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1.  INTRODUCTION

1.1.  Spinal cord morphometry measures

The spinal cord plays a vital role in the central nervous 
system by transmitting sensory and motor signals 
between the brain and the rest of the body. It also con-
tains essential networks responsible for functions such 

as locomotion and pain processing. Structural magnetic 
resonance imaging (MRI) is commonly used to assess 
spinal cord macrostructure and to compute measures of 
spinal cord morphometry like cross-sectional area (CSA) 
or anteroposterior (AP) diameter. The morphometric mea-
sures serve as objective indicators to evaluate spinal 
cord pathologies, such as the extent of spinal cord 
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ABSTRACT
Measures of spinal cord morphometry computed from magnetic resonance images serve as relevant prognostic bio-
markers for a range of spinal cord pathologies, including traumatic and non-traumatic spinal cord injury and neurode-
generative diseases. However, interpreting these imaging biomarkers is difficult due to considerable intra- and 
inter-subject variability. Yet, there is no clear consensus on a normalization method that would help reduce this vari-
ability and more insights into the distribution of these morphometrics are needed. In this study, we computed a data-
base of normative values for six commonly used measures of spinal cord morphometry: cross-sectional area, 
anteroposterior diameter, transverse diameter, compression ratio, eccentricity, and solidity. Normative values were 
computed from a large open-access dataset of healthy adult volunteers (N = 203) and were brought to the common 
space of the PAM50 spinal cord template using a newly proposed normalization method based on linear interpolation. 
Compared to traditional image-based registration, the proposed normalization approach does not involve image 
transformations and, therefore, does not introduce distortions of spinal cord anatomy. This is a crucial consideration 
in preserving the integrity of the spinal cord anatomy in conditions such as spinal cord injury. This new morphometric 
database allows researchers to normalize based on sex and age, thereby minimizing inter-subject variability associ-
ated with demographic and biological factors. The proposed methodology is open-source and accessible through the 
Spinal Cord Toolbox (SCT) v6.0 and higher.
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atrophy in multiple sclerosis (Losseff et  al., 1996; Mina 
et al., 2021; Rocca et al., 2019) and amyotrophic lateral 
sclerosis (El Mendili et al., 2023; Paquin et al., 2018) or 
the severity of spinal cord injury and spinal cord com-
pression in traumatic and non-traumatic spinal cord 
injury, respectively (Badhiwala et al., 2020; David et al., 
2019; Miyanji et al., 2007).

However, interpreting morphometric measures is chal-
lenging due to considerable inter-subject variability asso-
ciated with demographic and biological factors. For 
example, significantly smaller CSA is consistently reported 
in females relative to males (Bédard & Cohen-Adad, 2022; 
Engl et al., 2013; Mina et al., 2021; Papinutto et al., 2015, 
2020; Rashid et al., 2006; Solstrand Dahlberg, Viessmann, 
& Linnman, 2020; Yanase et al., 2006). Similarly, studies 
showed an association of spinal cord CSA with cervical 
cord length (Martin et al., 2017a, 2017b; Oh et al., 2014), 
spinal canal area, and spinal canal diameters (Kesenheimer 
et al., 2021; Papinutto et al., 2020). Other factors, such as 
brain volume, intracranial volume, and thalamic volume 
also showed a strong correlation with spinal cord CSA 
(Bédard & Cohen-Adad, 2022; Papinutto et  al., 2015, 
2020; Rashid et al., 2006; Solstrand Dahlberg, Viessmann, 
& Linnman, 2020).

As for weight and height, studies showed only a mod-
erate correlation with spinal cord CSA (Papinutto et al., 
2020; Yanase et al., 2006) or did not show any significant 
association (Bédard & Cohen-Adad, 2022; Papinutto 
et al., 2020; Solstrand Dahlberg, Viessmann, & Linnman, 
2020). Likewise, only a weak non-significant association 
was reported between spinal cord CSA and age (Bédard 
& Cohen-Adad, 2022; Kato et al., 2012; Papinutto et al., 
2020; Yanase et  al., 2006). A single study with a wide 
cohort age range reported that CSA increases until about 
45 years of age and then begins to decrease (Papinutto 
et al., 2020).

In addition to inter-subject variability, spinal cord anat-
omy varies depending on the level. In agreement with 
anatomical textbooks (Standring, 2020), studies have 
shown an increase in CSA around vertebral levels C4-C5 
corresponding to cervical enlargement (De Leener et al., 
2018; Frostell et al., 2016; Hora﻿́kova﻿́ et al., 2022; Martin 
et al., 2017b; Mina et al., 2021; Rocca et al., 2019).

1.2.  Normalization strategies

Various normalization strategies have been proposed 
to  account for the above-mentioned factors on spinal 
cord morphometric measures. Sex was used for CSA 

normalization in several works (Bédard & Cohen-Adad, 
2022; Kesenheimer et al., 2021; Papinutto et al., 2020; 
Rashid et al., 2006). Other studies proposed spinal cord 
length as a normalization factor (El Mendili et al., 2023; 
Martin et al., 2017a, 2017b; Oh et al., 2014; Rocca et al., 
2019). Additionally, combining spinal cord length with a 
Z-score normalization was proposed to account for vari-
ations along the superior–inferior axis (Martin et  al., 
2017a, 2017b). Another approach taking into account 
the dependency of spinal cord anatomy on a level 
involved the normalization of morphometric measures 
from the compression site using non-compressed levels 
above and below (Guo et al., 2022; Miyanji et al., 2007). 
Finally, several studies normalized CSA using the spinal 
canal and brain metrics, including spinal canal area, spi-
nal canal diameter, brain volume, intracranial volume, 
thalamic volume, and head size normalization factor 
(Bédard & Cohen-Adad, 2022; Horsfield et  al., 2010; 
Kesenheimer et al., 2021; Papinutto et al., 2020; Rashid 
et al., 2006; Rocca et al., 2019).

While normalization strategies showed promising 
outcomes, there is currently no accepted consensus on 
which method to use (Cohen-Adad et  al., 2021b; 
Papinutto et  al., 2020), and their implementation is 
challenging. First, measuring the spinal cord length and 
the spinal canal area can be time-consuming if done 
manually. Second, obtaining brain MRI scans, neces-
sary for assessing brain and thalamic volumes, may not 
be routinely available in spinal cord MRI protocols, and 
neurodegenerative diseases such as multiple sclerosis 
can influence brain measurements and potentially intro-
duce bias during normalization.

1.3.  Spinal cord template

Similarly to brain studies, spinal cord research involving 
multiple subjects frequently relies on templates—
standardized, high-resolution images of the human spinal 
cord used as a reference for comparing and analyzing 
individual spinal cord scans. A commonly used spinal 
cord template is the PAM50 (De Leener et al., 2018). The 
process of aligning individual single-subject images to 
the template typically involves a series of non-linear 
image transformations, which may introduce inaccura-
cies when computing morphometric measures in the 
PAM50 vs. in the native subject’s space. This is an 
important consideration, especially in subjects with 
altered spinal cord anatomy, such as patients with spinal 
cord injury.
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1.4.  Normative values

Several multi-subject studies have provided normative 
values for spinal cord morphometry (Frostell et al., 2016; 
Hora﻿́kova﻿́ et al., 2022; Kato et al., 2012; De Leener et al., 
2018; Taso et  al., 2016). However, these studies show 
inconsistency in their reporting. Some authors only pro-
vided values for intervertebral discs (De Leener et  al., 
2018; Hora﻿́kova﻿́ et al., 2022), while others presented val-
ues averaged across multiple vertebral levels (Taso et al., 
2016). Notably, none of these studies have presented 
normative values separated by sex.

1.5.  Study objective

In this study, we present a database of healthy normative 
values for six commonly used measures of spinal cord 
morphometry built using a new fully automatic normaliza-
tion approach. The interactive database is available online 
(https://preprint​.neurolibre​.org​/10​.55458​/neurolibre​
.00017/) and allows filtering by sex, age, and MRI vendors. 
The proposed methodology is open-source and accessi-
ble through the Spinal Cord Toolbox (SCT) (De Leener 
et al., 2017), and can be used in future multi-subject stud-
ies to minimize inter- and intra-subject variability.

2.  MATERIALS AND METHODS

2.1.  Data and participants

We used data from the spine-generic multi-subject data-
set (Cohen-Adad et  al., 2021b). The dataset is open-
access, organized according to the Brain Imaging Data 
Structure (BIDS) standard (Gorgolewski et  al., 2016; 
Karakuzu et  al., 2022) and managed using git-annex 
(https://git​-annex​.branchable​.com) in this GitHub reposi-
tory: https://github​.com​/spine​-generic​/data​-multi​-subject​
/tree​/r20230223.

Adult healthy participants were scanned across 43 
centers on 3 T MRI scanners from 3 vendors (GE: N = 28, 
Philips: N = 36, and Siemens: N = 139) using the con-

sensus spine-generic acquisition protocol (Cohen-Adad 
et  al., 2021a). We used the 3D sagittal T2-weighted  
(T2-w)  images (0.8  mm3) acquired using the SPACE 
(Siemens), VISTA (Philips), or CUBE (GE) sequences. We 
chose the T2-w over the 1 mm isotropic T1-weighted (T1-
w) because (i) the former sequence is less sensitive to 
subject motion and (ii) the spatial resolution is better 
(0.8 mm isotropic), providing more precise morphometric 
measures. For additional considerations, see Discussion 
section 4.5. For more details on sequence parameters, 
see Cohen-Adad et al. (2021a, 2021b).

Two experienced radiologists (M.K. and T.R.) evalu-
ated MRI scans with a focus on the presence of spinal 
cord compression. Spinal cord compression was 
defined as a change in spinal cord contour at the level of 
an intervertebral disc on an axial or sagittal MRI plane 
compared with that at the midpoint level of neighbour-
ing vertebrae (Kadanka et  al., 2017; Keřkovský et  al., 
2017). Minor abnormalities such as mild disc protru-
sions, spine misalignment, or minimal widening of the 
spinal cord central canal were not considered significant 
pathologies.

Qualitative assessment of the spine-generic dataset 
by two experienced radiologists revealed mostly mild spi-
nal cord compression in 64 out of the total 267 volunteers 
(see the “pathology” column in this spreadsheet: https://
github​.com​/spine​-generic​/data​-multi​-subject​/blob​
/r20230223​/participants​.tsv). Those volunteers were 
excluded from the further analysis. The final cohort used 
for the normative database construction consisted of 203 
healthy subjects (105 males and 98 females). Detailed 
demographic characteristics are provided in Table 1.

2.2.  Data pre-processing

The image processing was performed automatically 
using SCT v6.0 (De Leener et al., 2017). For each partic-
ipant, the spinal cord was segmented using a deep 
learning-based algorithm (Gros et  al., 2019) and the 
intervertebral discs were labeled (Ullmann et al., 2014) to 

Table 1.  The demographic characteristics of subjects included in the normative database.

Whole cohort Males Females
p-Value  

Males-Females

Number of subjects 203 105 98 -
Age [y.o.] 28.7 ± 5.6 29.0 ± 5.6 28.3 ± 5.6 .241
Height [cm] 172.5 ± 9.9 179.3 ± 7.7 165.4 ± 6.1 <.001
Weight [kg] 67.7 ± 13.4 75.9 ± 10.8 58.9 ± 9.9 <.001

The values are shown as mean and standard deviation.

https://preprint.neurolibre.org/10.55458/neurolibre.00017/
https://preprint.neurolibre.org/10.55458/neurolibre.00017/
https://git-annex.branchable.com
https://github.com/spine-generic/data-multi-subject/tree/r20230223
https://github.com/spine-generic/data-multi-subject/tree/r20230223
https://github.com/spine-generic/data-multi-subject/blob/r20230223/participants.tsv
https://github.com/spine-generic/data-multi-subject/blob/r20230223/participants.tsv
https://github.com/spine-generic/data-multi-subject/blob/r20230223/participants.tsv
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generate the cord segmentation labeled with vertebral 
levels (Fig. 1A).

The spinal cord segmentation and disc labels were 
visually inspected using SCT’s quality control report (sct_
qc function: https://spinalcordtoolbox​.com​/user​_section​
/command​-line​.html​#sct​-qc) and manually corrected 
when necessary by J.V. and S.B. The manual corrections 
ensured that the spinal cord segmentation masks used 
for the computation of morphometric measures were reli-
able. Segmentation masks were corrected using FSL-
eyes image viewer (McCarthy, 2022) by adding or 
removing voxels when appropriate. Regarding vertebral 
labeling corrections, we manually identified the posterior 
tip of the intervertebral discs using SCT’s sct_label_utils 
function (De Leener et al., 2017) when it was necessary.

2.3.  Normalization

Figure  1 shows a schematic representation of the nor-
malization approach based on linear interpolation of 
morphometric measures from the subject’s native space 
to the anatomical dimensions of the PAM50 spinal cord 
template (De Leener et al., 2018).

After pre-processing (i.e., spinal cord segmentation 
and labeling), the morphometric measures were computed 

across individual axial slices from the spinal cord seg-
mentation mask in the subject’s native space considering 
the angulation of the spinal cord (i.e., the angle between 
the spinal cord centerline and the axial plane). Then, the 
number of axial slices corresponding to each vertebral 
level was identified in both the subject’s native space and 
in the PAM50 template based on the labeled segmenta-
tion. Finally, the computed morphometric measures were 
linearly interpolated to the PAM50 anatomical dimen-
sions based on the number of slices for each vertebral 
level in the native space and the PAM50 template.

The following morphometric measures were com-
puted using SCT’s sct_process_segmentation for each 
participant: cross-sectional area (CSA), anteroposterior 
(AP) diameter, transverse diameter, compression ratio, 
eccentricity, and solidity (Fig. 1B).

Spinal cord CSA reflects the atrophy of the spinal cord 
and is computed as the area of the spinal cord in the 
transverse plane. The AP diameter is the measurement of 
the diameter of the spinal cord in the anterior–posterior 
direction, while the transverse diameter is the measure-
ment of the diameter of the spinal cord from side to side. 
The compression ratio reflects the flattening of the spinal 
cord and is defined as the ratio of the AP diameter and 
the transverse diameter. Eccentricity is calculated by 

Fig. 1.  Schematic representation of the normalization approach. (A) T2-weighted images of 203 participants from the 
spine-generic dataset (multi-subject) were used. The spinal cord was segmented, and vertebral levels were identified 
automatically using the Spinal Cord Toolbox (SCT). (B) Six morphometric measures were computed for each axial slice 
from the single-subject segmentation masks. (C) For each vertebral level, the number of slices in the subject native space 
and the corresponding vertebral level in the PAM50 template (D) were identified. Then, the morphometric measures were 
linearly interpolated to the PAM50 space using the number of slices in the PAM50 template and the subject native space 
for each vertebral level.

https://spinalcordtoolbox.com/user_section/command-line.html#sct-qc
https://spinalcordtoolbox.com/user_section/command-line.html#sct-qc
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dividing the distance between the two focal points of the 
ellipse by the length of its longest diameter (the major 
axis). The value is in the interval [0, 1]. A lower eccentric-
ity value (closer to 0) suggests a more circular spinal cord 
cross-section. Solidity is used to measure the indentation 
of the spinal cord and is defined as the ratio of the area 
representing the spinal cord to the area of the smallest 
convex polygon surrounding all positive pixels in the 
image. Solidity is relevant in detecting non-convex 
shapes, for instance, in subjects with spinal cord com-
pression.

2.4.  Normative values and interactive database

The normative values were calculated as mean and stan-
dard deviation across participants for slices in PAM50 
space corresponding to each intervertebral disc and the 
middle of each vertebral level. The normative values are 
provided for the whole cohort and separated by sex.

For convenient introspection of the morphometric 
measures, interactive figures were created using the 
Plotly (https://github​.com​/plotly​/plotly​.py) Python library 
v5.9.0. The figures allow interactive visualization of nor-
mative values for any slice in the PAM50 space and filter-
ing for sex, age decades, and MRI vendors. The figures 
show values per slice (instead of per vertebral level), to 
prevent the loss of information that would arise if values 
were averaged within each vertebral level.

2.5.  Statistical analysis

Statistical analysis was conducted using the SciPy 
Python library v1.10.1 (Virtanen et al., 2020). Descriptive 
statistics, including mean and standard deviation, were 
computed for age, height, and weight. The Shapiro–
Wilk normality test was used to assess data normality. 
Differences between males and females in age, height, 
and weight were examined using the Wilcoxon rank-
sum test. Morphometric measures in PAM50 space 
were averaged across participants for each slice and 
compared between sex and MRI vendors using the Wil-
coxon rank-sum test. The significance level was set to 
alpha = 0.001.

The inter-subject coefficient of variation (COV), defined 
as the ratio of standard deviation and mean, was com-
puted per slice for all morphometrics measures. The COV 
was then averaged for individual vertebral levels. Addi-
tionally, the mean COV for the whole cervical spinal cord 
was computed as average across all slices.

3.  RESULTS

3.1.  Morphometric measures - variation across vertebral levels

Figure  2 shows morphometric measures plotted across 
individual slices with vertebral levels identified on the plot. 
Values were calculated as mean and standard deviation 
across 203 participants for each slice in the PAM50 space.

Figure 3 shows a scatterplot for COV for each mor-
phometric measure plotted across individual slices with 
vertebral levels identified on the plot. The figure also 
shows the mean COV for each vertebral level and the 
mean and standard deviation COV averaged across all 
slices. CSA demonstrated the highest mean COV of 
11.7 ±  1.4%; on the other hand, solidity presented the 
lowest mean COV of 1.2 ± 0.2%.

3.2.  Morphometric measures - influence of sex

Figure 4 presents morphometric measures plotted across 
individual slices with vertebral levels identified on the plot 
separated per sex (males: N = 105 and females: N = 98). 
Values were calculated as mean and standard deviation 
across 203 participants for each slice in PAM50 space. 
Wilcoxon rank-sum test showed significant differences 
(p < .001) between males and females for CSA, AP diam-
eter and transverse diameter.

3.3.  Morphometric measures - influence of MRI vendor

Figure 5 shows morphometric measures plotted across 
individual slices with vertebral levels identified on the plot 
separated for three MRI vendors (GE: N  =  28, Philips: 
N = 36, and Siemens: N = 139). Values were calculated as 
mean and standard deviation across 203 participants for 
each slice in the PAM50 space. Wilcoxon rank-sum test 
showed significant differences (p < .001) for the following 
comparisons: Siemens vs. Philips and Siemens vs. GE 
for CSA and AP diameter, Siemens vs. Philips for trans-
verse diameter, and Siemens vs. Philips and Philips vs. 
GE for compression ratio, eccentricity, and solidity.

3.4.  Morphometric measures - influence of age

Figure 6 depicts morphometric measures plotted across 
individual slices with vertebral levels identified on the plot 
separated into five age decades. Values were calculated 
as mean and standard deviation across 203 participants 
for each slice in PAM50 space. Note that the groups  
are highly unbalanced (10–20 decade: N  =  4, 21–30 

https://github.com/plotly/plotly.py
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Fig. 3.  Coefficient of variation (COV) for individual morphometrics measures of 203 healthy participants across slices 
from C1 to T1 vertebral level. The mean COV for each vertebral level and the mean and standard deviation COV averaged 
across all slices are also shown. To see the interactive figure: https://preprint​.neurolibre​.org​/10​.55458​/neurolibre​.00017/.

Fig. 2.  Spinal cord morphometric measures of 203 healthy participants across slices from C1 to T1 vertebral level. To see 
the interactive figure: https://preprint​.neurolibre​.org​/10​.55458​/neurolibre​.00017/.

https://preprint.neurolibre.org/10.55458/neurolibre.00017/
https://preprint.neurolibre.org/10.55458/neurolibre.00017/
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Fig. 4.  Spinal cord morphometrics measures of 203 healthy participants separated per sex (males: N = 105 and females: 
N = 98) across slices from C1 to T1 vertebral level. To see the interactive figure: https://preprint​.neurolibre​.org​/10​.55458​
/neurolibre​.00017/.

Fig. 5.  Spinal cord morphometrics measures of 203 healthy participants separated per MRI vendor (GE: N = 28, Philips: 
N = 36, and Siemens: N = 139) across slices from C1 to T1 vertebral level. To see the interactive figure: https://preprint​
.neurolibre​.org​/10​.55458​/neurolibre​.00017/.

https://preprint.neurolibre.org/10.55458/neurolibre.00017/
https://preprint.neurolibre.org/10.55458/neurolibre.00017/
https://preprint.neurolibre.org/10.55458/neurolibre.00017/
https://preprint.neurolibre.org/10.55458/neurolibre.00017/
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decade: N = 135, 31–40 decade: N = 53, 41–50 decade: 
N = 8, and 51–60 decade: N = 1). For this reason, we did 
not perform the statistical comparison among the age 
decades. The interactive figure serves as a framework for 
adding better-distributed data in the future for a more 
informative exploration of the impact of age on spinal 
cord morphometrics.

3.5.  Normative values

The normalized morphometric measures saved as 
comma-separated value (CSV) files (one file per sub-
ject)  are accessible on GitHub (https://github​.com​
/spinalcordtoolbox​/PAM50​-normalized​-metrics​/tree​
/r20230904)

Table 2 shows normative values for the whole cohort 
calculated as the mean and standard deviation across 
203 subjects. Values are shown for slices in PAM50 space 
corresponding to the middle of each vertebral level and 
each intervertebral disc.

Tables 3 and 4 show normative values separated for 
sex calculated as the mean and standard deviation for 

105 males and 98 females. Values are shown for slices in 
PAM50 space corresponding to the middle of each verte-
bral level and each intervertebral disc.

4.  DISCUSSION

This study introduced a framework to automatically nor-
malize spinal cord morphometric measures and com-
puted normative metrics from a public database of healthy 
adults. Normative values were reported in the PAM50 
template reference space, which facilitates the compari-
son of results across past and future studies. Metrics 
were presented as interactive figures, allowing research-
ers to conveniently explore morphometric values and filter 
them according to sex, age, and MRI vendor. In this dis-
cussion, we address the demographics of the study used 
to generate the normative values, we discuss the techni-
cal details about bringing subject-wise measures to the 
PAM50 template, we compare the obtained measures 
with the literature, we provide recommendations for the 
application of these normative values in future research, 
and we address limitations and discuss future work.

Fig. 6.  Spinal cord morphometrics measures of 203 healthy participants separated into five different age groups (10–20 
decade: N = 4, 21–30 decade: N = 135, 31–40 decade: N = 53, 41–50 decade: N = 8, and 51–60 decade: N = 1) across 
slices from C1 to T1 vertebral level. To see the interactive figure: https://preprint​.neurolibre​.org​/10​.55458​/neurolibre​
.00017/.

https://github.com/spinalcordtoolbox/PAM50-normalized-metrics/tree/r20230904
https://github.com/spinalcordtoolbox/PAM50-normalized-metrics/tree/r20230904
https://github.com/spinalcordtoolbox/PAM50-normalized-metrics/tree/r20230904
https://preprint.neurolibre.org/10.55458/neurolibre.00017/
https://preprint.neurolibre.org/10.55458/neurolibre.00017/
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4.1.  Participants

Given our objective of constructing a database contain-
ing healthy normative morphometric values, two experi-
enced radiologists evaluated MRI scans with a focus on 
the presence of spinal cord compression. The assess-
ment revealed mild spinal cord compression in 24% of 
volunteers. This is lower compared to previous studies 
that have reported the prevalence of asymptomatic spi-
nal cord compression in up to 40% of the otherwise 

healthy population (Kovalova et  al., 2016; Smith et  al., 
2021). The lower number of participants with mild cord 
compressions in our study can be attributed to the 
lower age of our population (mean ±  std  =  28.7 ±  5.6; 
median  =  28.0, range  =  19–52) while Kovalova et  al. 
reported a median age of 66  years ranging from 40 to 
80 years. Additionally, Smith et al. reported that the prev-
alence of spinal cord compressions was significantly 
higher in participants >60 years old.

Table 2.  Normative values of 203 healthy participants.

Axial slice # CSA [mm²]
AP diameter 

[mm]
Transverse 

diameter [mm]
Compression 

ratio [a.u.]
Eccentricity 

[a.u.] Solidity [%]

Level C1 951 73.99 ± 7.12 8.17 ± 0.52 11.51 ± 0.8 0.71 ± 0.07 0.69 ± 0.07 96.73 ± 1.03
Disc C1-C2 939 74.27 ± 7.16 8.06 ± 0.56 11.71 ± 0.79 0.69 ± 0.07 0.72 ± 0.06 96.66 ± 0.92
Level C2 923 73.59 ± 7.41 7.86 ± 0.56 11.9 ± 0.76 0.66 ± 0.06 0.74 ± 0.05 96.65 ± 0.93
Disc C2-C3 908 72.67 ± 7.76 7.69 ± 0.57 12.02 ± 0.78 0.64 ± 0.06 0.76 ± 0.05 96.49 ± 1.15
Level C3 889 74.32 ± 7.91 7.72 ± 0.56 12.26 ± 0.82 0.63 ± 0.06 0.77 ± 0.05 96.35 ± 1.08
Disc C3-C4 871 76.61 ± 8.35 7.72 ± 0.56 12.66 ± 0.93 0.61 ± 0.06 0.79 ± 0.05 96.34 ± 1.47
Level C4 852 80.04 ± 8.8 7.77 ± 0.59 13.14 ± 0.91 0.59 ± 0.06 0.8 ± 0.04 96.44 ± 1.24
Disc C4-C5 834 79.68 ± 9.32 7.65 ± 0.6 13.3 ± 1.0 0.58 ± 0.06 0.81 ± 0.04 96.19 ± 1.6
Level C5 817 78.94 ± 8.91 7.61 ± 0.6 13.24 ± 0.93 0.58 ± 0.06 0.81 ± 0.04 96.22 ± 1.32
Disc C5-C6 801 74.92 ± 9.9 7.37 ± 0.63 12.98 ± 1.03 0.57 ± 0.05 0.82 ± 0.04 96.01 ± 1.68
Level C6 785 71.64 ± 9.0 7.2 ± 0.59 12.67 ± 0.94 0.57 ± 0.05 0.82 ± 0.04 96.26 ± 1.44
Disc C6-C7 770 64.45 ± 9.5 6.84 ± 0.6 11.98 ± 1.04 0.57 ± 0.05 0.82 ± 0.04 96.22 ± 1.48
Level C7 753 58.98 ± 8.12 6.68 ± 0.52 11.19 ± 0.98 0.6 ± 0.06 0.8 ± 0.04 96.59 ± 0.99
Disc C7-T1 736 52.25 ± 6.9 6.49 ± 0.49 10.19 ± 0.89 0.64 ± 0.06 0.76 ± 0.05 96.79 ± 1.21
Level T1 714 48.18 ± 5.81 6.38 ± 0.5 9.54 ± 0.71 0.67 ± 0.06 0.74 ± 0.06 96.83 ± 1.06

Values are shown as mean and standard deviation for slices in PAM50 space corresponding to the middle of each vertebral level and 
each intervertebral disc.

Table 3.  Normative values of 105 healthy males.

Axial slice # CSA [mm²]
AP diameter 

[mm]
Transverse 

diameter [mm]
Compression 

ratio [a.u.]
Eccentricity 

[a.u.] Solidity [%]

Level C1 951 76.78 ± 6.52 8.3 ± 0.49 11.77 ± 0.85 0.71 ± 0.07 0.7 ± 0.08 96.69 ± 1.1
Disc C1-C2 939 76.78 ± 6.77 8.18 ± 0.55 11.94 ± 0.82 0.69 ± 0.07 0.72 ± 0.07 96.58 ± 0.94
Level C2 923 76.19 ± 7.28 8.02 ± 0.56 12.09 ± 0.77 0.67 ± 0.06 0.74 ± 0.05 96.72 ± 0.9
Disc C2-C3 908 74.84 ± 8.03 7.81 ± 0.59 12.19 ± 0.8 0.64 ± 0.06 0.76 ± 0.05 96.6 ± 1.09
Level C3 889 76.41 ± 8.09 7.84 ± 0.57 12.42 ± 0.87 0.63 ± 0.06 0.77 ± 0.05 96.54 ± 1.04
Disc C3-C4 871 78.53 ± 8.62 7.84 ± 0.53 12.79 ± 1.02 0.62 ± 0.06 0.78 ± 0.05 96.42 ± 1.34
Level C4 852 82.06 ± 9.15 7.91 ± 0.58 13.25 ± 1.02 0.6 ± 0.06 0.8 ± 0.05 96.52 ± 1.33
Disc C4-C5 834 81.54 ± 9.28 7.75 ± 0.57 13.44 ± 1.07 0.58 ± 0.06 0.81 ± 0.04 96.26 ± 1.43
Level C5 817 81.07 ± 9.03 7.74 ± 0.58 13.38 ± 1.0 0.58 ± 0.06 0.81 ± 0.04 96.11 ± 1.3
Disc C5-C6 801 76.85 ± 9.91 7.47 ± 0.64 13.16 ± 1.01 0.57 ± 0.06 0.82 ± 0.04 96.21 ± 1.6
Level C6 785 73.52 ± 9.54 7.3 ± 0.59 12.83 ± 0.98 0.57 ± 0.05 0.82 ± 0.04 96.38 ± 1.34
Disc C6-C7 770 66.19 ± 9.86 6.9 ± 0.62 12.17 ± 1.06 0.57 ± 0.05 0.82 ± 0.04 96.34 ± 1.54
Level C7 753 61.03 ± 8.28 6.76 ± 0.51 11.43 ± 1.0 0.59 ± 0.05 0.8 ± 0.04 96.58 ± 1.04
Disc C7-T1 736 53.57 ± 7.23 6.54 ± 0.5 10.36 ± 0.89 0.63 ± 0.06 0.77 ± 0.05 96.82 ± 1.19
Level T1 714 49.46 ± 6.12 6.47 ± 0.5 9.66 ± 0.72 0.67 ± 0.06 0.74 ± 0.05 96.83 ± 0.98

Values are shown as mean and standard deviation for slices in PAM50 space corresponding to the middle of each vertebral level and 
each intervertebral disc.
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Table 4.  Normative values of 98 healthy females.

Axial slice # CSA [mm²]
AP diameter 

[mm]
Transverse 

diameter [mm]
Compression 

ratio [a.u.]
Eccentricity 

[a.u.] Solidity [%]

Level C1 951 71.01 ± 6.52 8.03 ± 0.52 11.23 ± 0.65 0.72 ± 0.06 0.69 ± 0.06 96.76 ± 0.95
Disc C1-C2 939 71.59 ± 6.6 7.93 ± 0.55 11.47 ± 0.67 0.69 ± 0.06 0.71 ± 0.06 96.74 ± 0.9
Level C2 923 70.81 ± 6.51 7.7 ± 0.51 11.69 ± 0.68 0.66 ± 0.06 0.75 ± 0.05 96.58 ± 0.96
Disc C2-C3 908 70.34 ± 6.77 7.56 ± 0.53 11.85 ± 0.71 0.64 ± 0.06 0.76 ± 0.05 96.38 ± 1.21
Level C3 889 72.09 ± 7.08 7.6 ± 0.53 12.09 ± 0.74 0.63 ± 0.06 0.77 ± 0.05 96.14 ± 1.09
Disc C3-C4 871 74.56 ± 7.57 7.6 ± 0.57 12.52 ± 0.8 0.61 ± 0.06 0.79 ± 0.04 96.26 ± 1.6
Level C4 852 77.88 ± 7.91 7.63 ± 0.57 13.02 ± 0.76 0.59 ± 0.05 0.81 ± 0.04 96.36 ± 1.13
Disc C4-C5 834 77.69 ± 8.99 7.54 ± 0.62 13.15 ± 0.9 0.58 ± 0.06 0.81 ± 0.04 96.12 ± 1.76
Level C5 817 76.65 ± 8.22 7.47 ± 0.6 13.09 ± 0.83 0.57 ± 0.05 0.82 ± 0.04 96.33 ± 1.34
Disc C5-C6 801 72.86 ± 9.51 7.27 ± 0.61 12.79 ± 1.03 0.57 ± 0.05 0.82 ± 0.04 95.79 ± 1.74
Level C6 785 69.61 ± 7.93 7.09 ± 0.57 12.51 ± 0.86 0.57 ± 0.06 0.82 ± 0.04 96.13 ± 1.54
Disc C6-C7 770 62.58 ± 8.78 6.77 ± 0.59 11.77 ± 0.99 0.58 ± 0.06 0.81 ± 0.04 96.08 ± 1.41
Level C7 753 56.78 ± 7.36 6.6 ± 0.53 10.92 ± 0.88 0.61 ± 0.06 0.79 ± 0.05 96.6 ± 0.94
Disc C7-T1 736 50.84 ± 6.26 6.44 ± 0.47 10.02 ± 0.86 0.65 ± 0.06 0.76 ± 0.06 96.76 ± 1.23
Level T1 714 46.82 ± 5.14 6.28 ± 0.48 9.41 ± 0.68 0.67 ± 0.07 0.74 ± 0.06 96.82 ± 1.14

Values are shown as mean and standard deviation for slices in PAM50 space corresponding to the middle of each vertebral level and 
each intervertebral disc.

4.2.  Normalization to PAM50 anatomical dimensions

The proposed normalization approach linearly interpo-
lates the morphometric measures to the PAM50 anatom-
ical dimensions based on the number of slices for each 
vertebral level in the native space and the PAM50 tem-
plate. Compared to classical voxel-based morphometry 
performed on a template space, wherein the metrics are 
corrected using the Jacobian of the non-linear warping 
field, here, we take the morphometrics computed on the 
subject’s native space, and we interpolate them so that 
their coordinates match that of the PAM50 space. One 
notable advantage of this approach is that the normal-
ized metrics are not impeded by possible mis-registration. 
Indeed, the slight mis-registration between the subject’s 
spinal cord and the PAM50 spinal cord would result in an 
incorrect Jacobian matrix, and hence inaccurate mor-
phometrics. Registration to the PAM50 template typically 
involves spinal cord straightening, vertebral alignment 
between the image and the template, and iterative slice-
wise non-linear registration (De Leener et al., 2017). Each 
of these steps might change the spinal cord shape and 
contour (see a relevant issue on GitHub: https://github​
.com​/sct​-pipeline​/dcm​-metric​-normalization​/issues​/3). 
Here, the normalization only relies on the more reliable 
positions of the intervertebral discs.

A corollary of the proposed normalization approach is 
that it provides a morphometric value for each axial slice 
of the PAM50 template, i.e., every 0.5  mm along the 
superior–inferior direction. In comparison with morpho-

metrics aggregated across multiple levels (what is com-
monly done along C2-C3 to evaluate cord atrophy in 
multiple sclerosis patients), such precision could be rele-
vant in conditions in which local cord morphometric mea-
sures are useful, e.g., to assess compression along a few 
mm of cord tissue.

4.3.  Morphometric measures

In this section, we discuss the notable morphometrics 
findings of our study and compare them with existing lit-
erature.

The increase in CSA around vertebral levels C4-C5 
indicates the location of cervical enlargement, the source 
of the large spinal nerves that supply the upper limbs. 
This finding is consistent with anatomical textbooks 
(Standring, 2020), and previous in vivo (De Leener et al., 
2018; Frostell et al., 2016; Horáková et al., 2022; Martin 
et al., 2017b; Mina et al., 2021; Rocca et al., 2019) and ex 
vivo (Calabrese et  al., 2018; Kameyama, Hashizume, & 
Sobue 1996; Ko et al., 2004) studies. After the cervical 
enlargement (i.e., below level C5), the cervical spinal cord 
becomes smaller, which is mirrored by the decrease in 
CSA, AP diameter, and transverse diameter. The decrease 
in AP diameter along the superior–inferior direction, along 
with the changing trends in compression ratio and eccen-
tricity, corresponds to the fact that the spinal cord is not 
cylindrical but rather changes its shape across levels 
from circular shape at C1 and C2 levels to a more ellipti-
cal shape around levels C5 and C6 (Standring, 2020).

https://github.com/sct-pipeline/dcm-metric-normalization/issues/3
https://github.com/sct-pipeline/dcm-metric-normalization/issues/3
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Our results showed that females have smaller CSA, AP 
diameter, and transverse diameter relative to males across 
all vertebral levels. This has been previously reported 
(Bédard & Cohen-Adad, 2022; Engl et al., 2013; Papinutto 
et  al., 2020; Rashid et  al., 2006; Solstrand Dahlberg, 
Viessmann, & Linnman, 2020; Yanase et al., 2006).

Inter-subject variability of morphometric measures is 
presented in Figure  3. We noted that the CSA has the 
highest variability (mean COV of 11.7 ± 1.4%), while the 
solidity has the lowest (mean COV of 1.2 ± 0.2%). In com-
parison, Bédard et Cohen-Adad reported a 9.96% COV 
for CSA measured on T1-w images at the C2-C3 level 
(Bédard & Cohen-Adad, 2022). Variation in COV at lower 
cervical levels (around intervertebral discs C4/C5, C5/C6, 
and C6/C7) apparent in CSA, AP diameter, transverse 
diameter, and solidity (Fig. 3), might be attributed to mild 
anatomy alterations such as a disc protrusion. Although 
the disc protrusions primarily affect the spinal canal, they 
might also cause slight spinal cord anatomy variation 
reflected by higher COV for some morphometric mea-
sures. It is important to note that differences in COV 
across all cord morphometrics are relevant if, for exam-
ple, two metrics are particularly sensitive to a given 
pathology, but one shows less inter-subject variability. 
While CSA and AP diameter are popular metrics, others 
might be equal or more relevant, given their lower inter-
subject COV. Future studies are needed to identify other 
relevant morphometric markers across various diseases.

Hereafter, we compare the observed morphometric 
measures with those from the literature. De Leener et al., 
2018; performed a study in 50 healthy subjects, where 
they reported a CSA of 77.46 ± 8.45 mm2 at the level of 
C3/C4 intervertebral disc compared to 76.61 ± 8.35 mm2 
in our study. That study used a similar T2-w sequence 
(except for the resolution: 1 mm in their study vs. 0.8 mm 
in ours) and a similar cord segmentation method (PropSeg 
vs. sct_deepseg_sc trained on PropSeg ground truths), 
hence the excellent level of agreement was expected. In 
contrast, other studies reported either smaller or larger 
CSA. For instance, (Horáková et  al., 2022) obtained a 
CSA of 71.7 ± 8.2 mm2 at the C3/C4 intervertebral disc, 
while (Kesenheimer et  al., 2021) measured a CSA of 
87.4 ± 8.31 mm2. Another study based on the UK Biobank 
database (N = 804) measured a CSA of 66.4 ± 6.61 mm2 
at C2-C3 vertebral levels (Bédard & Cohen-Adad, 2022). 
Here, we measured larger CSAs: 73.59 ± 7.41 mm2 at C2 
and 74.32 ± 7.91 mm2 at C3 vertebral levels. These dif-
ferences in CSA can be attributed to various factors, 
including variations in population ages, variations in the 
segmentation methods used, and differences in MRI 

sequence parameters and/or reconstruction filters. For 
example, T2-w scans generally yield larger CSA com-
pared to T1-w scans (Cohen-Adad et  al., 2021b), as 
further discussed in 4.5. Limitations and future work.

As for AP diameter and transverse diameter, values 
measured in this study correspond with population esti-
mates from Frostell et al. (2016). For instance, we mea-
sured an AP diameter of 7.86 ± 0.56 mm and a transverse 
diameter of 11.9 ±  0.76  mm for the C2 vertebral level, 
while (Frostell et  al., 2016) reported an AP diameter of 
7.9 ± 1.6 mm and a transverse diameter of 12.3 ± 2.4 mm 
for the same vertebral level.

Regarding ex vivo studies, a study of 13 male and 2 
female adult cadavers reported CSA of ~71 mm2 and AP 
diameter of ~12  mm at the C3 level (Ko et  al., 2004). 
Another study of 5 male and 7 female adult cadavers 
reported smaller values of CSA of 52.6 ± 5.2 mm2 and AP 
diameter of 10.7 ± 0.7 mm at the C3 level (Kameyama, 
Hashizume, & Sobue, 1996). While these quantitative 
reports on cadaveric populations are informative, it is dif-
ficult to compare those with in vivo MRI-based measures 
due to the inherent characteristics of ex vivo measures, 
such as tissue shrinking due to post-fixation, and the 
altered shape of the excised spinal cord without the sur-
rounding cerebrospinal fluid and dura.

4.4.  Using the normative database in future studies

The proposed normalization approach is integrated into 
the sct_process_segmentation function (with the new 
flag “-normalize-PAM50” as of SCT v6.0). This new fea-
ture requires only the subject’s spinal cord segmentation 
and disc levels as inputs, and it outputs the subject’s 
morphometrics within the PAM50 anatomical dimen-
sions. Bringing multiple subjects to the same PAM50 
dimensions is a convenient means to perform group sta-
tistics and compare an individual subject with the healthy 
normative database (e.g., based on a computed 
Z-score). As previously mentioned, group studies can be 
restricted to given demographic and biological factors 
(e.g., age, sex, and height) and acquisition properties 
(e.g., image contrast and MRI vendor) as long as these 
data are available in the given population. Using BIDS’ 
(Gorgolewski et al., 2016) participants.tsv file to encode 
such information is recommended. This filtering feature, 
e.g., for sex, is relevant and commonly used to normal-
ize spinal cord morphometric measures (Bédard & 
Cohen-Adad, 2022; Kesenheimer et  al., 2021; Mina 
et al., 2021; Papinutto et al., 2020; Rashid et al., 2006; 
Rocca et al., 2019).
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The proposed methodology supports the norma
lization of morphometric values for all six metrics sim
ultaneously, offering a convenient way to explore the 
relationship between individual morphometric mea-
sures. This could be particularly useful for assessing 
changes in spinal anatomy between levels or for identi-
fying levels of spinal cord compression. Indeed, the 
normalization of compression metrics, utilizing our healthy 
normative database, has been added to the sct_
compute_compression function and is currently being 
evaluated in cohorts of traumatic and non-traumatic 
spinal cord injury patients.

4.5.  Limitations and future work

The T2-w images from the open-access spine-generic 
dataset only cover the spinal cord from C1 to about T1 
and have a relatively narrow age range (with 93.6% of 
subjects aged 21–40  years). Also, the data come pre-
dominantly from Siemens scanners, which skews the 
morphometric values towards a particular vendor. Despite 
these limitations, it remains the largest open-access 
database of multi-contrast spinal cord MRI data. Future 
studies should focus on adding datasets covering the 
whole spinal cord, acquired using other manufacturers, 
and with more heterogeneous age distributions.

The morphometric measures were derived solely from 
T2-w MRI contrast and using a segmentation method 
trained specifically for this contrast (Gros et al., 2019). 
As reported previously, morphometric measures are 
strongly dependent on the image contrast and on the 
segmentation method (Bédard et al., 2023; Cohen-Adad 
et al., 2021b; Kim et al., 2015; Weeda et al., 2019). For 
example, a previous study comparing SCT’s sct_deep-
seg_sc algorithm on T2-w and T1-w contrasts showed 
that CSA was overall higher on T2-w vs. T1-w for all 
three major MRI manufacturers (Cohen-Adad et  al., 
2021b). Another study showed discrepancies between 
automatic and semi-automatic segmentation algorithms 
for the same contrast (Weeda et al., 2019). Therefore, in 
this study, we decided to only consider one contrast (T2-
w) and one segmentation method (sct_deepseg_sc), 
anticipating future efforts in normalizing imaging proto-
cols (Cohen-Adad et al., 2021a) and in making segmen-
tation algorithms less sensitive to image contrast (Bédard 
et al., 2023).

Future directions will focus on validating the proposed 
methods in pathologies such as traumatic and non-
traumatic spinal cord injury and multiple sclerosis. This 
validation process will provide valuable insights into the 

applicability and accuracy of the methods in the context 
of various spinal cord conditions.

5.  CONCLUSION

We introduced a new approach for the normalization 
of spinal cord morphometric measures using the PAM50 
spinal cord template. We built an interactive database of 
spinal cord morphometric values across 203 healthy 
adults. The database can be used to normalize spinal 
cord morphometric features, stratified according to fac-
tors such as sex, age, and MRI vendors. This database 
can also be used to further inspect demographic, biolog-
ical, and image acquisition factors associated with inter-
subject variability.

The proposed methodology and results are open-
source and fully reproducible. The database and normal-
ization method are applicable to new datasets via the 
Spinal Cord Toolbox (SCT) v6.0 and higher.

ETHICS

The open-access spine-generic multi-subject dataset 
(Cohen-Adad et al., 2021b) was used in this study. The 
dataset complied with all relevant ethical regulations. 
For details, see the “Ethical compliance” section in 
Cohen-Adad et al. (2021b).

DATA AND CODE AVAILABILITY

The anonymized and defaced spine-generic dataset is 
organized according to the BIDS standard and managed 
using git-annex in the following GitHub repository: 
https://github​.com​/spine​-generic​/data​-multi​-subject​
/tree​/r20230223. The processing used to compute mor-
phometric measures of individual subjects in the PAM50 
template space is available at: https://github​.com​/sct​
-pipeline​/dcm​-metric​-normalization​/blob​/r20230222​
/scripts​/process​_data​_spine​-generic​.sh. The computed 
morphometric measures in CSV format are available at: 
h t tps : / /g i thub​. com​/ sp ina lcordtoo lbox​/ PAM50​
-normalized​-metrics​/tree​/r20230904. The normalization 
method is available through the sct_process_segmenta-
tion function as part of the Spinal Cord Toolbox (SCT) 
v6.0 and higher: https://github​.com​/spinalcordtoolbox​
/spinalcordtoolbox​/tree​/6​.0. The interactive figures in 
this article were produced using the NeuroLibre publica-
tion workflow powered by Plotly (https://plotly​.com) and 
are available at: https://preprint.neurolibre.org/10.55458 
/neurolibre.00017/.

https://github.com/spine-generic/data-multi-subject/tree/r20230223
https://github.com/spine-generic/data-multi-subject/tree/r20230223
https://github.com/sct-pipeline/dcm-metric-normalization/blob/r20230222/scripts/process_data_spine-generic.sh
https://github.com/sct-pipeline/dcm-metric-normalization/blob/r20230222/scripts/process_data_spine-generic.sh
https://github.com/sct-pipeline/dcm-metric-normalization/blob/r20230222/scripts/process_data_spine-generic.sh
https://github.com/spinalcordtoolbox/PAM50-normalized-metrics/tree/r20230904
https://github.com/spinalcordtoolbox/PAM50-normalized-metrics/tree/r20230904
https://github.com/spinalcordtoolbox/spinalcordtoolbox/tree/6.0
https://github.com/spinalcordtoolbox/spinalcordtoolbox/tree/6.0
https://plotly.com
https://preprint.neurolibre.org/10.55458/neurolibre.00017/
https://preprint.neurolibre.org/10.55458/neurolibre.00017/


13

J. Valošek, S. Bédard, M. Keřřkovský et al.	 Imaging Neuroscience, Volume 2, 2024

AUTHOR CONTRIBUTIONS

Jan Valošek, Sandrine Bédard, Julien Cohen-Adad: study 
design and conceptualization; method development 
and data analysis; manuscript preparation and revision; 
data curation; management of online repositories. Miloš 
Keřkovský, Tomáš Rohan: study design and conceptual-
ization; evaluation of MRI scans; manuscript editing and 
revision.

FUNDING

This study is funded by the Canada Research Chair in 
Quantitative Magnetic Resonance Imaging [CRC-
2020-00179], the Canadian Institute of Health Research 
[PJT-190258], the Canada Foundation for Innovation 
[32454, 34824], the Fonds de Recherche du Québec - 
Santé [322736], the Natural Sciences and Engineering 
Research Council of Canada [RGPIN-2019-07244], the 
Canada First Research Excellence Fund (IVADO and Trans-
MedTech), the Courtois NeuroMod project, the Quebec 
BioImaging Network [5886, 35450], INSPIRED (Spinal 
Research, UK; Wings for Life, Austria; Craig H. Neilsen 
Foundation, USA), Mila - Tech Transfer Funding Program. 
Supported by the Ministry of Health of the Czech Republic, 
grant nr. NU22-04-00024. All rights reserved. This project 
has received funding from the European Union’s Horizon 
Europe research and innovation programme under the 
Marie Skłodowska-Curie grant agreement No. 101107932.

DECLARATION OF COMPETING INTEREST

The authors declared no potential conflicts of interest 
with respect to the research, authorship, and/or publica-
tion of this article.

ACKNOWLEDGEMENTS

We thank Nick Guenther and Mathieu Guay-Paquet for 
their assistance with dataset management, Joshua New-
ton for his help with implementing the algorithm in SCT, 
and Allan R. Martin for his insightful discussions on the 
clinical rationale of the work at the beginning of the study. 
We also thank Nathan Molinier for providing valuable 
feedback on the manuscript figures. We thank Étienne 
Bergeron, Olivier Lupien-Morin, Benjamin Carrier, and 
Yassine El Bouchaibi for helping with the manual correc-
tion and labeling. And we also thank all participants as 
well as collaborators of the spine-generic study (https://
spine​-generic​.readthedocs​.io).

REFERENCES

Badhiwala, J. H., Ahuja, C. S., Akbar, M. A., Witiw, 
C. D., Nassiri, F., Furlan, J. C., Curt, A., Wilson, 
J. R., & Fehlings, M. G. (2020). Degenerative cervical 
myelopathy—Update and future directions. Nature 
Reviews Neurology, 16(2), 108–124. https://doi​.org​/10​
.1038​/s41582​-019​-0303​-0

Bédard, S., & Cohen-Adad, J. (2022). Automatic measure 
and normalization of spinal cord cross-sectional 
area using the pontomedullary junction. Frontiers in 
Neuroimaging, 1(November), 43. https://doi​.org​/10​.3389​
/fnimg​.2022​.1031253

Bédard, S., Enamundram N. K., Tsagkas, C., Pravatà, E., 
Granziera, C., Smith, A., Weber, K. A., , II, & Cohen-Adad, 
J. (2023). Towards contrast-agnostic soft segmentation 
of the spinal cord. ArXiv [Eess.IV]. arXiv. http://arxiv​.org​
/abs​/2310​.15402

Calabrese, E., Adil, S. M., Cofer, G., Perone, C. S., 
Cohen-Adad, J., Lad, S. P., & Allan Johnson, G. (2018). 
Postmortem diffusion MRI of the entire human spinal 
cord at microscopic resolution. NeuroImage: Clinical, 
18(March), 963–971. https://doi​.org​/10​.1016​/j​.nicl​.2018​
.03​.029

Cohen-Adad, J., Alonso-Ortiz, E., Abramovic, M., Arneitz, 
C., Atcheson, N., Barlow, L., Barry, R. L., Barth, M., 
Battiston, M., Büchel, C., Budde, M., Callot, V., Combes, 
A. J. E., De Leener, B., Descoteaux, M., de Sousa, P. L., 
Dostál, M., Doyon, J., Dvorak, A., … Xu, J. (2021a). 
Generic acquisition protocol for quantitative MRI of 
the spinal cord. Nature Protocols, 16(10), 4611–4632. 
https://doi​.org​/10​.1038​/s41596​-021​-00588​-0

Cohen-Adad, J., Alonso-Ortiz, E., Abramovic, M., Arneitz, 
C., Atcheson, N., Barlow, L., Barry, R. L., Barth, M., 
Battiston, M., Büchel, C., Budde, M., Callot, V., Combes, 
A. J. E., De Leener, B., Descoteaux, M., de Sousa, P. L., 
Dostál, M., Doyon, J., Dvorak, A., . . Xu, J. (2021b). 
Open-access quantitative MRI data of the spinal cord 
and reproducibility across participants, sites and 
manufacturers. Scientific Data, 8(1), 219. https://doi​.org​
/10​.1038​/s41597​-021​-00941​-8

McCarthy, P. (2022). FSLeyes. https://doi​.org​/10​.5281​
/zenodo​.6511596

David, G., Mohammadi, S., Martin, A. R., Cohen-Adad, 
J., Weiskopf, N., Thompson, A., & Freund, P. (2019). 
Traumatic and nontraumatic spinal cord injury: 
Pathological insights from neuroimaging. Nature Reviews 
Neurology, 15(12), 718–731. https://doi​.org​/10​.1038​
/s41582​-019​-0270​-5

De Leener, B., Fonov, V. S., Louis Collins, D., Callot, V., 
Stikov, N., & Cohen-Adad, J. (2018). PAM50: Unbiased 
multimodal template of the brainstem and spinal cord 
aligned with the ICBM152 space. NeuroImage, 165, 
170–179. https://doi​.org​/10​.1016​/j​.neuroimage​.2017​.10​
.041

De Leener, B., Lévy, S., Dupont, S. M., Fonov, V. S., Stikov, 
N., Louis Collins, D., Callot, V., & Cohen-Adad, J. (2017). 
SCT: Spinal cord toolbox, an open-source software for 
processing spinal cord MRI data. NeuroImage, 145, 
24–43. https://doi​.org​/10​.1016​/j​.neuroimage​.2016​.10​.009

El Mendili, M. M., Verschueren, A., Ranjeva, J. -P., Guye, 
M., Attarian, S., Zaaraoui, W., & Grapperon, A. -M. 
(2023). Association between brain and upper cervical 
spinal cord atrophy assessed by MRI and disease 
aggressiveness in amyotrophic lateral sclerosis. 

https://spine-generic.readthedocs.io
https://spine-generic.readthedocs.io
https://doi.org/10.1038/s41582-019-0303-0
https://doi.org/10.1038/s41582-019-0303-0
https://doi.org/10.3389/fnimg.2022.1031253
https://doi.org/10.3389/fnimg.2022.1031253
http://arxiv.org/abs/2310.15402
http://arxiv.org/abs/2310.15402
https://doi.org/10.1016/j.nicl.2018.03.029
https://doi.org/10.1016/j.nicl.2018.03.029
https://doi.org/10.1038/s41596-021-00588-0
https://doi.org/10.1038/s41597-021-00941-8
https://doi.org/10.1038/s41597-021-00941-8
https://doi.org/10.5281/zenodo.6511596
https://doi.org/10.5281/zenodo.6511596
https://doi.org/10.1038/s41582-019-0270-5
https://doi.org/10.1038/s41582-019-0270-5
https://doi.org/10.1016/j.neuroimage.2017.10.041
https://doi.org/10.1016/j.neuroimage.2017.10.041
https://doi.org/10.1016/j.neuroimage.2016.10.009


14

J. Valošek, S. Bédard, M. Keřřkovský et al.	 Imaging Neuroscience, Volume 2, 2024

Neuroradiology, 65, 1395–1403. https://doi​.org​/10​.1007​
/s00234​-023​-03191​-0.

Engl, C., Schmidt, P., Arsic, M., Boucard, C. C., Biberacher, 
V., Röttinger, M., Etgen, T., Nunnemann, S., Koutsouleris, 
N., Reiser, M., Meisenzahl, E. M., & Mühlau, M. (2013). 
Brain size and white matter content of cerebrospinal 
tracts determine the upper cervical cord area: Evidence 
from structural brain MRI. Neuroradiology, 55(8), 963–
970. https://doi​.org​/10​.1007​/s00234​-013​-1204​-3

Frostell, A., Hakim, R., Thelin, E. P., Mattsson, P., & 
Svensson, M. (2016). A review of the segmental diameter 
of the healthy human spinal cord. Frontiers in Neurology, 
7(December), 238. https://doi​.org​/10​.3389​/fneur​.2016​
.00238

Gorgolewski, K. J., Auer, T., Calhoun, V. D., Cameron 
Craddock, R., Das, S., Duff, E. P., Flandin, G., Ghosh, 
S. S., Glatard, T., Halchenko, Y. O., Handwerker, D. A., 
Hanke, M., Keator, D., Li, X., Michael, Z., Maumet, C., 
Nolan Nichols, B., Nichols, T. E., Pellman, J., . . Poldrack, 
R. A. (2016). The Brain imaging data structure, a format 
for organizing and describing outputs of neuroimaging 
experiments. Scientific Data, 3(1), 160044. https://doi​.org​
/10​.1038​/sdata​.2016​.44

Gros, C., De Leener, B., Badji, A., Maranzano, J., Eden, 
D., Dupont, S. M., Talbott, J., Zhuoquiong, R., Liu Y., 
Granberg, T., Ouellette, R., Tachibana, Y., Hori, M., 
Kamiya, K., Chougar, L., Stawiarz, L., Hillert, J., Bannier, 
E., Kerbrat, A., … Cohen-Adad, J. (2019). Automatic 
segmentation of the spinal cord and intramedullary 
multiple sclerosis lesions with convolutional neural 
networks. NeuroImage, 184(January), 901–915. https://
doi​.org​/10​.1016​/j​.neuroimage​.2018​.09​.081

Guo, S., Lin, T., Wu, R., Wang, Z., Chen, G., & Liu, W. 
(2022). The pre-operative duration of symptoms: The 
most important predictor of post-operative efficacy 
in patients with degenerative cervical myelopathy. 
Brain Sciences, 12(8), 1088. https://doi​.org​/10​.3390​
/brainsci12081088

Hora﻿́kova﻿́, M., Hora﻿́k, T., Valos﻿̌ek, J., Rohan, T., Korit’a﻿́kova﻿́, 
E., Dosta﻿́l, M., Kočica, J., Skutil, T., Keřkovský, M., 
Kadaňka, Z., , Jr, Bednařík, P., Svátková, A., Hluštík, 
P., & Bednařík, J. (2022). Semi-automated detection of 
cervical spinal cord compression with the Spinal Cord 
Toolbox. Quantitative Imaging in Medicine and Surgery, 
12(4), 2261–2279. https://doi​.org​/10​.21037​/qims​-21​-782

Horsfield, M. A., Sala, S., Neema, M., Absinta, M., Bakshi, 
A., Sormani, M. P., Rocca, M. A., Bakshi, R., & Filippi, M. 
(2010). Rapid semi-automatic segmentation of the spinal 
cord from magnetic resonance images: Application in 
multiple sclerosis. NeuroImage, 50(2), 446–455. https://
doi​.org​/10​.1016​/j​.neuroimage​.2009​.12​.121

Kadanka, Z., Adamova, B., Kerkovsky, M., Kadanka, Z., 
Dusek, L., Jurova, B., Vlckova, E., & Bednarik, J. (2017). 
Predictors of symptomatic myelopathy in degenerative 
cervical spinal cord compression. Brain and Behavior, 
7(9), e00797. https://doi​.org​/10​.1002​/brb3​.797

Kameyama, T., Hashizume, Y., & Sobue, G. (1996). 
Morphologic features of the normal human cadaveric 
spinal cord. Spine, 21(11), 1285–1290. https://doi​.org​/10​
.1097​/00007632​-199606010​-00001

Karakuzu, A., Appelhoff, S., Auer, T., Boudreau, M., 
Feingold, F., Khan, A. R., Lazari, A., Markiewicz, C., 
Mulder, M., Phillips, C., Salo, T., Stikov, N.,  
Whitaker, K., & de Hollander, G.. (2022). QMRI-BIDS: 
An extension to the brain imaging data structure for 

quantitative magnetic resonance imaging data. Scientific  
Data, 9(1), 517. https://doi​.org​/10​.1038​/s41597​-022​
-01571​-4

Kato, F., Yukawa, Y., Suda, K., Yamagata, M., & Ueta, T. 
(2012). Normal morphology, age-related changes and 
abnormal findings of the cervical spine. Part II: Magnetic 
resonance imaging of over 1,200 asymptomatic subjects. 
European Spine Journal, 21, 1499–1507 . https://link​
.springer​.com​/article​/10​.1007​/s00586​-012​-2176​-4. 
https://doi​.org​/10​.1007​/s00586​-012​-2176​-4

Keřkovský, M., Bednařík, J., Jurová, B., Dušek, L., 
Kadaňka, Z., Kadaňka, Z., Němec, M., Kovaľová, I., 
Šprláková-Puková, A., & Mechl, M. (2017). Spinal cord 
MR diffusion properties in patients with degenerative 
cervical cord compression. Journal of Neuroimaging: 
Official Journal of the American Society of Neuroimaging, 
27(1), 149–157. https://doi​.org​/10​.1111​/jon​.12372

Kesenheimer, E. M., Wendebourg, M. J., Weigel, M., 
Weidensteiner, C., Haas, T., Richter, L., Sander, L., 
Horvath, A., Barakovic, M., Cattin, P., Granziera, C., Bieri, 
O., & Schlaeger, R. (2021). Normalization of spinal cord 
total cross-sectional and gray matter areas as quantified 
with radially sampled averaged magnetization inversion 
recovery acquisitions. Frontiers in Neurology 12, 637198. 
https://doi​.org​/10​.3389​/fneur​.2021​.637198.

Kim, G., Khalid, F., Oommen, V. V., Tauhid, S., Chu, R., 
Horsfield, M. A., Healy, B. C., & Bakshi, R. (2015). T1- vs. 
T2-based MRI measures of spinal cord volume in healthy 
subjects and patients with multiple sclerosis. BMC 
Neurology 15(July), 124. https://doi​.org​/10​.1186​/s12883​
-015​-0387​-0

Ko, H.-Y., Park, J. H., Shin, Y. B., & Baek, S. Y. (2004). 
Gross quantitative measurements of spinal cord 
segments in human. Spinal Cord, 42(1), 35–40. https://
doi​.org​/10​.1038​/sj​.sc​.3101538

Kovalova, I., Kerkovsky, M., Kadanka, Z., Kadanka, 
Z., Nemec, M., Jurova, B., Dusek, L., Jarkovsky, 
J., & Bednarik, J. (2016). Prevalence and imaging 
characteristics of nonmyelopathic and myelopathic 
spondylotic cervical cord compression. Spine, 
41(24), 1908–1916. https://doi​.org​/10​.1097​/brs​
.0000000000001842

Losseff, N. A., Webb, S. L., O’Riordan, J. I., Page, R., 
Wang, L., Barker, G. J., Tofts, P. S., McDonald, W. I., 
Miller, D. H., & Thompson, A. J. (1996). Spinal cord 
atrophy and disability in multiple sclerosis. A new 
reproducible and sensitive MRI method with potential 
to monitor disease progression. Brain: A Journal of 
Neurology, 119( Pt 3) (June), 701–708. https://doi​.org​/10​
.1093​/brain​/119​.3​.701

Martin, A. R., De Leener, B., Cohen-Adad, J., Cadotte, 
D. W., Kalsi-Ryan, S., Lange, S. F., Tetreault, L., Nouri, 
A., Crawley, A., Mikulis, D. J., Ginsberg, H., & Fehlings, 
M. G. (2017a). A novel MRI biomarker of spinal cord 
white matter injury: T2*-weighted white matter to gray 
matter signal intensity ratio. AJNR. American Journal 
of Neuroradiology, 38(6), 1266–1273. https://doi​.org​/10​
.3174​/ajnr​.a5162

Martin, A. R., De Leener, B., Cohen-Adad, J., Cadotte, 
D. W., Kalsi-Ryan, S., Lange, S. F., Tetreault, L., Nouri, 
A., Crawley, A., Mikulis, D. J., Ginsberg, H., & Fehlings, 
M. G. (2017b). Clinically feasible microstructural MRI 
to quantify cervical spinal cord tissue injury using 
DTI, MT, and T2*-weighted imaging: Assessment of 
normative data and reliability. AJNR. American Journal 

https://doi.org/10.1007/s00234-023-03191-0
https://doi.org/10.1007/s00234-023-03191-0
https://doi.org/10.1007/s00234-013-1204-3
https://doi.org/10.3389/fneur.2016.00238
https://doi.org/10.3389/fneur.2016.00238
https://doi.org/10.1038/sdata.2016.44
https://doi.org/10.1038/sdata.2016.44
https://doi.org/10.1016/j.neuroimage.2018.09.081
https://doi.org/10.1016/j.neuroimage.2018.09.081
https://doi.org/10.3390/brainsci12081088
https://doi.org/10.3390/brainsci12081088
https://doi.org/10.21037/qims-21-782
https://doi.org/10.1016/j.neuroimage.2009.12.121
https://doi.org/10.1016/j.neuroimage.2009.12.121
https://doi.org/10.1002/brb3.797
https://doi.org/10.1097/00007632-199606010-00001
https://doi.org/10.1097/00007632-199606010-00001
https://doi.org/10.1038/s41597-022-01571-4
https://doi.org/10.1038/s41597-022-01571-4
https://link.springer.com/article/10.1007/s00586-012-2176-4
https://link.springer.com/article/10.1007/s00586-012-2176-4
https://doi.org/10.1007/s00586-012-2176-4
https://doi.org/10.1111/jon.12372
https://doi.org/10.3389/fneur.2021.637198
https://doi.org/10.1186/s12883-015-0387-0
https://doi.org/10.1186/s12883-015-0387-0
https://doi.org/10.1038/sj.sc.3101538
https://doi.org/10.1038/sj.sc.3101538
https://doi.org/10.1097/brs.0000000000001842
https://doi.org/10.1097/brs.0000000000001842
https://doi.org/10.1093/brain/119.3.701
https://doi.org/10.1093/brain/119.3.701
https://doi.org/10.3174/ajnr.a5162
https://doi.org/10.3174/ajnr.a5162


15

J. Valošek, S. Bédard, M. Keřřkovský et al.	 Imaging Neuroscience, Volume 2, 2024

of Neuroradiology, 38(6), 1257–1265. https://doi​.org​/10​
.3174​/ajnr​.a5163

Mina, Y., Azodi, S., Dubuche, T., Andrada, F., Osuorah, I., 
Ohayon, J., Cortese, I., Wu, T., Johnson, K. R., Reich, 
D. S., Nair, G., & Jacobson, S. (2021). Cervical and 
thoracic cord atrophy in multiple sclerosis phenotypes: 
Quantification and correlation with clinical disability. 
NeuroImage Clinical, 30(January), 102680. https://doi​.org​
/10​.1016​/j​.nicl​.2021​.102680

Miyanji, F., Furlan, J. C., Aarabi, B., Arnold, P. M., & 
Fehlings, M. G. (2007). Acute cervical traumatic spinal 
cord injury: MR imaging findings correlated with 
neurologic outcome—Prospective study with 100 
consecutive patients. Radiology, 243(3), 820–827. 
https://doi​.org​/10​.1148​/radiol​.2433060583

Oh, J., Seigo, M., Saidha, S., Sotirchos, E., Zackowski, K., 
Chen, M., Prince, J., Diener-West, M., Calabresi, P. A., & 
Reich, D. S. (2014). Spinal cord normalization in multiple 
sclerosis. Journal of Neuroimaging: Official Journal of 
the American Society of Neuroimaging, 24(6), 577–584. 
https://doi​.org​/10​.1111​/jon​.12097

Papinutto, N., Asteggiano, C., Bischof, A., Gundel, T. J., 
Caverzasi, E., Stern, W. A., Bastianello, S., Hauser, 
S. L., & Henry, R. G. (2020). Intersubject variability 
and normalization strategies for spinal cord total 
cross-sectional and gray matter areas. Journal of 
Neuroimaging: Official Journal of the American Society 
of Neuroimaging, 30(1), 110–18. https://doi​.org​/10​.1111​
/jon​.12666

Papinutto, N., Schlaeger, R., Panara, V., Zhu, A. H., 
Caverzasi, E., Stern, W. A., Hauser, S. L., & Henry, R. G. 
(2015). Age, Gender and normalization covariates for 
spinal cord gray matter and total cross-sectional areas 
at cervical and thoracic levels: A 2D phase sensitive 
inversion recovery imaging study. PloS One, 10(3), 
e0118576. https://doi​.org​/10​.1371​/journal​.pone​.0118576

Paquin, M. E., El Mendili, M. M., Gros, C., Dupont, S. M., 
Cohen-Adad, J., & Pradat, P. F. (2018). Spinal cord gray 
matter atrophy in amyotrophic lateral sclerosis. AJNR. 
American Journal of Neuroradiology, 39(1), 184–192. 
https://doi​.org​/10​.3174​/ajnr​.a5427

Rashid, W., Davies, G. R., Chard, D. T., Griffin, C. M., 
Altmann, D. R., Gordon, R., Kapoor, R., Thompson, 
A. J., & Miller, D. H. (2006). Upper cervical cord area 
in early relapsing-remitting multiple sclerosis: Cross-
sectional study of factors influencing cord size. Journal 
of Magnetic Resonance Imaging: JMRI, 23(4), 473–476. 
https://doi​.org​/10​.1002​/jmri​.20545

Rocca, M. A., Valsasina, P., Meani, A., Gobbi, C., Zecca, 
C., Rovira, A., Montalban, X., Kearney, H., Ciccarelli, O., 
Matthews, L., Palace, J., Gallo, A., Bisecco, A., Gass, A., 
Eisele, P., Lukas, C., Bellenberg, B., Barkhof, F.,  

Vrenken, H., … MAGNIMS Study Group. (2019). Clinically 
relevant cranio-caudal patterns of cervical cord atrophy 
evolution in MS. Neurology, 93(20), E1852–E1866. 
https://doi​.org​/10​.1212​/wnl​.0000000000008466

Smith, S. S., Stewart, M. E., Davies, B. M., & Kotter, 
M. R. N. (2021). The prevalence of asymptomatic and 
symptomatic spinal cord compression on magnetic 
resonance imaging: A systematic review and meta-
analysis. Global Spine Journal, 11(4), 597–607. https://
doi​.org​/10​.1177​/2192568220934496

Solstrand Dahlberg, L., Viessmann, O., & Linnman, C. 
(2020). Heritability of cervical spinal cord structure. 
Neurology Genetics, 6(2), e401. https://doi​.org​/10​.1212​
/nxg​.0000000000000401

Standring, S. (2020). Gray’s anatomy: The anatomical basis 
of clinical practice. Elsevier. https://doi​.org​/10​.1302​/0301​
-620x​.91b7​.22719

Taso, M., Girard, O. M., Duhamel, G., Le Troter, A., Feiweier, 
T., Guye, M., Ranjeva, J. P., & Callot, V. (2016). Tract-
specific and age-related variations of the spinal cord 
microstructure: A multi-parametric MRI study using 
diffusion tensor imaging (DTI) and inhomogeneous 
magnetization transfer (IhMT). NMR in Biomedicine, 
29(6), 817–832. https://doi​.org​/10​.1002​/nbm​.3530

Ullmann, E., Paquette, J. F. P., Thong, W. E., & Cohen-
Adad, J. (2014). Automatic labeling of vertebral levels 
using a robust template-based approach. International 
Journal of Biomedical Imaging, 2014, 719520. https://doi​
.org​/10​.1155​/2014​/719520

Virtanen, P., Gommers, R., Oliphant, T. E., Haberland, M., 
Reddy, T., Cournapeau, D., Burovski, E., Peterson, P., 
Weckesser, W., Bright, J., van der Walt, S. J., Brett, M., 
Wilson, J., Jarrod Millman, K., Mayorov, N., Nelson, 
A. R. J., Jones, E., Kern, R., Larson, E., … SciPy 1.0 
Contributors. (2020). SciPy 1.0: Fundamental algorithms 
for scientific computing in Python. Nature Methods, 
17(3), 261–272. https://doi​.org​/10​.1038​/s41592​-020​
-0772​-5

Weeda, M. M., Middelkoop, S. M., Steenwijk, M. D., 
Daams, M., Amiri, H, Brouwer, I., Killestein, J., Uitdehaag, 
B. M. J., Dekker, I., Lukas, C., Bellenberg, B., Barkhof, 
F., Pouwels, P.J. W., & Vrenken, H. (2019). Validation of 
mean upper cervical cord area (MUCCA) measurement 
techniques in multiple sclerosis (MS): High reproducibility 
and robustness to lesions, but large software and 
scanner effects. NeuroImage: Clinical, 24(January), 
101962. https://doi​.org​/10​.1016​/j​.nicl​.2019​.101962

Yanase, M., Matsuyama, Y., Hirose, K., Takagi, H., Yamada, 
M., Iwata, H., & Ishiguro, N. (2006). Measurement of the 
cervical spinal cord volume on MRI. Journal of Spinal 
Disorders & Techniques, 19(2), 125–29. https://doi​.org​/10​
.1097​/01​.bsd​.0000181294​.67212​.79

https://doi.org/10.3174/ajnr.a5163
https://doi.org/10.3174/ajnr.a5163
https://doi.org/10.1016/j.nicl.2021.102680
https://doi.org/10.1016/j.nicl.2021.102680
https://doi.org/10.1148/radiol.2433060583
https://doi.org/10.1111/jon.12097
https://doi.org/10.1111/jon.12666
https://doi.org/10.1111/jon.12666
https://doi.org/10.1371/journal.pone.0118576
https://doi.org/10.3174/ajnr.a5427
https://doi.org/10.1002/jmri.20545
https://doi.org/10.1212/wnl.0000000000008466
https://doi.org/10.1177/2192568220934496
https://doi.org/10.1177/2192568220934496
https://doi.org/10.1212/nxg.0000000000000401
https://doi.org/10.1212/nxg.0000000000000401
https://doi.org/10.1302/0301-620x.91b7.22719
https://doi.org/10.1302/0301-620x.91b7.22719
https://doi.org/10.1002/nbm.3530
https://doi.org/10.1155/2014/719520
https://doi.org/10.1155/2014/719520
https://doi.org/10.1038/s41592-020-0772-5
https://doi.org/10.1038/s41592-020-0772-5
https://doi.org/10.1016/j.nicl.2019.101962
https://doi.org/10.1097/01.bsd.0000181294.67212.79
https://doi.org/10.1097/01.bsd.0000181294.67212.79

