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Abstract

PURPOSE—In-vivo assessment of spinal cord gray matter (GM) and white matter (WM) could
become pivotal to study various neurological diseases, but it is challenging because of insufficient
GM/WM contrast provided by conventional MRI. Here we present and assess a procedure for
measurement of spinal cord total cross-sectional area (TCA) and GM areas based on phase
sensitive inversion recovery imaging (PSIR).

MATERIALS AND METHODS—We acquired 2D PSIR images at 3T at each disc level of the
spinal axis on 10 healthy subjects and measured TCA, cord diameters, WM and GM area, and GM
area/TCA ratio. We secondly investigated 32 healthy subjects at 4 selected levels (C2-C3, C3-C4,
T8-T9, T9-T10, total acquisition time <8 minutes) and generated normative reference values of
TCA and GM areas. We assessed test-retest, intra- and inter-operator reliability of the acquisition
strategy and measurement steps.

RESULTS—The measurement procedure based on 2D PSIR imaging allowed TCA and GM area
assessments along the entire spinal cord axis. The tests we performed revealed high test-retest/
intra-operator reliability (mean coefficient of variation (COV) at C2-C3: TCA=0.41%, GM
area=2.75%) and inter-operator reliability of the measurements (mean COV on the 4 levels:
TCA=0.44%, GM area= 4.20%; mean intra-class correlation coefficient: TCA=0.998, GM
area=0.906).
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CONCLUSION—2D PSIR allows reliable in-vivo assessment of spinal cord TCA, GM and WM
areas in clinically feasible acquisition times. The area measurements presented here are in
agreement with previous MRI and post-mortem studies.
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INTRODUCTION

During the last two decades MRI of the human spinal cord has gained a fundamental role in
the diagnosis and monitoring of various diseases including traumatic injuries, spondylotic
myelopathy, vascular pathologies, tumors and inflammatory diseases such as neuromyelitis
optica (NMO) and multiple sclerosis (MS) (1,2).

Progressive disability in MS is thought to be driven by spinal cord involvement that may
affect both the gray matter (GM) and white matter (WM) compartments (3,4).

Demyelination, axonal and neuronal loss, and metabolic changes that may lead to disability
in MS patients have been studied in-vivo in the spinal cord using several quantitative MR
techniques (5-16). However, the widespread clinical application of these promising MR
techniques is still challenging due to the small dimension of the cord, susceptibility effects,
and subject and physiological motion artifacts related to heartbeat and breathing (17).
Therefore, with regard to MS and other cord specific pathologies, conventional anatomical
imaging remains by far the most widely used tool.

GM and WM compartment-specific morphometry of the spinal cord was precisely described
in an autopsy series by Kameyama and coauthors (18), based on 12 spinal cords without
evidence of any nervous system disease. Their study provided anatomic descriptions and
morphometric assessments at each spinal segment, including measurements of total cross-
sectional areas (TCA), GM and WM areas, and transverse and sagittal diameters. However,
earlier studies on brain autopsies suggested that the volumes of WM and GM compartments
are influenced to a different extent by the fixation process (19). Therefore, the reported ex-
vivo morphometric assessments and proportions of the spinal cord GM and WM
compartments may not agree with in-vivo values.

Anatomical spinal cord imaging might greatly profit from a method that allows precise in-
vivo morphometric and compartment-specific assessments of the entire spinal cord axis.
Conventional contrast-based anatomical MR techniques, though still commonly used for MS
and other spinal cord pathologies, provide limited spinal cord detail. Poor contrast between
GM and WM from conventional clinical T1 or T2 weighted MRI and artifacts common to all
spinal cord imaging modalities have impeded in-vivo assessment of the spinal cord GM and
WM compartments, especially in the thoracic levels (20). T2 weighted MRI in healthy
controls has mostly focused on TCA measurements of the entire spinal cord axis (21) or
cervical cord only (22,23). Recently, 3D gradient echo (GRE) (14,24) or 2D multi-echo
GRE-based sequences have been used for in-vivo compartment-specific assessments and for
atlas constructions, as their T2* weighting provides a good GM/WM contrast (25-28).
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However, since the quality of T2* images is not always consistent, this modality is still not
routinely and clinically used for precise in-vivo morphometric and compartment-specific
assessments of the entire spinal axis.

Since the first MRI experiments, it has been known that the (T1 weighted) image contrast
and signal to noise ratios can be enhanced by doubling the dynamic range of the longitudinal
magnetization (i.e. including both positive and negative values) by preserving the sign of the
MR signal intensity in an inversion recovery sequence with a real reconstruction (29,30). An
accurate real reconstruction of inversion recovery images, however, requires correction of
phase errors artifacts that arise when restoring the magnetization polarity, and it’s referred to
as phase sensitive inversion recovery (PSIR) imaging.

Different phase-correction strategies have been investigated in the past 30 years, including
the acquisition of additional reference images, multiple IR acquisitions and the estimation of
phase from local statistics using various phase correction algorithms (31-35).

The most commonly applied method in PSIR imaging achieves the magnetization polarity
restoration by interleaving a reference scan into the regular image acquisition scans (32,36).
Using this reference, phase variations caused by the system (the background phase
modulation) are identified and removed from the original acquisition, allowing a correct
restoration of the magnetization polarity.

PSIR imaging has been used in the brain (37), in particular to monitor the progress of
myelination and brain maturation (38), and to explore the myelinization of cortical areas
(39). The enhanced contrast offered by PSIR has also been found useful for improving the
identification of deep gray matter structures such as the subthalamic nucleus and globus
pallidus (40,41).

In the last few years, PSIR imaging gained increased interest regarding the detection of
cortical lesions in MS, as PSIR imaging was shown to have a complementary or even
alternative value to DIR (double inversion recovery) imaging, which is currently considered
the standard sequence for cortical lesion detection (42—44).

Recently two pilot-studies applied the 3D PSIR technique to the cervical spinal cord (45,46)
of MS patients and demonstrated a very good contrast between spinal cord GM/WM and
WM/CSF. One further study reported a high efficiency in MS lesion detection using sagittal
PSIR (47) in the cervical cord.

In this cross-sectional study we used 2D PSIR to quantitatively assess spinal cord TCA, WM
and GM areas with three-fold goals:

. To assess the efficiency of the proposed acquisition and measurement procedure
along the entire spinal cord axis with reference to the in-vivo studies based on
T2* contrast and the anatomical post-mortem data by Kameyama and coauthors
(18).

. To provide normative values of TCA, GM areas, GM area/TCA ratio and cord
diameters at selected levels of the spinal cord representative of the upper cervical
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and lower thoracic portions, that could be routinely acquired in a clinically
acceptable acquisition time of less than 2 minutes per level.

. To assess the scan-rescan, intra- and inter-operator reproducibility of the TCA
and GM measurements of the procedure presented in this study.

MATERIALS AND METHODS

MR Imaging
Thirty-two healthy subjects (14 men: meanzstd (standard deviation) age 46.8+13.4; 18
women: meantstd age 50.4+15.1; total cohort: age 28-78; meanzstd 48.8+14.3) underwent
MRI scanning on a 3T whole body system (Skyra, Siemens Medical Solutions, Erlangen,
Germany) equipped with a 20-channel head/neck coil and a 32-channel spine coil. To
minimize neck movement during the examination, each subject was provided with an MR
compatible cervical collar (14).

Research was performed in compliance with the Code of Ethics of the World Medical
Association (Declaration of Helsinki), and the Committee on Human Research of our
Institution approved the study protocol. All subjects provided written informed consent to
participate in this study. None of the subjects had any history of psychiatric, neurological or
cognitive impairment.

2D PSIR imaging (pulse sequence diagram reported in Fig. 1) was performed on each
participant with the following parameters: 0.78*0.78 mm? axial in-plane resolution, 5 mm
slice thickness, 256x256 matrix size, TR/TE/T1=4000/3.22/400 ms, flip angle=10°, and 3
averages (acquisition time: 1:50 min per level). Two images were created by the scanner for
each acquisition: one with a magnitude reconstruction and the other with a phase-sensitive
reconstruction. The resolution of images, which is slightly lower than the resolution used in
previous work based on T2* imaging was chosen to minimize the acquisition time and make
the procedure feasible in a clinical setting, whenever the selection of particular levels of the
spinal cord can help in answering to specific clinical questions. Standard T2-weighted
sagittal images of the cervical and thoracic portions of the cord were also acquired and used
for the correct positioning of the 2D PSIR acquisitions.

For in-vivo quantification, precise anatomical description of the GM and WM compartments
along the entire spinal cord axis and their comparison to post-mortem data (18) and other
reported MRI data, we first focused the assessments on 10 younger subjects with a
homogenous gender and age distribution (5 men and 5 women, mean agetstd 37.7+7.5
years). In this group PSIR acquisitions were repeated at all disc spaces along the entire
spinal cord axis from C1-C2 down to the medullary conus (T12-L1) using the vertebral disc
as reference and positioning the slices perpendicular to the spinal cord. Secondly, we
extended the sample to 32 participants, but restricted the acquisition and analysis to 4
representative vertebral disc levels (C2-C3, C3—-C4, T8-T9 and T9-T10) that could be
routinely acquired in a clinical environment in less than 8 minutes. C2—C3 is the standard
level explored in MS studies (46,48-52), while the C3-C4 and the selected thoracic levels,
just above the lumbar enlargement, were less explored in this regard. T8-T9 and T9-T10
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were chosen since we hypothesized that the GM and total cord areas at these levels might be
potential markers of spinal cord function regarding the lower limbs.

Area And Metric Measurements

Total spinal cord and GM areas at the different levels were calculated on the phase-sensitive
reconstructed images using the software Jim (Version 6.0, Xinapse Systems, Northants,
United Kingdom; www.xinapse.com). The total cross-sectional area was estimated in a
semi-automated way (53); briefly this was done using the cord finder toolkit with fixed
settings (nominal cord diameter 8mm, number of shape coefficients 24, order of longitudinal
variation 12). The marker requested by the toolkit was positioned on the mid-sagittal WM,
directly posterior to the gray commissure.

A neuroradiologist with 5 years of experience (VP) manually segmented the GM area three
times using Jim. The average GM area was calculated. The spinal cord WM area was
calculated as the difference between the TCA and the average GM area. An example of the
acquisition prescription and TCA and GM segmentation of a representative subject are
shown in Fig. 2. Two orthogonal lengths of the cord were measured with Jim using the
boundary of the total cord delineated with the semi-automatic method as a reference: the
sagittal diameter was defined as the measure of the ROI in the mid-sagittal line, while the
transverse diameter was defined as the largest dimension of the cord perpendicularly to the
mid-sagittal line.

Evaluation Of Reproducibility And Contrast To Noise Ratio

A series of experiments was performed to evaluate the reproducibility and precision of the
area measurements and the contrast to noise ratio (CNR) of images as follows.

Experiment A)—Scan-rescan intra- and inter-operator reproducibility of the TCA and GM
area measurements were evaluated. Four separate scans were performed on a single healthy
subject at the C2—C3 and C3-C4 level with full repositioning between scans. The TCA of
the cord at these levels was measured by 3 different operators (NP, MRI physicist with 10
years of experience in neuroimaging, VP, neuroradiologist with 5 years of experience and
RS, neurologist with 10 years of experience) using the software Jim semi-automatically on
the 4 separate acquisitions. GM areas were measured at these levels by 2 experienced
operators (VP, RS). Intra-operator reproducibility was assessed by calculating the coefficient
of variation (COV = standard deviation/mean of the values) across the 4 scan-rescan samples
per operator. Inter-operator reproducibility was assessed using the COV across operators on
each of the 4 acquisitions; these four coefficients were then averaged.

Experiment B)—For 8 healthy subjects (25% of the whole cohort) the cord TCAs were
independently measured at the C2—C3, C3-C4, T8-T9, T9-T10 levels by 3 operators (NP,
VP and RS) to provide inter-operator reliability for cervical and thoracic cord levels. GM
areas at the 4 disc levels of these subjects were independently measured by VP and RS.
Inter-operator reliability of the measurements was calculated as COV and as single measures
intra-class correlation coefficients (ICC).
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Experiment C)—For 10 healthy subjects the CNR for CSF/WM and for WM/GM tissues
was calculated on the images acquired at the C2—-C3 level.

CNR between tissue 1 and tissue 2 was defined as CNR1,=|S1-S,|/BN, where S; and S,
were the average signals in two identical 2x2 voxels square ROIs positioned on the tissues
and BN was the standard deviation of the signal measured in a ROl of 100 mm? area outside
the neck, away from imaging artifacts (background noise [BN]).

The GM ROI was positioned on the anterior horn, the WM ROI on the lateral column.

Statistical Analysis

RESULTS

Statistical analysis was performed using IBM SPSS Statistics (Version 21, 2012, IBM Corp.)
and JMP Statistics (www.jmp.com, Version 11, 2013, SAS Institute). In the full cohort of 32
controls, the values of TCA, GM, WM area and GM area/TCA at all the 4 levels were
assessed for normality of the distribution of data using the Shapiro-Wilk W tests.

Correlations of TCA and GM areas among the four levels were investigated by calculating
Pearson product-moment correlation coefficients.

Evaluation Of Reproducibility And Contrast To Noise Ratio

Experiment A)

Intra- And Inter-Operator Reproducibility Of Cord Area Measurements From Scan-
Rescan Acquisitions (Table 1): For the 4 test-retest acquisitions at the C2—-C3 level, TCA
intra-operator reproducibility COVs for the 3 operators were 0.40%, 0.51% and 0.32%
(mean: 0.41%). GM area intra-operator reproducibility COVs for the 2 operators were
2.17% and 3.33% (mean: 2.75%). The average of inter-operator COV for the different
operators across the 4 acquisitions was 0.25% for TCA, and 0.90% for GM areas. At the
C3-C4 level TCA intra-operator reproducibility COVs for the 3 operators were 1.86%,
1.85% and 2.62% (mean: 2.11%). GM area intra-operator reproducibility COVs for the 2
operators were 2.40% and 2.71% (mean: 2.55%). The average of inter-operator COV for the
different operators across the 4 acquisitions was 0.40% for TCA, and 2.60% for GM area.
The higher intra- compared to inter-operator variability suggests that the difference of semi-
automatic segmentation across operators for the area measurement is contributing less to the
overall test-retest reproducibility than the variability from the repositioning of the subject in
the scanner and the positioning of the acquired slice.

Experiment B)

Inter-Operator Reliability (Table 2): On the 8 subjects the inter-operator COVs for the
TCA at C2-C3, C3-C4, T8-T9 and T9-T10 levels were 0.35%, 0.25%, 0.43% and 0.71%,
respectively (mean on the levels: 0.44%). The single measures ICCs at the 4 levels for TCA
were 0.999, 0.998, 0.996 and 0.998, respectively (mean on the levels: 0.998). For the GM
area on the 8 subjects the values of inter-operator COVs at the 4 levels were 3.18%, 3.99%,
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5.90% and 3.72% (mean on the levels: 4.20%), and the single measures ICCs were 0.916,
0.888, 0.908 and 0.912, respectively (mean on the levels: 0.906).

Experiment C)—The average CNR for 10 subjects (meanzxstd) was 44.52+13.74 for
CSF/WM and 15.19+5.09 for WM/GM.

Area And Metric Measurements

In all 32 subjects images obtained at the 4 spinal cord levels were evaluated by NP (MRI
physicist with 10 years of experience in neuroimaging), VP (neuroradiologist with 5 years of
experience) and RS (neurologist with 10 years of experience) and judged as having a good
GM/WM contrast. For 2 subjects who underwent image acquisition at the beginning of the
study the 2 thoracic levels were not acquired. In the subgroup of 10 subjects on which the
entire spinal cord axis was acquired, the quality of the images was assessed by VP and RS
and was found to be good at the cervical levels and the lower thoracic/lumbar levels, while at
the mid thoracic levels (indicatively from T1-T2 to T7-T8) the quality was found to be
sometimes suboptimal. However, it was sufficient for a GM delineation and TCA
calculation.

As a demonstration of the technique Fig. 3 shows the PSIR images acquired at 6 levels along
the entire spinal cord axis in a representative single subject.

The shape of the GM structure differed along the cord as reported in post-mortem anatomic
descriptions (18). GM was approximately “M” shaped in the top cervical and central
thoracic levels, “r” shaped in the lower cervical and upper thoracic levels and “X” shaped at
the lumbar levels just above the conus.

Cord measures are summarized in Table 3 where spinal cord levels acquired for all 32
subjects are shown in gray while other lines only refer to the 10 subjects whose entire spinal
cord axis was imaged. At the 4 selected levels TCA, WM, GM area, and the GM area/TCA
ratio were normally distributed on the entire cohort, with the only exception of GM area at
the T8-T9 level.

From the measurements of the TCA and GM areas along the entire spinal cord axis, 2
maxima in TCA and GM area were consistently determined (Fig. 4): the first one at the disc
level C4-C5 and the second one in a slightly more variable region centered at the T11-T12
disc level. These two maxima of the TCA and GM area represent the cervical and lumbar
enlargements of the spinal cord and they are caused by increased neural input and output to
the upper and lower limbs, respectively. The two enlargements are separated from T1-T2 to
T9-T10 by a plateau (Fig. 4a and 4b). A relatively stable GM area/TCA ratio for most of the
cervical and thoracic cord levels and a remarkable increase at the lower thoracic levels
suggest a main contribution of GM to the lumbar enlargement, reflecting the decreasing
number of ascending and descending WM tracts at the more caudal portions of the cord
(Fig. 4e).

Similarly to the results of the TCA and the GM areas, the transverse diameter showed an
absolute maximum at the disc level C4—C5 and a second smaller peak around T11-T12 (Fig.
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4c). The sagittal diameter was found to be approximately constant across the cord, with two
relatively small local maxima at C1-C2 and at T11-T12 (Fig. 4d). The ratio between the two
diameters was highest around C4—C5, where the transverse diameter was about double than
the sagittal diameter. In the thoracic spine down to the lower levels, instead, the shape of the
cord was more rounded, with the transverse diameter remarkably diminishing if compared
with the cervical levels, and the sagittal diameter almost constant (Fig. 4f). The transverse
diameter was found to have slightly less variability across subjects compared to the sagittal
diameter (see Fig. 4 and standard deviations/mean values in Table 3).

TCAs normalized to the T8-T9 and C2—C3 TCA values (g and h respectively) for each
subject are shown at the bottom of Fig. 4. These in-vivo results are in agreement with the
effects of normalization described by Kameyama et al. (18). Values normalized to C2-C3
are also reported in the last column of Table 3.

Average group results for TCA, GM and WM areas across the entire spinal cord axis are
shown in Fig. 5. Like in Table 3, the data reported here are based on 32 subjects at the C2—
C3, C3-C4, T8-T9 and T9-T10 disc levels and on 10 subjects at all other levels.

Cord Measures Associations Within The Cord

The associations among TCA and GM area values at the 4 different levels (C2-C3, C3-C4,
T8-T9, T9-T10) are reported in Table 4. Since this was an explorative and qualitative
analysis, no correction for multiple comparison was performed.

DISCUSSION

The goals of this cross-sectional study were three-fold. First we wanted to assess if the in-
vivo MR acquisition and measurement procedure based on 2D phase-sensitive inversion
recovery imaging that we present allows in-vivo quantification and anatomical description of
the GM and WM compartments at each disc level along the entire spinal cord axis. In the 10
subjects we were able to acquire good quality images at all levels of the spinal cord. The
GM/WM and WM/CSF contrasts was generally good and sufficient to segment and measure
TCA, GM area and cord diameters, at each of the acquired levels from disc level C1-C2
down to the medullary conus (T12-L1), in each subject. By comparing results with a
previous post-mortem study (18) we showed that our procedure enables accurate
morphological and quantitative exploration of the entire spinal cord axis. Results obtained
with the 2D PSIR imaging technique were in agreement with the findings previously
reported in the few in-vivo MRI studies based on T2* acquisition techniques (14,24-28).

Second, we applied this method to explore 4 selected cord levels in an extended cohort of 32
healthy subjects, providing a set of normative values of the different metrics obtainable with
the 2D PSIR. The quality of images at the 4 levels allowed TCA and GM area measurements
with high test-retest, intra-operator and inter-operator reliability. In particular at the C2-C3
and T9-T10 levels, the quality of images, COV and ICC were particularly good, suggesting
that these two levels are the best candidates to represent the cervical and low thoracic
portion of the spinal cord in a clinically feasible acquisition time of less than 4 minutes.
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The TCA values and diameters of the spinal cord that we measured are larger than the values
reported by Kato and coauthors (23) by using T2 weighted images. As only few details of
the measurements and methods were provided in that paper it is difficult to perform a fair
comparison. However, in general, one can assume that the differences might be due to a
different definition of the cord boundary on images with different contrast and resolution, or
maybe, to effects inherent to the different populations under investigation. Our results of GM
area, TCA, GM area/TCA, diameters are instead very similar to the data reported in studies
based on a T2* acquisition (see for example Table 4 in Ref. (24), Fig. 6 in Ref. (25), and

Fig. 4 in Ref. (28)). However, while the scan-rescan, intra- and inter-operator reproducibility
of TCA measurements obtained with the presented procedure were very similar to the ones
reported with the T2* based acquisitions (14), the scan-rescan, intra- and inter-operator
reproducibility of GM area measurements we obtained in the present study were higher
(14,25,28). This suggests that the 2D PSIR based protocol might be a reliable alternative to
the methods used so far to assess in-vivo spinal cord compartments.

Our results are in agreement with the general morphometric relationships reported in Table
1, Fig. 1 and Fig. 2 of the post-mortem study by Kameyama et al. (18) for all the measured
quantities (TCA, diameters, GM areas). It is important to emphasize that our cord level
definition refers to the vertebral space, while in the post mortem study levels were defined
according to the segmental level. We were able to delineate the curves of TCA, WM and
GM area in vivo along the spinal cord down to the medullary conus. These curves are
generally characterized by two maxima representing the cervical and lumbar enlargements
(areas of increased neural input and output to the upper and lower limbs, respectively). The
relative increase of the GM/cord area ratios at the lower thoracic levels with otherwise
relatively stable GM/cord area ratios suggests a main contribution of GM to the lumbar
enlargement, reflecting the decreasing number of ascending and descending WM tracts at
the more caudal portions of the cord. In agreement with the post-mortem measurements by
Kameyama and coauthors, the GM/cord area ratio at the cervical enlargement did not
substantially increase in comparison with the more rostral levels. This finding is indicative
of a concomitant contribution of both WM and GM to the cervical enlargement.

In agreement with previous reports based on T2* weighted imaging (24,25,28), the in-vivo
TCAs in this study exceeded the corresponding post-mortem measurements by Kamayama
and coauthors by about 30-35%, GM areas even by 50-60% at some cord levels. These
findings suggest that the fixation-related shrinkage affects spinal cord WM and GM in
different ways, as was already described in brain tissues by Kretschmann and coauthors (19).
Therefore inferences on compartment-specific cord atrophy based on post-mortem studies
have to be made with caution.

Kameyama and coauthors (18) expressed the idea that “any segment in an individual is
calculable from measurement of a single normal segment”, and they tested it in particular
with reference to C2—C3. Our data support this statement: TCA and GM area values showed
strong correlations among the 4 measured levels. Moreover, normalization of TCA to the
C2-C3 level had markedly reduced variability. The normalization to the C2-C3 level, for
example, reduced the %RSD (ratios of the group standard deviation and the respective
means) at all levels (20% average reduction from C1-2 to T10-11).
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The strong correlations between adjacent cervical and adjacent thoracic levels further
suggests that a selection of just the C2-C3 and T9-T10 levels (where measurements showed
the highest precision), might be the most informative and efficient with a total acquisition
time of less than 4 minutes.

Limitations of the current study include the relatively small number of subjects that
underwent the entire spinal cord axis protocol, as this part of the study was intended to be
explorative. Based on the entire spinal cord axis observations we selected 4 levels, in order
to enhance applicability in larger cohorts and examined these levels in a larger cohort. A
further major limitation of the study is that GM area was segmented manually, as a fully
automated method is not yet available. All the tools we tested require substantial manual
corrections and careful supervision of results by the operator (14). We therefore decided to
test the fully manual method with ROIs delineated by neuroradiology experts. As both the
inter- and intra-operator reliabilities were high, the GM areas in the larger cohort were
delineated by a single operator.

Finally, since the method was tested in-vivo and not on a true reference standard with known
values, its accuracy has to be further investigated.

In conclusion, we present a novel MRI quantitative procedure based on a 2D phase-sensitive
inversion recovery imaging, which allows in-vivo characterization of the spinal cord GM and
WM compartments at selected levels with high precision and reliablity and in clinically
feasible acqusition times. We suggest that 2D PSIR imaging could be routinely used to
explore cervical and thoracic selected levels in less than 2 minutes per level. The values
obtained in this study from healthy controls might be applicable to future disease and
healthy controls studies. Distinct assessments of GM and WM compartments may be pivotal
for the understanding of the pathological mechanism leading to cord atrophy in various
neurological diseases.
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Figure 1.
Pulse sequence diagram of the 2D PSIR acquisition: a non-selective inversion radio

frequency (RF) pulse is applied and after an inversion time (T1) a segment of a 2D gradient
echo image (GRE) is acquired. The same segment, used as reference for the phase sensitive
reconstruction, is reacquired with a low flip angle just before the application of a subsequent
inversion RF pulse and the acquisition of the following segment. The time between RF
inversion pulses is called repetition time (TR). The magnetization in most of the tissues can
be considered almost fully recovered when the reference image is acquired.
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Figure 2.
Positioning of the 2D PSIR acquisition on a sagittal T2 weighted image at the C2—C3 disc

level (). TCA and GM segmentation on the phase-sensitive reconstructed image (b) of a
representative subject.
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Figure 3.
Six illustrative magnitude (left) and phase-sensitive reconstructed images (right) of spinal

cord levels acquired on a healthy control.
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Entire spinal cord axis morphometric results for 10 healthy controls: a) total cross-sectional

J Magn Reson Imaging. Author manuscript; available in PMC 2018 May 15.

area (TCA), b) gray matter (GM) area, c) transverse diameter, d) sagittal diameter, e) GM
area/TCA, f) ratio between diameters, g) each level TCA normalized to T8-T9 TCA and h)
to C2-C3 TCA. Areas are reported in mm? and diameters in mm.
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Figure 5.
Group average and standard deviation of the total cross-sectional area (TCA), and the white

matter (WM) and gray matter (GM) areas for each level. Data reported are based on 32
subjects at the C2-C3, C3-C4, T8-T9 and T9-T10 disc levels and on 10 subjects at all other
levels. Areas are reported in mm2.
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Table 1

Experiment A) Intra-operator scan-rescan reproducibility

TCA GM
C2-C3 (C3-C4 C2-C3 C3-cC4

Operator 1 0.4% 1.86%

Operator2  0.51%  1.85% 2.17%  2.40%

Operator3  0.32%  2.62% 3.33% 2.71%
Mean 0.41% 211% 2.75%  2.55%

Scan-rescan intra-operator reproducibility coefficient of variation (COV) for the total cross-sectional area (TCA) and gray matter area (GM)
measurements in the 4 times repeated acquisition at the C2-C3 and C3-C4 levels.
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