinal cord area generalizes to
a patient group.

The THS included 5 healthy volunteers (male (m)/female (f): 3/2,
age: 32.4 + 6.0 years) who underwent the MPM protocol twice
(i.e. scan-rescan) at 6 different sites with an average inter-scan in-
terval of 2 h between scan-rescan measurements at each site. See
Table 1 for an overview of the 6 different sites where the data were
acquired.

The longitudinal study aims at tracking changes of morphological
metrics derived from structural MR imaging and compares the estab-
lished reference standard (MPRAGE) with the synT,-w MRI. 23 patients
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with acute SCI (m/f: 17/6, age [mean + SD]: 46.8 + 19.2 years, admis-
sion to the Balgrist University Hospital between September 2010 and
August 2014), as well as 21 healthy controls (m/f: 13/8, age [mean +
SD]: 33.7 + 9.8 years) were scanned at 5 different time points (at base-
line, 2 months, 6 months, 1 year, and 2 year follow-up) over a time pe-
riod of 2 years following enrollment/SCI. There was a significant differ-
ence in mean age between healthy controls and SCI patients (p = 0.017,
Wilcoxon rank-sum test), while no sex imbalance was evident (p = 0.52,
Fisher’s exact test). Traumatic (n = 15) and non-traumatic (n = 8) eti-
ologies of SCI were included in the patient cohort. The initial neu-
rological level of injury ranged from C3 to T11 (13 tetraplegics, 10
paraplegics). Eight SCI patients were classified based on the American
Spinal Injury Association Impairment Scale (AIS) as AIS A, 5 SCI pa-
tients as AIS B, 3 SCI patients as AIS C, and 7 SCI patients as AIS D. De-
tailed demographic and clinical information of SCI patients is listed in
Table 2.

2.2. Ethics statement

The five subjects participating in the THS provided written informed
consent before each scan and every site obtained approval by the local
ethics committees. All participants of the longitudinal study also pro-
vided written informed consent before participating in the study, which
was approved by the local Ethics Committee of Zurich (EK-2010-0271).

2.3. Image acquisition

In the THS, subjects underwent a quantitative imaging protocol on
3T MRI systems (Table 1), based on the MPM protocol (Weiskopf et al.,
2013), that was implemented using product sequences available on each
clinical MRI system (Leutritz et al., 2020; Seif et al., 2022). The field of
view (FoV) covered the brain and cervical levels C1-C5. The MPM pro-
tocol consisted of three 3D multi-echo spoiled gradient-echo sequences
(i.e. fast low-angle shot (FLASH) on Siemens scanners, and multi-echo
fast field echo (mFFE) on Philips scanners), each with distinct param-
eters for T;-, proton-density (PD)-, and magnetization-transfer (MT)-
weighting: repetition time (TR) of PD- and T; -weighted contrasts: 18 ms;
excitation flip angles for MT-, PD- and T; -weighted contrasts: 6°, 4°, 25°,
respectively. Commonly shared settings across all modalities were: six
equidistant echoes, 1 mm?3 isotropic reconstruction voxel size; readout
FoV: 256 mm; base resolution: 256 pixels in the readout direction; 176
slices; readout in the head-foot direction, inner phase encoding loop in
the left-right (“slice”, fast phase encoding) direction, outer phase en-
coding loop in the anterior-posterior direction (“phase”, slow phase en-
coding); readout bandwidth: 480 Hz/pixel; elliptical k-space coverage;
parallel imaging speedup factor of 2 in the slow/slice phase encoding
direction. The scanning parameters that differed between scanner types
are listed in Table 3. Total scan time on Siemens scanners was 18:45 min
and on Philips scanners 23:58 min. For more details please refer to
(Leutritz et al., 2020).

In the longitudinal study subjects (SCI patients and healthy controls)
were scanned with a T;-weighted 3D Magnetization Prepared Rapid Ac-
quisition Gradient-Echo (MPRAGE) sequence as well as the MPM pro-
tocol on clinical 3T scanners (Siemens Verio and Siemens Skyra, Er-
langen, Germany), both covering the brain and cervical levels C1-C5.
The MPRAGE sequence had the following parameters: 176 slices, in-
plane FoV: 224 x 256 mm?2, 1 mm? isotropic resolution, TR = 2420 ms,
TE = 4.28 ms, flip angle = 9°, inversion time (TI) = 960 ms, readout
bandwidth: 150 Hz/pixel, total scan time: 9:04 min. The MPM proto-
col used in the longitudinal study was similar to the protocol used in
the THS except for B; * /B, mapping, which was not performed. It was
implemented using product sequences available on the respective MRI
scanner (Leutritz et al., 2020). The following parameters were used:
176 slices, FoV: 240 x 256 mm?2, 1 mm? isotropic resolution, parallel
imaging (GRAPPA) with a speedup factor of 2, and readout bandwidth:
480 Hz/pixel. TR of PD- and T, -weighted contrasts was 25 ms, while the
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Table 1
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MRI scanning sites, the respective MRI systems, and main hardware/software specifications.

Site MRI vendor ~ MRIsystem  No. of channels of RF receive head coil =~ MRI software version
BCN Siemens Verio 32 VD13A

BSL Siemens Prisma 20 VE11C

HD Siemens Verio 16 VB19A

NOT Philips Achieva 16 5.3.0

SNS Philips Achieva 16 5.2.7

ZH Siemens Skyra 16 VE11B

BCN Clinica Creu Blanca, Barcelona, Spain; BSL Radiology Department, University Hospital Basel,
Basel, Switzerland; HD University Hospital Heidelberg, Heidelberg, Germany; NOT Radiology,
Swiss Paraplegic Center, Nottwil, Switzerland; SNS Laboratory for Social and Neural Systems Re-
search, Zurich Center for Neuroeconomics, University of Zurich, Zurich, Switzerland; ZH Spinal
Cord Injury Center, Balgrist University Hospital, Zurich, Switzerland.

Table 2
Demographic and clinical information of SCI patients.

Level of hyperintensive signal change

Injury mechanism

C5-C7

T6-T12

Cc6/7

T6-T12

T9-conus medullaris
None

Burst fracture C6

Prolapsed disc T8/9 with spinal cord ischemia
Dislocation fracture C6/7

AV-fistula T9-T11 with myelopathy

Aortic embolism with spinal cord ischemia

Age at injury (years) Sex Initial AIS Initial neurological level of injury
18 M A C5
46 F D T8
22 M B c7
67 F B T9
77 F D T10
43 M D T11
41 M A C5
70 M B Cc7
20 M A C5
52 M D T9
30 M B Cc7
29 M A T11
47 M D C4
51 M B C6
67 M D C3
71 M C T10
32 M A C5
53 F C C4
71 F D T3
72 F A T11
30 M A C4
28 M A C4
31 M C T2

Massively prolapsed disc L3/4

C6/7 Anterolisthesis of C6 relative to C7

c7 Hyperflexion C6/7

C5/6 Dislocation fracture C5/6

- Flexion-distraction T9/10

C6/7 Dislocation fracture C6/7

B Flexion-distraction T12/L1 & burst fracture L1
C6/7 Dislocation fracture C6/7

C6/7 Dislocation fracture C6/7

C3/4 Spinal cord compression C3/4 & acute contusion
T10-12 Spinal cord ischemia

C6/7 Flexion-distraction C5-C7

C4/5 Spinal cord compression C4/5

T6-T8 Discogenic spinal cord compression T3-T9
T10-T12 Spinal epidural hematoma

C5/6 Dislocation fracture C5/6 & burst fracture C6
C4/5 Dislocation fracture C4/5

T2-T7 Dislocation fracture T4/5

a Spinal cord cannot be assessed at the level of injury due to artifacts caused by metal implantsAIS American Spinal Injury Association Impairment Scale.

Table 3

Differing scanning parameters of Siemens and Philips systems.
Acquisition parameter Siemens Philips
Minimum TE and echo spacing (ms) 2.46 2.40
Acquisition resolution (mm?) 11x1.0x1.1 1.0x1.0x1.0
FoV slice resolution (%) 91.0 78.5
FoV phase (%) 87.50 93.75
Slice partial Fourier (%) 75.0 62.5

Phase parallel speedup factor 2 2

Slice parallel speedup factor 1.00 1.25

Spoiling phase increment (°) 50 150

MT TR (ms) 37 48

MT pulse flip angle (°) 500 220

MT pulse length (ms) 10 8

MT pulse off-resonance frequency (kHz) 1.2 1.0

MT pulse shape Gaussian Gaussian filtered sinc
MT pulse bandwidth (Hz) 192 300

TE echo time, FoV field of view, MT magnetization transfer, TR repetition time.

MT-weighted contrast had a TR of 37 ms. Flip angles for PD-, T-, and
MT-weighted contrasts were 4°, 23°, 9° respectively. Six (MT-weighted)
and eight (PD- and T,-weighted) echoes with equidistant echo spac-
ing of 2.46 ms and the first TE being 2.46 ms were acquired. The off-
resonance RF pulse for MT-weighting had the same properties as listed
for the Siemens scanner in Table 3. The total scan time was 23 min.

2.4. Synthetic T;-w MRI calculation

PD, R;, and R,* maps were generated based on the T;-weighted,
PD-weighted, and MT-weighted images from the MPM protocol us-
ing the SPM12-based (v7487) hMRI toolbox (v0.2.0) (Leutritz et al.,
2020; Tabelow et al., 2019). First, all images with different echoes were
co-registered to account for possible subject motion. In the THS the
maps were estimated from the multi-echo data in combination with
the B;* and B;~ measurements. For PD and R; the estimation was
based on the rational approximation of the signal (Helms et al., 2008)
with additional corrections for B; * inhomogeneities. R,* was calculated
across all contrasts (PD-w, T;-w, MT-w) using the ESTATICS approach
(Weiskopf et al., 2014). Extrapolation of the signal to TE = 0 reduced
R,*-related bias in PD maps and was combined with estimations of B; ~
sensitivity for further bias reduction of the PD maps (Leutritz et al.,
2020; Seif et al., 2022). In the longitudinal SCI study, the maps were
calculated likewise. However, since B;* maps were not recorded in the
longitudinal study, the RF transmit field B; * inhomogeneities were cor-
rected using the post-processing UNICORT correction (Weiskopf et al.,
2011) as available in the hMRI toolbox (Tabelow et al., 2019) without
correction for imperfect RF spoiling.

SynT;-w images were calculated using in-house MATLAB scripts
(Version 9.7.0.1190202 (R2019b)) based on quantitative maps of PD,
R;, and R,* using the MPRAGE signal equation for calculating the signal
intensity (S) without undesired B, */B; ~ effects assuming linear k-space
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sampling with centered main echo (Deichmann et al., 2000; No6th et al.,
2015):

S=PD-sin(a)-exp (-TE-R%) - Q )
Where Q is given by:

E;-(1-2-E +E -E)+T' R -(1+E, -E,- Ey—E, - E,- E, - E,)

1+E, -E, E

2

With the parameters:
. _ 1 -
T = (R1 - &5 Inteos (a))) 3)
T

E = exp(—(TI - 5) ~ Rl) @
E, =exp(-TD - Ry) 5

E; =exp <—%> (6)
1
E, =exp <—#> (@)
1

Where « = flip angle, TE = echo time, TR = repetition time, TI = in-
version time, ES = echo spacing, TD = delay time, and r = readout du-
ration of the reconstructed synT;-w image. TD and z can be derived as
follows:

t=n-ES ®)

TD:TR—(TI—%)—T ©)

Where n denotes the number of sagittal partitions of the simulated
MPRAGE acquisition.

Fig. 1 shows a representative example of a synT;-w image and illus-
trates the calculation process.

2.5. Optimization of sequence parameters (THS data)

The sequence parameters were first optimized to achieve the
maximum CNR between the spinal cord and the surrounding cere-
brospinal fluid (CSF) allowing for better segmentation of the spinal cord
(Gros et al., 2019).

Binary masks of the spinal cord and CSF for the calculation of the
CNR within these regions were obtained using the Spinal Cord Tool-
box (Version 5.5) (De Leener et al., 2017). The segmentations were per-
formed on synT;-w images that had been calculated with the following
parameters according to (Tardif et al., 2009): (« = 9°, TE = 4.19 ms,
TR = 2420 ms, TI = 960 ms, ES = 9.9 ms). First, the spinal cord was au-
tomatically segmented applying the sct deepseg sc algorithm (Gros et al.,
2019), while the sct propseg algorithm (De Leener et al., 2014) pro-
vided segmentations of the vertebral canal (sum of CSF and spinal cord).
All resulting binary masks were visually inspected and manually cor-
rected if necessary. The spinal cord segmentation was subtracted from
the vertebral canal segmentation in order to obtain the CSF segmen-
tation only. Both segmentations were visually inspected and manually
corrected where necessary. The synT;-w image was co-registered to the
MNI-Poly-AMU template (De Leener et al., 2018) after semiautomatic
identification of vertebral levels C1-C3. Finally, the average voxel in-
tensities within the spinal cord (pc.rq) and CSF (ucgp) segmentations as
well as the standard deviation of the voxel intensities within the spinal
cord (o.orq) Segmentation were extracted at vertebral levels C1-C3, re-
spectively.
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Fig. 1. Illustration of reconstruction of the synT,-w image. Based on the quan-
titative maps derived from the multi-parametric mapping protocol and using
the MPRAGE signal equation, a synthetic T,-w image was calculated and recon-
structed.

The CNR was defined as follows:

CNR = HKeord — HCSF (10)
Ocord

Where yi.,q and ucgr denote the mean signal within the spinal cord
and CSF segmentations, and o, the standard deviation of the signal
within the spinal cord, respectively.

The following parameters were optimized within the reported limits
close to frequently used settings of MPRAGE acquisitions (Tardif et al.,
2009) using a simple grid search: ¢ = 9-13°, TE = 4.2-4.5 ms,
TR = 2100-2700 ms, TI = 940-980 ms, ES = 9.9 ms, and n = 176 par-
titions. For each of the combinations the CNR was calculated and the
optimal sequence parameters were determined according to the high-
est resulting CNR across all subjects and sites for allowing robust spinal
cord segmentation (Gros et al., 2019).
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2.6. Image processing and spinal cord segmentation

For obtaining the CSA, synT;-w and MPRAGE images were auto-
matically segmented using the sct deepseg sc algorithm within the Spinal
Cord Toolbox (Gros et al., 2019) and the resulting binary masks were
manually corrected if necessary. Following segmentation, synT;-w and
MPRAGE images were co-registered to the MNI-Poly-AMU template
(De Leener et al., 2018) after semiautomatic identification of different
vertebral levels (C1-C3), and the average CSA was extracted from the
segmentations for each vertebral level (C1-C3) separately.

2.7. Intra- and inter-site repeatability (THS data)

Intra-site (i.e. scan-rescan) and inter-site repeatability of the spinal
cord segmentation was assessed by calculating coefficients of variation
(CoV) for CSA across vertebral levels (VL) C1-C3.

For assessing the intra-site repeatability, an intra-site CoV was de-
fined as the standard deviation (6j,.,) Of scan-rescan measurements of
each subject per site over the mean (u;,,) of scan-rescan measurements
of each subject per site:

O;
(V L, site, subject) = =22 . 100 11)

Hintra

CoV;

intra

The intra-site CoV was calculated for each vertebral level, site, and
subject separately.

For comparing the repeatability between sites, the inter-site CoV was
defined as the standard deviation (o) Of all measurements of each
subject across all sites over the mean (yj,,;) of all measurements of
each subject across all sites:

COVypyor(V L, subject) = “21C . 100 (12)

Hinter
The inter-site CoV was calculated for each vertebral level and subject
separately.
Further statistical analyses were performed in RStudio (Version
4.0.5).

2.8. Agreement between CSA from MPRAGE and synT;-w (Longitudinal
data)

Next, the difference between CSA obtained from synT, -w and the ref-
erence standard MPRAGE was further assessed using the Bland-Altman
method (Bland and Altman, 1986), where the difference between both
segmentations (MPRAGE and synT;-w) was plotted against their aver-
age for each data point. A data point denotes the parameter CSA of one
subject at one time point averaged across vertebral levels C1-C3. The
bias, which represents the average of the individual differences between
MPRAGE and synT; -w, and the limits of agreement, encompassing 95%
of the individual differences between MPRAGE and synT;-w, were de-
termined across vertebral levels C1-C3.

2.9. Tracking SCI-induced cord atrophy using MPRAGE and synT;-w
(Longitudinal data)

The image quality of both MPRAGE and synT;-w images was care-
fully inspected and the respective vertebral levels were excluded in case
of extensive susceptibility and/or motion artifacts. The final sample
size was 85.3% (C1), 82.7% (C2), and 75.4% (C3) of the total sample
size. 10.3% of the data was rejected based on the quality assessment of
MPRAGE images and 13.6% based on synT;-w images. In the final data
set the sex distribution (m/f) in SCI patients was 15/6 and in healthy
controls 13/8. Using linear mixed effect models, temporal changes of
CSA (i.e. spinal cord atrophy) over two years following SCI across the
cervical cord were assessed. The same models were created for both
MPRAGE and synT;-w readouts and included vertebral levels (3 levels:
C1-C3), time since injury (5 time points) with a quadratic term to model
deceleration effects, as well as their interaction with group (2 groups:
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Fig. 2. Spinal cord cross-sectional area (CSA) measurements based on the
synT;.w MRI: intra-site coefficient of variation (A) and inter-site coefficient of
variation (B) of CSA estimates at cervical levels C1-C3.

healthy controls and SCI patients) as fixed effects. Random effects were
the individual intercept and slope associated with time since injury and
vertebral level, and the quadratic term of time since injury. Moreover,
since healthy controls and SCI patients differed with regard to mean
age, the interaction of age with time since injury was added to account
for aging-related changes (Papinutto et al., 2020). Due to the scanner
update over the course of the study, the models were additionally cor-
rected for the scanner type. The linear effects over time (i.e. linear atro-
phy rates), the quadratic effects (i.e. deceleration), as well as the mean
estimated CSA across C1-C3 at baseline and the 2-year follow-up were
assessed for both groups and compared between MPRAGE and synT; -
w. Similarly, the difference between healthy controls and SCI patients
was compared between MPRAGE and synT; -w for the linear effects over
time, the quadratic effects, as well as the estimated CSA at baseline and
the 2-year follow-up. A significance threshold of p = 0.05 and Tukey’s
correction for multiple comparison was used.

3. Results
3.1. Optimization of sequence parameters (THS data)

The CNR was determined on synT; -w images with different sequence
parameters (« = 9-13°, TE = 4.2-4.5 ms, TR = 2100-2700 ms, TI = 940—
980 ms). The highest CNR was obtained for « = 12°, TE = 4.5 ms,
TR = 2100 ms, and TI = 980 ms. Therefore, these MR parameters were
applied for creating the synT;-w images for the subsequent analyses.
Please note that the optimum within the predefined range of settings
was found at the boundary for several parameters.

3.2. Intra- and inter-site repeatability (THS data)

The average intra-site CoV (scan-rescan) for CSA obtained from
synT;-w images was 1.43 + 1.51% for C1, 1.55 + 1.42% for C2, and
2.71 + 3.00% for C3 (Fig. 2A) demonstrating high test-retest repeatabil-
ity. The average inter-site CoV (between different sites) for CSA obtained
from synT;-w images was 2.90 + 1.64% for C1, 3.91 + 1.33% for C2,
and 5.76 + 1.66% for C3 (Fig. 2B) indicating good repeatability between
sites with different MRI systems.

3.3. Agreement between CSA from MPRAGE and synT;-w (Longitudinal
data)

The average CSA based on MPRAGE segmentations from the lon-
gitudinal data was 63.81 + 8.69 mm? while the mean CSA for synT;-
w was 62.19 + 8.35 mm? (Fig. 3A). Fig. 3B shows the Bland-Altman
plots for the difference between the CSA obtained from MPRAGE and
synT;-w images. Based on the Bland-Altman analysis, the bias of CSA de-
rived from synT;-w was -1.61 mm? (-2.5%) compared to MPRAGE with
a lower limit of agreement of -5.67 mm? (-8.9%) and an upper limit
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This study shows the feasibility of reconstructing T;-w synthetic MRI

images based on quantitative maps of physical tissue parameters for re-
liable estimation of spinal cord morphometric parameters such as the
cross-sectional area. We demonstrated high intra- and inter-site repeata-
bility of CSA measurements derived from synT, -w images (intra-site CoV
< 3%, inter-site CoV < 6%), which opens the opportunity of applying
this technique in multi-center studies. The direct comparison of CSA
measurements between synT;-w and the reference standard MPRAGE
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Cross-sectional cord area averaged across C1-C3 for MPRAGE and synT;-w at baseline and 2-year follow-up estimated from linear mixed effects models.
Average cross-sectional area
Controls Patients Patients - Controls
Time point  Protocol CSA [mm?]  95% CI [mm?] CSA [mm?]  95% CI [mm?] CSA [mm?]  95% CI [mm?] p-value
Baseline MPRAGE 66.33 63.40 to 69.27 64.74 61.76 to 67.72 -1.59 -5.76 to 2.58 0.44
synT;-w 64.81 61.96 to 67.66 63.15 60.23 to 66.08 -1.66 -5.73 to 2.41 0.41
Difference -1.52 -1.59 -0.07
2-year FUP MPRAGE 65.89 62.02 to 69.76 54.97 50.97 to 58.95 -10.93 -16.45 to -5.42 0.0003
synT;-w 64.37 60.42 to 68.32 52.90 48.76 to 57.03 -11.48 -17.22 to -5.73 0.0003
Difference -1.52 —2.06 —-0.54
CSA cross-sectional cord area, FUP follow-up, MPRAGE Magnetization Prepared Rapid Acquisition Gradient-Echo image, synT;-w synthetic T, -weighted
image.
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images showed high agreement. Moreover, similar estimates of cervical
cord atrophy were found with both methods (synT;-w and MPRAGE) in
a longitudinal study to track neurodegeneration following SCI.

Conventionally, atrophy of the cervical cord, which is suggested as
marker for remote neurodegenerative processes in different diseases
such as SCI and multiple sclerosis, is measured on high-resolution T;-
w images like 3D MPRAGE (Casserly et al., 2018; Freund et al., 2022;
Seif et al., 2019). One major drawback of many MRI study protocols
is long acquisition time, which ultimately may impact image quality
(Oztek et al., 2020). For reducing acquisition time in extensive MRI
study protocols, we calculated synthetic T;-w images based on quan-
titative maps of PD, R, and R,* derived from the MPM protocol, us-
ing the MPRAGE signal equation. The high test-retest repeatability and
high agreement between synT;-w images and MPRAGE images as well
as the agreement in atrophy measures following SCI demonstrate that
synthetic MRI can replace MPRAGE in clinical studies.

4.1. Intra- and inter-site repeatability

Introduction of new outcome measures to clinical studies require
high reliability of the underlying measurements for those outcome mea-
sures. Reliability can be assessed by determining the test-retest repeata-
bility. In MRI studies the intra-site repeatability refers to measurements
conducted with the same scanner. In this study, the mean intra-site

repeatability of synT;-w across C1-C3 was high and ranged between
1.43% and 2.71% for all three cervical levels, which is comparable to
the repeatability of CSA measurements based on directly acquired T;-w
images (Lukas et al., 2021; Weeda et al., 2019). However, when con-
ducting multi-center studies including acquisition of MR images on dif-
ferent scanners and using different imaging protocols, repeatability of
the measurements between the different sites becomes particularly im-
portant. Since conventional MRI acquisitions are greatly influenced by
the scanner hardware and various protocol parameters, signal intensi-
ties may vary considerably between different scanners (Gracien et al.,
2020). Quantitative MRI aims at providing quantitative information
about specific MRI parameters, which are not anymore influenced by
differences between scanners, and thus, should increase repeatability
in multi-center studies (Weiskopf et al., 2021). Here, we found that
the inter-site CoV of CSA ranged between 2.90% and 5.76%, which
is reasonably low. Comparing these results with reliability of directly
acquired MRI, the inter-site repeatability of cord segmentation across
different MRI systems and protocols was recently addressed in a multi-
center study including 42 sites across the world (Cohen-Adad et al.,
2021). This study reported inter-site CoV of CSA based on acquired T;-w
images (including MPRAGE) separately for different MRI vendors, which
ranged between 3.08% and 4.41% being comparable to the results ob-
tained from synT;-w in our study. However, we neither separated the
different MRI systems nor averaged the CSA measurements across sev-
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eral vertebral levels in our analysis which needs to be considered when
comparing these studies (Cohen-Adad et al., 2021; Weeda et al., 2019).

Part of the variability between scan and rescan as well as between
different sites might be attributable to remaining variability in the un-
derlying quantitative maps, where recently intra-site repeatability be-
tween 2.6 and 7.5%, and inter site-repeatability between 6.5 and 12%
for the cervical cord was reported (Seif et al., 2022). However, with
improved methods for the quantification of tissue properties, this vari-
ability might be reduced in the future.

Comparing the repeatability for vertebral levels separately, there was
a trend that lower spinal cord levels showed higher variability, which
was expected, given that these regions are located closer to the edge of
the field of view.

Overall, the results of intra- and inter-site repeatability of synT;-w
segmentations are highly encouraging and support the use of synT;-w
for tracking atrophy of the spinal cord in clinical studies. In particu-
lar after spinal cord injury, where the effect size of atrophy can be as
high as 30% (Freund et al., 2011), synT;-w is expected to allow reliable
assessment of CSA atrophy.

4.2. Agreement between CSA from MPRAGE and synT;-w

The validity and applicability of synT;-w images in clinical studies
was assessed by directly comparing CSA measurements derived from
MPRAGE with those derived from synT;-w in a longitudinal study
that involved healthy participants and SCI patients (Azzarito et al.,
2020; Freund et al.,, 2013b; Grabher et al., 2015; Schading et al.,
2023; Seif et al., 2018a, 2018b; Ziegler et al., 2018). As the CSA
has been proposed as a marker for neurodegeneration in clinical tri-
als (Casserly et al., 2018; Freund et al., 2013a; Kearney et al., 2015;
Schmierer and Miquel, 2018; Seif et al., 2019), optimizing acquisition
time of study protocols can help to improve patient comfort, data qual-
ity and scan costs. However, replacing additional MPRAGE acquisitions
by synthetic MRI requires valid measurements of CSA based on synT;-w
images. In our study CSA based on synT;-w images showed only a mi-
nor bias of —2.5% compared to MPRAGE images in the Bland-Altman
analysis.

Considering expected effect sizes of up to —30% (Freund et al.,
2011) this difference of —2.5% between both methods is not expected
to greatly affect the assessment of neurodegeneration in the cervical
cord, given that also the limits of agreement were considerably narrower
than this effect size (-8.9 to 3.8%). However, care must be taken when
comparing CSA derived from different modalities, particularly when ex-
pected effect sizes are considerably smaller (e.g. at early time points
post-injury or in different diseases with slower atrophy rates). There-
fore, it is recommended to use the same MR protocols in longitudinal
studies (Cohen-Adad et al., 2021).

4.3. Tracking SCI-induced cord atrophy using MPRAGE and synT;-w MRI

In order to show that despite this marginal bias of -2.5% valid estima-
tion of cervical cord atrophy in clinical studies is feasible, linear mixed
effect models based on MPRAGE and synT;-w images were compared.
Overall, a similar difference like in the Bland-Altman analysis between
synT;-w and MPRAGE with comparable magnitudes was found in the
absolute estimates of CSA when comparing the linear mixed effect mod-
els. However, this difference diminished when assessing linear atrophy
rates (change/time) and comparisons between groups (SCI patients —
controls). This suggests that the absolute difference in segmentation be-
tween synT;-w and MPRAGE represents a constant offset with different
CSA-intercepts in the linear mixed effect models, while the linear and
quadratic estimates of atrophy seem to be less affected. Moreover, both
models resulted not only in similar estimates of cord atrophy and differ-
ences between healthy controls and SCI patients, but additionally, the
variances of the estimates were comparable. This allowed robust estima-
tion of cord atrophy based on synT, -w images despite having a marginal
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systematic difference compared to MPRAGE. Therefore, synthetic MRI,
in particular synT;-w images reconstructed from quantitative maps de-
rived from the MPM protocol (Weiskopf et al., 2013), may be considered
as a valid alternative to acquiring additional structural images for mor-
phometry of the cervical cord when MPM data are acquired anyway
(Seif et al., 2022). This could help us to reduce acquisition time and to
optimize the efficiency of study protocols for improving patient com-
fort and compliance as well as reduce scanning expenses. Ultimately,
it could facilitate the implementation of advanced imaging into clinical
MRI protocols.

4.4. Limitations

This study has some limitations. Note that for the optimization of
sequence parameters of the synT;-w images we did not conduct a sys-
tematic optimization and only considered a certain range of param-
eters close to the frequently used settings in MPRAGE acquisitions
(Tardif et al., 2009). Since the optimum within the predefined range
of settings was found at the boundary for several parameters, it is very
likely that they do not represent the global optimum. Future studies
should focus on systematically optimize these parameters. However, the
purpose of this study was not to provide an exhaustive optimization
but rather to demonstrate the flexibility and utility of synthetic MRL
For the calculation of the CNR we considered the variance of the sig-
nal across the spinal cord instead of measuring only the background
noise, as after calculation of the quantitative maps regions outside of
the body are not informative about noise anymore. To facilitate seg-
mentation of the spinal cord, we decided to optimize the contrast with
respect to the homogeneity of the signal in the spinal cord. Furthermore,
the intra- and inter-site repeatability was determined on a small group
of five healthy subjects in a narrow age range (32.4 + 6.0 years). Future
studies should extend this analysis to a broader group of patients. Re-
garding the correction of B;* and B; ~ field inhomogeneities, different
approaches were used in both sub-studies. While additional reference
scans were acquired in the THS study, a data driven postprocessing cor-
rection method (UNICORT) (Weiskopf et al., 2011) was used in the lon-
gitudinal study demonstrating the robustness and general applicability
of this approach. During the longitudinal study, the scanner was updated
to a newer version which involved the change of certain hardware el-
ements including the gradient coils. Since this affected both MPRAGE
and synT;-w images, the scanner upgrade is not expected to influence
comparisons between these images (Ziegler et al., 2018). Moreover, the
statistical models were corrected for the scanner type to account for the
scanner upgrade. Healthy controls showed changes in CSA of up to -
0.7% over 2 years (difference between baseline and 2-year follow-up),
which might be due to aging (Papinutto et al., 2015), natural fluctua-
tions, test-retest variability, or remaining effects of the scanner upgrade.
Ultimately, this would limit the ability to detect subtle changes in CSA
in diseases where expected effect sizes are rather small such as multiple
sclerosis (Prados et al., 2020; Valsasina et al., 2022).

5. Conclusion

This is the first study investigating the feasibility and repeatability
of synthetic weighted MRI for tracking neurodegeneration in the cer-
vical cord based on quantitative multi-parameter maps of physical tis-
sue parameters. We demonstrate that macrostructural segmentations of
synthetic T;-w images show a high intra- and inter-site repeatability,
and only a minor deviation when compared to real MPRAGE images.
Most relevant for clinical applications, using these synT;-w images in a
longitudinal study to track neurodegeneration within the cervical cord
following SCI, the atrophy rates and differences between healthy con-
trols and SCI patients were almost identical to MPRAGE images. Reliable
estimates of spinal cord morphology can be obtained from synT;-w de-
rived from MPM images. Thereby the acquisition of a separate MPRAGE
scan becomes obsolete and the total acquisition time may be reduced by
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approximately 10 min compared to previous comprehensive protocols
(Freund et al., 2013b), facilitating the potential application in clinics.
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