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Abstract

The source of inter-subject variability and the influence of age and gender on morphometric
characteristics of the spinal cord, such as the total cross-sectional area (TCA), the gray mat-
ter (GM) and white matter (WM) areas, currently remain under investigation. Understanding
the effect of covariates such as age, gender, brain volumes, and skull- and vertebra-derived
metrics on cervical and thoracic spinal cord TCA and GM areas in healthy subjects would
be fundamental for exploring compartment specific changes in neurological diseases affect-
ing the spinal cord. Using Magnetic Resonance Imaging at 3T we investigated 32 healthy
subjects using a 2D phase sensitive inversion recovery sequence and we measured TCA,
GM and WM areas at 4 cervical and thoracic levels of the spinal cord. We assessed age
and gender relationships of cord measures and explored associations between cord mea-
sures and a) brain volumes and b) skull- and vertebra-derived metrics. Age and gender had
a significant effect on TCA, WM and GM areas (with women and elderly having smaller val-
ues than men and younger people respectively), but not on the GM area/TCA ratio. The
total intracranial volume and C3 vertebra dimensions showed the highest correlations with
cord measures. When used in multi-regression models, they reduced cord areas group vari-
ability by approximately a third. Age and gender influences on cord measures and normali-
zation strategies here presented might be of use in the study of compartment specific
changes in various neurological diseases affecting the spinal cord.
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Introduction

Spinal cord (SC) atrophy is a common and clinically relevant aspect of various diseases, the ef-
fects of which are either confined to the spinal cord or involve the whole central nervous sys-
tem, such as adrenomyeloneuropathy [1,2], amyotrophic lateral sclerosis [3] and multiple
sclerosis (MS) [4,5].

Progressive disability in MS is currently thought to be largely driven by spinal cord involve-
ment that may affect both the gray matter (GM) and white matter (WM) compartments [6,7],
impacting clinical presentation and disease course.

Magnetic Resonance Imaging (MRI) recently enabled in-vivo morphometric assessments of
the WM and GM areas of the spinal cord, by using T2* weighted imaging [8-11] or phase-sen-
sitive inversion recovery (PSIR) imaging [12-14]. Understanding the sources of inter-subject
variability of the measured SC total cross-sectional areas (TCA), GM and WM areas and their
relationship with age and gender might improve both sensitivity and specificity of the morpho-
metric assessments in detecting disease-associated changes.

Prior MRI studies that explored age and gender effects on spinal cord metrics in healthy
controls were mostly focused on TCA (or cord volume) measurements at the cervical levels
[15-24]. In these studies there was strong agreement regarding the influence of sex on cervical
TCA or volumes, with men having larger values compared to women. The majority of the cited
papers reported a moderate decrease of cervical cord areas with age, but this behavior was not
consistently observed in all studies.

These findings are partially in contrast with some very recent data based on T2* imaging on
healthy subjects, investigating age and gender effects not only on TCA but also on GM and
WM metrics within the spinal cord [11]. The authors did not find any gender influence on
most of the investigated metrics (the cross-sectional area, the transverse and anteroposterior
diameters, the WM% and the width of the anterior and posterior horns), with the exception of
the posterior horn width. Age-related differences were only observed for anteroposterior diam-
eter and white matter percentage, not for any of the other metrics, and were only investigated
for the cervical cord. A specific description of the chosen metrics at the different anatomical
levels was not reported.

Three of the above cited works [16,17,21] also explored the correlation of brain and/or skull
volumes with the upper cervical TCA on healthy subjects to define potential normalization
strategies. All these papers reported very strong correlations of the total intracranial volume
(TICV) and of brain GM, brain WM and total brain volumes with the cervical TCA.

Finally, several studies aimed at identifying potential normalization strategies for cervical
TCA or volume measurements in MS [15-17,25-28] using proportion or residual approaches
[29]. The normalization metrics explored in these studies included the TICV, the number of
slices/length of the spinal cord, the lumbar enlargement cord area (LECA), the thecal sac vol-
ume, the maximum intracranial/skull cross-sectional area, and the body mass index. The effect
of normalization strategies was assessed in terms of the prediction of clinical disability and the
ability to detect differences among disease phenotypes. However, the results of these studies
are partially conflicting and a consensus on which metric best help in reducing the substantial
inter-subject variability of TCA is still lacking.

Normalization for LECA noticeably increased the correlation of cervical TCA with clinical
disability expressed by the expanded disability status scale (EDSS) on a group of 29 MS patients
[15]. This normalization is based on the assumption that the disease doesn’t affect the lower
portion of the spinal cord. Normalization of cervical volumes for the number of slices/length of
the spinal cord improved the detection of differences between MS phenotypes or MS patients
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and healthy controls [25,26,30]; this method essentially translates a measurement of volumes
into a measurement of a mean cross-sectional area.

The use of TICV seemed to have a limited utility [16,17,25-27,30]. The negligible effect of
TICV observed in these papers, despite its strong correlation with TCA, could anyway be due
to an interplay between TICV and gender [21], sometimes also used in the corrections, or to
the fact that the normalization with TICV was mainly tested on relapsing remitting patients on
which initial inflammation can mask cervical TCA atrophy [17,30].

None of these studies provided normalization strategies with respect to the analysis of the
GM/WM components of the spinal cord.

The aim of the present work was to extend the previous studies by exploring the effect of co-
variates such as age and gender on TCA, WM and GM areas at 4 selected cervical and thoracic
levels (C2-C3, C3-C4, T8-T9 and T9-T10) of the spinal cord on healthy controls using an ac-
quisition and measurement procedure based on 2D PSIR imaging that was recently shown to
allow sensitive and clinically feasible spinal cord assessment of gray and white matter areas in
efficient acquisition times of <2 min per level, with high test-retest, intra-rater and inter-rater
reliability [13,14].

Moreover, we aimed to investigate at cervical and thoracic levels associations among cord
measures and between cord measures and a) brain volumes and b) skull- and vertebra-derived
metrics to develop potential normalization strategies to reduce inter-subject variability.

Materials and Methods
Imaging protocol

Thirty-two healthy subjects (14 men: mean age 46.8+13.4; 18 women: mean age 50.4+15.1;
total cohort: age 28-78; mean 48.8+14.3) underwent MRI scanning on a Siemens 3T Skyra sys-
tem 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 a MR compatible cervical
collar [9].

All subjects had no history of psychiatric, neurological or cognitive impairment and provid-
ed written informed consent to participate in this study. Research was performed in compli-
ance to the Code of Ethics of the World Medical Association (Declaration of Helsinki) and the
standards established by our Institution. The Committee on Human Research at the University
of California, San Francisco (UCSF) approved the study protocol. Written informed consent
was obtained from all participants.

A standard high resolution T1 weighted acquisition of the brain (sagittal 3D-MPRAGE,

1 mm® isotropic resolution, acquisition time ~ 5:30 min) and 2D PSIR acquisitions with an op-
timized 2D PSIR protocol (axial in plane resolution 0.78*0.78 mm?, slice thickness 5 mm, ma-
trix 256x256, TR/TE/TI = 4000/3.22/400 ms, angle = 10°, 3 averages, acquisition time: 1:50
min, magnitude and phase-sensitive images reconstructed) were acquired for each participant.
2D-PSIRs were acquired at four intervertebral disc levels representative of the cervical and the
low thoracic portions of the spinal cord (C2-C3, C3-C4, T8-T9 and T9-T10) in a total acquisi-
tion time < 8 minutes. Standard T2 weighted sagittal acquisitions of the whole spinal axis were
also acquired to prescribe the PSIRs, using the disc as reference and positioning the slices per-
pendicular to the spinal cord.

C2-C3 is the standard level explored in MS studies [12,16,17,31-33], while the C3-C4 and
the selected thoracic levels, just above the lumbar enlargement, are much less explored in litera-
ture. T8-T9 and T9-T10 were chosen since we hypothesize that the GM and total cord areas at
these levels might be potential markers of spinal cord function regarding the lower limbs.
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Area and metric measurements

Total spinal cord and GM areas at the different levels were calculated on the phase-sensitive re-
constructed images using the software Jim (Version 6.0, Xinapse Systems, Northants, United
Kingdom; http://www.xinapse.com). The total cross-sectional area (T'CA) estimates were seg-
mented in a semi-automated way [34]; briefly this was done using the cord finder toolkit with
fixed settings (nominal cord diameter 8mm, number of shape coefficients 24, order of longitu-
dinal variation 12). The marker requested by the toolkit was positioned on the mid-sagittal
WM, directly posterior to the gray commissure.

The resolution of images, which is slightly lower than the resolution used in previous work
based on T2* imaging [8,9,11], was chosen in view of later clinical feasibility to minimize the
acquisition time. Despite this potential shortcoming, both the inter- and intra-operator reliabil-
ities of the acquisition and measurement procedure were shown to be high [13,14] and non-in-
ferior to reliability assessments in the earlier studies based on a slightly higher resolution.
Therefore, a single neuroradiologist with 6 years of experience (VP) manually segmented the
GM area three times using Jim, and the average GM area was calculated. The SC WM area was
calculated as the difference between the TCA and the average GM area. Examples of acquisi-
tion and segmentation are reported in Fig. 1 and Fig. 2.

Segmentation and parcellation of the T1 weighted anatomical structural images was per-
formed with Freesurfer (available for download at http://surfer.nmr.mgh.harvard.edu/) using
the Desikan-Kyliany Atlas, in order to obtain the total intracranial volume (TICV), subcortical
GM, cortical GM, total WM, thalamus, cerebellar and brainstem volumes [35-37]. On the
MPRAGE, resampled to be in axial planes correctly oriented, we measured the area of the fora-
men magnum. The foramen magnum perimeter was manually delineated on the most inferior
slice in which the bone was completely visible.

Fig 1. Example of acquisition and segmentation. Example of acquisition and total cross-sectional area (TCA) and gray matter (GM) segmentation on a
representative healthy subject. Left: Sagittal images, positioning of 2D PSIR slices (A: cervical portion, D: thoracic portion). Right: segmentation on the
phase-sensitive reconstructed images (B: C2-C3, C: C3-C4, E: T8-T9, F: T9-T10 disc levels).

doi:10.1371/journal.pone.0118576.9001
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Fig 2. C2-C3 and T9-T10 segmentation examples on 4 healthy subjects. Images acquired for 4 different healthy subjects: A and B: C2-C3 level; C and D:
T9-T10 level. In rows A and C the magnitude reconstructions are reported to appreciate the quality of the acquisitions, while in rows B and D the phase-
sensitive reconstructed images that were used for both the total cross-sectional area (TCA) and gray matter (GM) segmentations (yellow) are reported.
Phase-sensitive reconstructed images allowed good intra- and inter-operator reliability of both the area measurements on a single image.

doi:10.1371/journal.pone.0118576.g002

On the sagittal MPRAGE the following 9 skeletal based metrics were defined as illustrated
in Fig. 3:

1. The anterior-posterior vertebral body diameter (ap_vertebra_diameter) and spinal canal di-
ameter (ap_canal_diameter) were measured at the mid portion of the C3 vertebra [38,39].

2. Anterior height (AH), posterior height (PH) [40], and central height (middle_vertebra_-
height) [39] of the C3 vertebra were measured.

From these latter measures, three metrics were derived:
o Average of AH and PH (mean_vertebra_height)
o sagittal_vertebra_area = mean_vertebra_height x ap_vertebra_diameter

« bi-trapezoidal approximation of the vertebra area: sagittal_area_trapez = 2 x [(mean_verteb-
ra_height + middle_vertebra_height) / 2 x ap_vertebra_diameter / 2]
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Fig 3. Definition of spinal skeletal based metrics. Cervical skeletal based metrics defined on the sagittal
MPRAGE: A: distance between the opisthion and the basion (McRae's line); B: anterior height (AP) of the C3
vertebra; C: posterior height (PH) of the C3 vertebra; D: central height of the C3 vertebra
(middle_vertebra_height); E: C3 anterior-posterior vertebral body diameter (ap_vertebra_diameter); F: spinal

canal diameter at the C3 vertebra level (ap_canal_diameter); G: Distance between the McRae's line and the
bottom of the C4 vertebral body (McRaes_to_C4).

doi:10.1371/journal.pone.0118576.9003
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3. Distance between the opisthion and the basion (McRae's line) [41]

4. Distance between the McRae's line and the bottom of the C4 vertebral body
(McRaes_to_C4)

5. nasion-inion distance (nasion-inion)

Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics, Version 21, IBM Cooperation,
2012 and JMP Statistics (http://www.jmp.com), Version 11, 2013 SAS Institute. The values for
TCA, GM, WM area and GM area/TCA for all the 4 levels, brain volumes and the skull- and
vertebra-derived metrics were assessed for normality of the distribution of data using the Sha-
piro-Wilk W tests.

Age and gender influences

We assessed differences of PSIR measures between men and women at the C2-C3 and T9-T10
disc levels by calculating least square means with adjustment for age. In the same way, the in-
fluence of age on PSIR measures was assessed with gender as a covariate, dividing the total co-
hort in two groups (taking the median age as a cut-off).

To verify if possible gender differences could be explained by the physical characteristics of
the subjects (height and weight) we also explored the effect of age, gender, height and weight
on the spinal cord areas at cervical and thoracic levels in a multivariate analysis (taking into ac-
count multiple comparison corrections).

Cord measures associations within the cord and with brain/vertebra
metrics

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

The correlations between TCA and GM area at the C2-C3 and T9-10 levels and brain vol-
umes and skull- and vertebra-derived measures (TICV, nasion-opistion, foramen magnum
area, McRae's line, McRaes_to_C4, ap_canal_diameter, ap_vertebra_diameter, middle_verteb-
ra_height, mean_vertebra_height, sagittal_vertebra_area, sagittal_area_trapez) were also as-
sessed by Pearson product-moment correlation coefficients.

To narrow down the number of candidate variables for normalization, we focused our fur-
ther analysis only on those metrics less likely to be altered by neurological diseases that affect
both brain and spinal cord, such as skull- and vertebra-derived metrics.

Among these, we selected variables having a correlation coefficient greater than 0.45 with at
least one of either TCA or SC GM area. We performed a multi-linear regression analysis with
the cord metrics at the C2-C3 disc level as the outcome variables and gender and age
as covariates.

We normalized both the TCA and GM area values using a regression-based residual method
[17,29] applying the following formula derived from the results of the regression analysis mod-
els with an adjusted R* > 0.35:

Aipred. = Aimeas + a ( Xmean_Ximeas) + b ( Ymean_Yimeas) + ¢ ( Zmean_zimeas) + d ( ]mean_limeas) + o Eq 1

where A'ycqs is the measured SC area in a given subject i, A’ cq is the resulting normalized
area, a,b,c,d, . . . are the regression coefficients derived from the multi-linear fit, X 1,eans Y means
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Z means ] mean> - - - are the mean values of the skull/cord metrics of the 32 subjects group and X!
meass Y meass Z' meass ] meass - - - are their measured values in the subject i.

The effect of the normalization by a particular model was evaluated by comparing the rela-
tive standard deviations (ratios of the group standard deviation and the respective means, %
RSD) between the measured data and the values generated by the respective correction formu-
las. The best models found at C2-C3 were applied to the other 3 spinal cord levels to normalize
TCA and GM areas, and the respective adj. R* and the %RSD were calculated.

Results
Area and metric measurements

TICV, subcortical GM, cortical GM, total WM, precentral GM, thalamus, cerebellar and brain-
stem volumes, nasion-opistion, foramen magnum area, McRae's line, McRaes_to_C4, ap_ca-
nal_diameter, ap_vertebra_diameter, middle_vertebra_height, mean_vertebra_height,
sagittal_vertebra_area, sagittal_area_trapez were measured on 30 subjects, since the MPRAGE
was not acquired in 2 subjects. According to the Shapiro-Wilk W tests all metrics were
normally distributed.

The quality of the PSIR images was consistently high in all 32 subjects at all levels of the spi-
nal cord and high GM/WM contrast. For 2 subjects who were scanned at the beginning of the
study the 2 thoracic levels were not acquired.

The TCA, GM area (in mm?) and GM area/TCA (in %) measured on the group were, re-
spectively (mean + standard deviation): C2-C3: 79.7 (£ 7.0), 19.4 (£ 1.9), 23.8 (£ 2.4); C3-C4:
84.1(£7.1),21,9 (£ 1.9),25.4 (£ 1.6); T8-T9: 44.3 (£ 3.1), 10.3 (£ 1.6), 23.3 (+ 3.0); T9-T10:
453 (+£3.5), 11.1 (+ 1.3), 24.5 (+ 2.0).

TCA and GM area values showed strong correlations among the 4 measured levels
(Table 1). Particularly strong correlations were evident between adjacent cervical (r = 0.89 and
r = 0.58 for TCA and GM areas, respectively) and thoracic (r = 0.89 and r = 0.63 for TCA and
GM areas, respectively) levels.

At the 4 selected levels TCA, WM, GM area and GM area/TCA were normally distributed,
with the only exception being GM area at the T8-T9 level.

This latter finding, the strong correlations among adjacent levels, and a higher reliability of
the GM area measurements guided us to select the C2-C3 level and the T9-T10 level as repre-
sentative of the cervical and thoracic section of the spinal cord for the further analyses.

Age and gender influences

Gender differences of PSIR measures at the C2-C3 and T9-T10 disc levels are reported in
Table 2. When adjusted for age, women generally had smaller TCA and SC GM areas com-
pared to men. There was also a trend toward smaller SC WM areas in women; however, no sta-
tistical significant difference of the SC GM area/TCA ratio was found between sexes.

Weight was always found to be negligible in explaining the variance of cord areas, while
height showed to be more important for some tissues and some levels but with no consistency.
Regardless, height never reached a p-value smaller than 0.1 in the multivariate analyses at any
levels and for any of the metrics.

TCA, GM and WM cord areas as a function of age are shown in Fig. 4. In general, older sub-
jects had smaller total cord and WM areas and a trend to smaller GM areas compared to youn-
ger subjects when taking the gender-adjusted group median as a cut-off (Table 3). The TCA
showed an average reduction of about 2 mm? per decade at the C2-C3 level and 1.3 mm” at the
T9-T10 level, while the average SC GM reduction was of the order of 0.3-0.4 mm? per decade
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Table 1. Cord measures associations within the cord.

c2-c3 c3-Cc4 T8-T9 T9-T10
TCA GM TCA GM TCA GM TCA GM
C2-C3 TCA 1 0.65 0.89 0.76 0.74 0.55 0.65 0.63
(<0.001) (<0.001) (<0.001) (<0.001) (0.002) (<0.001) (<0.001)
GM 1 0.51 0.58 0.68 0.38 0.59 0.52
(0.003) (0.001) (<0.001) (0.041) (0.001) (0.004)
C3-C4 TCA 1 0.85 0.63 0.55 0.57 0.62
(<0.001) (<0.001) (0.002) (0.001) (<0.001)
GM 1 0.62 0.30 0.54 0.57
(<0.001) (0.104) (0.002) (0.001)
T8-T9 TCA 1 0.49 0.89 0.76
(0.006) (<0.001) (<0.001)
GM 1 0.49 0.63
(0.006) (<0.001)
T9-T10 TCA 1 0.74
(<0.001)
GM 1

Pearson coefficients and respective p values (reported in brackets) for the relationships of total cross-sectional area (TCA) and gray matter (GM) area in
the cohort of 32 subjects at the C2-C3, C3-C4, T8-T9 and T9-T10 disc levels. Statistically significant values are reported in bold. Since this was an
explorative qualitative analysis, no correction for multiple comparison was performed.

doi:10.1371/journal.pone.0118576.t001

at both the levels. The ratio between SC GM area and TCA, however, did not show a significant
age effect.

Cord measures associations with brain/vertebra metrics

The statistically significant (p < 0.05) associations between cord measures at the C2-C3 and
T9-T10 levels and brain metrics extracted with the Freesurfer processing are reported in
Table 4.

The stronger correlations between cord measures at the C2-C3 and T9-T10 levels with
TICV and other selected skull- and vertebra-derived metrics (nasion-opistion, McRaes_to_C4,
ap_vertebra_diameter, mean_vertebra_height, sagittal_vertebra_area, sagittal_area_trapez) are
reported in Table 5. Correlations with foramen magnum area, McRae's line, ap_canal_dia-
meter, middle_vertebra_height were low and are not reported in the table. On average, the high-
est correlations of TCA and GM area were found with TICV (Fig. 5) and with the
sagittal_vertebra_area.

Table 6 reports the normalization coefficients obtained by linear regression with TCA and
GM area as outcome variables for the models with the highest adjusted R” at the C2-C3 level
and the corresponding %RSD for the non-corrected measured data and the normalized values
calculated with each formula.

The greatest %RSD reductions were obtained for normalization with Model 3 (age, TICV,
sagittal_vertebra_area) closely followed by Model 1 (TICV, sagittal vertebra_area) and Model
2 (age, TICV, ap_vertebra_diameter) with C2-C3 TCA as outcome variable. Model 2a (TICV,
ap_vertebra_diameter) was the model with the highest adj. R* and %RSD reduction with C2-
C3 GM area as outcome variable.

PLOS ONE | DOI:10.1371/journal.pone.0118576 March 17,2015 9/18
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Table 2. Gender influence on spinal cord areas.

Disc Sex Adj. StdErr Mean StdErr p 95%-
level mean (mean) diff. (diff.)
Confidence
Interval
(diff.)

TCA (mm2) C2-C3 M 82.33 1.62 4.60 217 0.0430 0.15 9.04

F 77.73 1.43
Mean WM  C2-C3 M 62.09 1.42 3.09 1.89 0.1147 -0.79 6.97
area (mm?) F 58.99 1.25
Mean GM  C2-C3 M 20.24 0.46 1.51 0.62 0.0220 0.23 278
area (mm?) F 18.73 0.41
GM area/ C2-C3 M 24.65 0.50 0.52 0.67 0.4452 -0.85 1.89
TCA
ratio (%) F 2413 0.44
TCA (mm?) T9-T10 M 47.01 0.73 3.05 0.98 0.0042 1.05 5.05

F 43.96 0.64
Mean WM T9-T10 M 35.19 0.64 1.79 0.85 0.0453 0.04 3.54
area (mm?) F 33.39 0.56
Mean GM T9-T10 M 11.82 0.27 1.26 0.36 0.0017 0.52 2.00
area (mm?) F 10.56 0.24
GM area/ T9-T10 M 25.20 0.54 1.2 0.72 0.1076 -0.28 2.70
TCA
ratio (%) F 23.99 0.47

PSIR measures at the C2-C3 and T9-T10 disc levels of men and women using linear regression with age
as covariate. Mean values are least square means with adjustment for age. Adj.: adjusted; StdErr: standard
error, Diff.: difference between means, TCA: total cross-sectional area, GM: gray matter, WM: white matter.
p-values are 2-sided.

doi:10.1371/journal.pone.0118576.t002

We next tested the performance of the best models found for C2-C3 (Model 3 for TCA,
Model 2a for GM) at the other 3 cord levels, in terms of %RSD reduction in comparison to the
measured data (Table 7).

In Table 7 we also report the performance of Model 2 on the TCA measures of the other 3
cord levels. This model performed even better than Model 3 at the thoracic levels. Model 2 for
TCA reduced to Model 2a for GM since the variable age was no longer significant. The results
suggest that the application of a single vertebral metric of simple definition (ap_vertebra_dia-
meter) —in addition to TICV- is particularly effective for both TCA and GM normalizations in
healthy controls.

Discussion

Using a novel, reliable and clinically feasible acquisition and measurement procedure based on
2D phase-sensitive inversion recovery imaging, we explored age/gender influences on TCA,
and GM and WM cord measures and assessed associations between cord measures and a)
brain volumes and b) skull- and vertebra-derived metrics to develop normalization strategies
to reduce variability of measures. The generally high GM/WM and WM/CSF contrast provided
by all the PSIR images allowed us to segment and measure TCA and GM areas of the acquired
levels, from which we derived WM areas and the GM area/TCA ratio.
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Fig 4. Influence of age on spinal cord areas. Total cross-sectional area (TCA), gray matter (GM) and white matter (WM) areas in function of age at the C2-
C3and T9-T10 disc level for men (blue) and women (red). Areas are reported in mm?. Linear regression lines are reported (blue: men; red: women; black
dotted: whole cohort -cervical level: n = 32; thoracic level: n = 30-).

doi:10.1371/journal.pone.0118576.g004

The novel findings from this study include: 1) Age and gender influences on cervical spinal
cord GM and WM areas with smaller areas in the elderly and women; 2) Age and gender influ-
ences on TCA, GM and WM areas at thoracic levels; 3) Strong correlations of TICV, brain
WM, brain GM and total brain volume with the cervical GM area; 4) Strong correlations of
TICV, brain WM, brain GM and total brain volume with the thoracic TCA and GM areas; 5)
Strong correlations of vertebra-derived metrics with cervical and thoracic TCA and GM areas

Table 3. Age influence on spinal cord areas.

Disc level Age group Adj. mean StdErr (mean) Mean diff. StdErr (diff.) P 95%-
Confidence
Interval (diff.)
TCA (mm?) C2-C3 < 48 years 83.58 1.39 7.12 1.98 0.0012 3.06 11.19
> 48 years 76.46 1.42
Mean WM C2-C3 < 48 years 63.51 1.24 5.96 1.76 0.0021 2.36 9.57
area (mm?) > 48 years 57.55 1.26
Mean GM C2-C3 < 48 years 20.07 0.42 1.16 0.60 0.0616 -0.06 2.38
area (mm?) > 48 years 18.91 0.43
GM area/TCA C2-C3 < 48 years 24.07 0.46 -0.64 0.66 0.3369 -2.00 0.70
ratio (%) > 48 years 24.72 0.47
TCA (mm?) T9-T10 < 48 years 47.32 0.69 3.44 0.95 0.0012 1.49 5.39
> 48 years 43.88 0.66
Mean WM T9-T10 < 48 years 35.30 0.63 1.85 0.84 0.0369 0.12 3.58
area (mm?) > 48 years 33.45 0.55
Mean GM T9-T10 < 48 years 11.76 0.26 1.06 0.35 0.0060 0.33 1.78
area (mm?) > 48 years 10.70 0.24
GM area/TCA T9-T10 < 48 years 24.83 0.52 0.44 0.72 0.5458 -1.03 1.91
ratio (%) > 48 years 24.39 0.49

PSIR measures at the C2-C3 and T9-T10 disc levels of young versus elderly persons using linear regression with gender as covariate. Mean values are
least square means with adjustment for gender. Adj.: adjusted; StdErr: standard error, Diff.: difference between means, TCA: total cross-sectional area,
GM: gray matter, WM: white matter. p-values are 2-sided.

doi:10.1371/journal.pone.0118576.t003
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Table 4. Cord measures associations with brain metrics.

Total cortex Subcortical gray Total GM Total WM Brain (WM+GM)
C2-C3 TCA 0.45 0.72 0.54 0.62 0.60
(0.012) (<0.001) (0.002) (<0.001) (<0.001)
GM 0.44 0.61 0.50 0.54 0.54
(0.015) (<0.001) (0.005) (0.002) (0.002)
T9-T10 TCA 0.66 0.71 0.70 0.63 0.70
(<0.001) (<0.001) (<0.001) (<0.001) (<0.001)
GM 0.66 0.79 0.72 0.63 0.71
(<0.001) (<0.001) (<0.001) (<0.001) (<0.001)

Pearson coefficients and respective p values (reported in brackets) for the relationships of total cross-sectional area (TCA) and gray matter (GM) area with
brain tissue volumes extracted with Freesurfer, in the cohort of 32 subjects at the C2-C3 and T9-T10 disc levels. Statistically significant values are
reported in bold.

doi:10.1371/journal.pone.0118576.t004

6) Normalization strategies for TCA and GM areas at cervical and thoracic levels based on age,
TICV, and C3 vertebral body metrics.

Some inter-subject variability of spinal cord areas has to be expected because of differences
in the location of nerve roots in relation to the vertebral bodies [42]. This variability is in partic-
ular expected at the lumbar enlargement [10,11]. The T8-T9 and T9-T10 thoracic levels, above
the lumbar enlargement, were chosen since we hypothesized that due to the lower inter-subject
variability they could potentially offer more reliable markers of spinal cord function regarding
the lower limbs. The strong correlations observed for TCA, GM and WM areas between the ad-
jacent cervical and thoracic levels justify the choice of just one representative level per section
when investigating the effect of the explored covariates.

As shown in Table 4, TCA and GM areas at the C2-C3 and T9-T10 disc levels had very
strong correlations with all brain tissue volumes (total cortex, subcortical gray, total GM, total
WM, total brain volumes).

Table 5. Cord measures associations with skull- and vertebra-derived metrics.

TICV sagittal_vertebra_area sagittal_area_trapez ap_vertebra_diameter Mcraes_to_C4 mean_vertebra_height nasion-

inion

C2- TCA 0.63 0.53 0.42 0.37 0.45 0.46 0.45
c3 (<0.001) (0.002) (0.021) (0.043) (0.012) (0.010) (0.013)
GM  0.62 0.52 0.50 0.57 0.22 0.25 0.26
(<0.001) (0.004) (0.005) (0.001) (0.242) (0.178) (0.162)

T9- TCA 0.55 0.52 0.49 0.43 0.22 0.41 0.48
T10 (0.002) (0.005) (0.009) (0.021) (0.263) (0.029) (0.009)
GM  0.57 0.56 0.52 0.39 0.45 0.48 0.59
(0.002) (0.002) (0.005) (0.041) (0.017) (0.009) (0.001)

Pearson coefficients and respective p values (reported in brackets) for the relationships of total cross-sectional area (TCA) and gray matter (GM) area with
skull- and vertebra-derived metrics, in the cohort of 32 subjects at the C2-C3 and 30 subjects at the T9-T10 disc levels. Out of the 11 tested metrics, only
the ones with the highest correlation are reported in this table. Statistically significant values are reported in bold.

doi:10.1371/journal.pone.0118576.t005
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doi:10.1371/journal.pone.0118576.9005

With regard to the TCA at the upper cervical cord our results are in concordance with find-
ings from Engl et al. [21], who reported strong correlations of TICV, brain WM, brain GM and
total brain volume with the upper cervical TCA.

In addition to this, we now also found similar results with regard to spinal cord GM area,
not only in the cervical but also in the thoracic levels of the spinal cord.

However, normalization strategies based on WM and GM tissues of healthy controls might
not be appropriate in patient cohorts where the tissue used for normalization can be affected
by the underlying pathology itself. We therefore also explored normalization strategies based

Table 6. Multi-linear regression analysis of C2-C3 areas.

TCA age (a) TICV (b) ap_vertebra_diameter (c)
Model 1 / 2.33E-05 /

Model 2 -0.113 2.20E-05 0.873

Model 3 -0.105 1.89E-05 /

GM area age (a) TICV (b) ap_vertebra_diameter (c)
Model 1 / 7.20E-06 /

Model 2a / 7.19E-06 0.466

sagittal_vertebra_area (d)
0.059

/

0.063
sagittal_vertebra_area (d)
0.017

/

adjusted R?
0.44
0.41
0.47
adjusted R?
0.42
0.50

%RSD
5.83%
5.83%
5.56%
%RSD
7.41%
6.89%

%RSDmeas
8.04%

%RSDeas
9.83%

Normalization coefficients derived by multi-linear regression analysis with C2-C3 total cross-sectional area (TCA, top) and C2-C3 gray matter area (GM
area, bottom) as outcome variables and age, total intracranial volume (TICV), ap_vertebra_diameter, sagittal_vertebra_area as independent variables
(see Eq.1 in the text). The adjusted R? and the %RSD (ratios of the group standard deviation and the respective means) for the calculated values with

each model are reported. %RSDeas refers to the non-normalized measured
Mean values of the independent variables on the total cohort of subjects:
Ximean = AQ€mean = 48.84 years

Ymean = TICVmean = 1434165.26 mm?®

Zmean = ap_vertebra_diameterean = 15.63 mm

Jimean = Sagittal_vertebra_areanmean = 199.93 mm?

data.

doi:10.1371/journal.pone.0118576.t006
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Table 7. Multi-linear regression analysis at cervical and thoracic levels.

Model 3-TCA age (a)
C3-C4 -0.150
T8-T9 -0.101
T9-T10 -0.110
Model 2-TCA age (a)
C3-C4 -0.153
T8-T9 -0.116
T9-T10 -0.127
Model 2a—GM age (a)
C3-C4 /
T8-T9 /
T9-T10 /

TICV (b) sagittal_vertebra_area (c) adjusted R? %RSD %RSDneas
1.17E-05 0.080 0.44 5.13% 8.41%
6.58E-06 0.027 0.42 4.68% 6.95%
6.36E-06 0.037 0.43 5.24% 7.78%
TICV (b) ap_vertebra_diameter (c) adjusted R? %RSD %RSDpeas
1.72E-05 0.809 0.36 5.73% 8.41%
6.52E-06 0.709 0.56 4.43% 6.95%
6.80E-06 0.854 0.53 5.08% 7.78%
TICV (b) ap_vertebra_diameter (c) adjusted R? %RSD %RSDneas
7.70E-06 0.172 0.37 6.36% 8.69%
1.84E-06 0.143 / 13.38% 15.49%
4.77E-06 0.191 0.33 9.31% 11.58%

Normalization coefficients derived by multi-linear regression analysis for Model 3 (age, TICV and sagittal_vertebra_area) and Model 2 (age, TICV,
ap_vertebra_diameter) with total cross-sectional area (TCA) as outcome variable at the C3-C4, T8-T9 and T9-T10 disc levels.
Normalization coefficients derived by multi-linear regression analysis for Model 2a (TICV, ap_vertebra_diameter) and gray matter (GM) area as outcome
variable at the C3-C4, T8-T9 and T9-T10 disc levels.
The adjusted R? and the %RSD (ratios of the group standard deviation and the respective means) for the calculated values are reported. %RSDmeas
refers to the non-normalized measured data.
The mean values of the independent variables for the total cohort of subjects are reported in the legend of Table 6.

doi:10.1371/journal.pone.0118576.t007

on skull- and novel vertebra-derived metrics that are not expected to change with neurological
diseases. Among the metrics we tested in this study, TICV and sagittal_vertebra_area showed

the highest correlation coefficients with TCA and GM areas. Sagittal_area_trapez and ap_ver-
tebra_diameter also consistently showed high correlations with TCA and GM.

A normalization formula based on TICV together with age and the ap_vertebra_diameter
(chosen for the simplicity of its measure) reduced the %RSD of measured data at the C2-C3
cord level by 27% with regard to TCA and by 25% with regard to GM area values. The addition
of a vertebral metric to age and TICV, increased the variance explained by the models at the
C2-C3 level. Moreover, the application of this formula to the other cord levels also led to reduc-
tions of %RSD of TCA and GM areas (on average by 32% and 22%, respectively). This ap-
proach might, therefore, be useful to reduce anatomical driven variability of PSIR derived
measures and might enhance the detection of differences between diseased and healthy sub-
jects. However, the impact of this normalization strategy with regard to the detection of differ-
ences between patients and controls and between different disease types and degrees of
disability still needs further investigation. The assumption that skull- and vertebra-derived
metrics are generally not directly altered by most neurological diseases needs critical consider-
ation on a case by case basis, taking also potentially disease associated factors into account such
as side-effects of medication, increased risk of falling or consequences of immobility.

Eq.1 reduces to formula (1) reported in Mann et al. [17] when only the TICV is used as co-
variate. Noticeably, the coefficients for TICV we obtained for the different models for C2-C3
TCA are very close to the coefficient reported by Mann et al., suggesting a potential for our
model to be relevant to other cohorts.

The TCA, WM and GM areas showed an age-dependency with generally significantly
smaller values in the elderly (at both cervical and thoracic levels), after adjustment for gender
effects, with the GM area difference at C2-C3 being on the border of significance.
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The measured decreases of spinal cord areas with age probably reflect age-related degenera-
tive changes such as neuronal loss, astrocytosis, and demyelination that can be detected with
MRI techniques sensitive to the microscopic characteristics of tissues. By using diffusion tensor
imaging on the cervical spinal cord of healthy subjects, a decrease of fractional anisotropy with
age (in particular after 40/50 years) have been reported [20,43-45]. These findings are consis-
tent with a progressive degeneration of spinal cord tissues that could underlie the changes with
age we measured at a macroscopic level.

Men generally showed larger TCA and GM areas compared to women, and a trend to larger
WM areas, when adjusted for age. In the present study we did not find any age or gender effect
on the GM area/TCA ratio, which is in line with similar changes of both compartments, GM
and WM, in the same directions. Our observations confirm previously reported observations
of age related decline of TCA in the cervical segments [18,19,21,24] and of larger cords with re-
gard to gender differences [15,17-19,21,24], and extend the findings also to GM/WM areas
and to the thoracic portion of the SC. In contrast to the majority of studies, Fradet et al. [11],
did not find any age or gender influence on TCA at the cervical level, and in partial contrast to
our study, significant influences of age and gender only on few of the WM and GM metrics
investigated.

Limitations of the present study include the limited number of representative levels that
were chosen for the analysis in the upper cervical and lower thoracic spinal cord. C2-C3 is a
standard level that was already explored with regard to TCA measurements in many studies in
healthy controls and MS, while the detailed TCA and GM exploration of C3-C4 and the select-
ed thoracic levels constitutes the novel contribution of this work.

A further major limitation of the study is that the GM area was segmented manually. As
both the inter- and intra-operator reliabilities were high [13,14], GM areas were delineated by
a single expert in neuroradiology. A fully automated method for GM/WM segmentation was
recently presented [46,47], and testing it on the contrast offered by the PSIR acquisitions
would be of interest.

Conclusions

Spinal cord TCA, GM and WM areas at the vertebral disc levels C2-C3 and T9-T'10 as assessed
by 2D phase-sensitive inversion recovery imaging showed age and gender dependencies. While
men and younger persons generally showed larger cord areas, the ratio of GM to total cord
areas did not appear to be influenced by age and gender.

Spinal cord metrics show inter-subject variablity in healthy controls. A normalization for-
mula for TCA and GM area based on age, TICV, and C3 vertebral body metrics reduced inter-
subject variability by about one third across all cord levels investigated. The applied variables
can be easily measured on conventional MRI images and therefore offer a simple tool to reduce
inter-subject variability.

Author Contributions

Conceived and designed the experiments: NP RS EC SLH RGH. Performed the experiments:
NP RS VP WAS. Analyzed the data: NP RS VP AHZ RGH. Contributed reagents/materials/
analysis tools: NP RS VP AHZ SLH RGH. Wrote the paper: NP RS AHZ RGH.

REFERENCES

1. Powers JM, DeCiero DP, Ito M, Moser AB, Moser HW. Adrenomyeloneuropathy: a neuropathologic re-
view featuring its noninflammatory myelopathy. J Neuropathol Exp Neurol. 2000; 59: 89—102. PMID:
10749098

PLOS ONE | DOI:10.1371/journal.pone.0118576 March 17,2015 15/18


http://www.ncbi.nlm.nih.gov/pubmed/10749098

@’PLOS | ONE

Age, Gender and Normalization Covariates for Spinal Cord Areas

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Israel H, Ostendorf F, Stiepani H, Ploner CJ. Spinal cord atrophy in adrenomyeloneuropathy. Arch Neu-
rol. 2005; 62: 1157. PMID: 16009777

El Mendili MM, Cohen-Adad J, Pelegrini-Issac M, Rossignol S, Morizot-Koutlidis R, Marchand-Pauvert
V, et al. Multi-parametric spinal cord MRI as potential progression marker in amyotrophic lateral sclero-
sis. PLoS One. 2014; 9: €95516. doi: 10.1371/journal.pone.0095516 PMID: 24755826

Kearney H, Miszkiel KA, Yiannakas MC, Ciccarelli O, Miller DH. A pilot MRI study of white and grey
matter involvement by multiple sclerosis spinal cord lesions. Multiple Sclerosis and Related Disorders.
2013;2: 103-108.

Furby J, Hayton T, Anderson V, Altmann D, Brenner R, Chataway J, et al. Magnetic resonance imaging
measures of brain and spinal cord atrophy correlate with clinical impairment in secondary progressive
multiple sclerosis. Mult Scler. 2008; 14: 1068-1075. doi: 10.1177/1352458508093617 PMID:
18632782

Gilmore CP, DeLuca GC, Bo L, Owens T, Lowe J, Esiri MM, et al. Spinal cord neuronal pathology in
multiple sclerosis. Brain Pathol. 2009; 19: 642—-649. doi: 10.1111/}.1750-3639.2008.00228.x PMID:
19170682

Bjartmar C, Kidd G, Mork S, Rudick R, Trapp BD. Neurological disability correlates with spinal cord axo-
nal loss and reduced N-acetyl aspartate in chronic multiple sclerosis patients. Ann Neurol. 2000; 48:
893-901. PMID: 11117546

Yiannakas MC, Kakar P, Hoy LR, Miller DH, Wheeler-Kingshott CA. The Use of the Lumbosacral En-
largement as an Intrinsic Imaging Biomarker: Feasibility of Grey Matter and White Matter Cross-Sec-

tional Area Measurements Using MRl at 3T. PLoS One. 2014; 9: e105544. doi: 10.1371/journal.pone.
0105544 PMID: 25170763

Yiannakas MC, Kearney H, Samson RS, Chard DT, Ciccarelli O, Miller DH, et al. Feasibility of grey mat-
ter and white matter segmentation of the upper cervical cord in vivo: a pilot study with application to
magnetisation transfer measurements. Neuroimage. 2012; 63: 1054—1059. doi: 10.1016/j.neuroimage.
2012.07.048 PMID: 22850571

Taso M, Le Troter A, Sdika M, Ranjeva JP, Guye M, Bernard M, et al. Construction of an in vivo human
spinal cord atlas based on high-resolution MR images at cervical and thoracic levels: preliminary re-
sults. MAGMA. 2014; 27: 257—267. doi: 10.1007/s10334-013-0403-6 PMID: 24052240

Fradet L, Arnoux PJ, Ranjeva JP, Petit Y, Callot V. Morphometrics of the entire human spinal cord and
spinal canal measured from in vivo high-resolution anatomical magnetic resonance imaging. Spine
(Phila Pa 1976). 2014; 39: E262-269.

Kearney H, Yiannakas MC, Abdel-Aziz K, Wheeler-Kingshott CA, Altmann DR, Ciccarelli O, et al. Im-
proved MRI quantification of spinal cord atrophy in multiple sclerosis. J Magn Reson Imaging. 2014; 39:
617-623. doi: 10.1002/jmri.24194 PMID: 23633384

Papinutto N, Schlaeger R, Panara V, Caverzasi E, Ahn S, Johnson KJ, et al. 2D phase-sensitive inver-
sion recovery imaging to measure in vivo spinal cord gray and white matter areas in clinically feasible
acquisition times. J Magn Reson Imaging. 2014. doi: doi: 10.1002/jmri.24819. [Epub ahead of print]

Schlaeger R, Papinutto N, Panara V, Bevan C, Lobach IV, Bucci M, et al. Spinal cord gray matter atro-
phy correlates with multiple sclerosis disability. Ann Neurol. 2014; 76: 568-580. doi: 10.1002/ana.
24241 PMID: 25087920

Song F,Huan Y, Yin H, Ge Y, Wei G, Chang Y, et al. Normalized upper cervical spinal cord atrophy in
multiple sclerosis. J Neuroimaging. 2008; 18: 320-327. doi: 10.1111/j.1552-6569.2007.00222.x PMID:
18318794

Rashid W, Davies GR, Chard DT, Griffin CM, Altmann DR, Gordon R, et al. Upper cervical cord area in
early relapsing-remitting multiple sclerosis: cross-sectional study of factors influencing cord size. J
Magn Reson Imaging. 2006; 23: 473-476. PMID: 16521094

Mann RS, Constantinescu CS, Tench CR. Upper cervical spinal cord cross-sectional area in relapsing
remitting multiple sclerosis: application of a new technique for measuring cross-sectional area on mag-
netic resonance images. J Magn Reson Imaging. 2007; 26: 61-65. PMID: 17659556

Ishikawa M, Matsumoto M, Fujimura Y, Chiba K, Toyama Y. Changes of cervical spinal cord and cervi-
cal spinal canal with age in asymptomatic subjects. Spinal Cord. 2003; 41: 159-163. PMID: 12612618

Yanase M, Matsuyama Y, Hirose K, Takagi H, Yamada M, lwata H, et al. Measurement of the cervical
spinal cord volume on MRI. J Spinal Disord Tech. 2006; 19: 125-129. PMID: 16760787

Agosta F, Lagana M, Valsasina P, Sala S, Dall'Occhio L, Sormani MP, et al. Evidence for cervical cord
tissue disorganisation with aging by diffusion tensor MRI. Neuroimage. 2007; 36: 728—735. PMID:
17490894

PLOS ONE | DOI:10.1371/journal.pone.0118576 March 17,2015 16/18


http://www.ncbi.nlm.nih.gov/pubmed/16009777
http://dx.doi.org/10.1371/journal.pone.0095516
http://www.ncbi.nlm.nih.gov/pubmed/24755826
http://dx.doi.org/10.1177/1352458508093617
http://www.ncbi.nlm.nih.gov/pubmed/18632782
http://dx.doi.org/10.1111/j.1750-3639.2008.00228.x
http://www.ncbi.nlm.nih.gov/pubmed/19170682
http://www.ncbi.nlm.nih.gov/pubmed/11117546
http://dx.doi.org/10.1371/journal.pone.0105544
http://dx.doi.org/10.1371/journal.pone.0105544
http://www.ncbi.nlm.nih.gov/pubmed/25170763
http://dx.doi.org/10.1016/j.neuroimage.2012.07.048
http://dx.doi.org/10.1016/j.neuroimage.2012.07.048
http://www.ncbi.nlm.nih.gov/pubmed/22850571
http://dx.doi.org/10.1007/s10334-013-0403-6
http://www.ncbi.nlm.nih.gov/pubmed/24052240
http://dx.doi.org/10.1002/jmri.24194
http://www.ncbi.nlm.nih.gov/pubmed/23633384
http://dx.doi.org/10.1002/jmri.24819
http://dx.doi.org/10.1002/ana.24241
http://dx.doi.org/10.1002/ana.24241
http://www.ncbi.nlm.nih.gov/pubmed/25087920
http://dx.doi.org/10.1111/j.1552-6569.2007.00222.x
http://www.ncbi.nlm.nih.gov/pubmed/18318794
http://www.ncbi.nlm.nih.gov/pubmed/16521094
http://www.ncbi.nlm.nih.gov/pubmed/17659556
http://www.ncbi.nlm.nih.gov/pubmed/12612618
http://www.ncbi.nlm.nih.gov/pubmed/16760787
http://www.ncbi.nlm.nih.gov/pubmed/17490894

@’PLOS | ONE

Age, Gender and Normalization Covariates for Spinal Cord Areas

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Engl C, Schmidt P, Arsic M, Boucard CC, Biberacher V, Réttinger M, et al. Brain size and white matter
content of cerebrospinal tracts determine the upper cervical cord area: evidence from structural brain
MRI. Neuroradiology. 2013; 55: 963—970. doi: 10.1007/s00234-013-1204-3 PMID: 23715746

Sherman JL, Nassaux PY, Citrin CM. Measurements of the normal cervical spinal cord on MR imaging.
AJNR Am J Neuroradiol. 1990; 11: 369-372. PMID: 2107721

Ulbrich EJ, Schraner C, Boesch C, Hodler J, Busato A, Anderson SE, et al. Normative MR cervical spi-
nal canal dimensions. Radiology. 2014; 271: 172—182. doi: 10.1148/radiol.13120370 PMID: 24475792

Kato F, Yukawa Y, Suda K, Yamagata M, Ueta T. Normal morphology, age-related changes and abnor-
mal findings of the cervical spine. Part |l: Magnetic resonance imaging of over 1,200 asymptomatic sub-
jects. Eur Spine J. 2012; 21: 1499-1507. PMID: 22302162

Healy BC, Arora A, Hayden DL, Ceccarelli A, Tauhid SS, Neema M, et al. Approaches to normalization
of spinal cord volume: application to multiple sclerosis. J Neuroimaging. 2012; 22: e12—19. doi: 10.
1111/j.1552-6569.2011.00629.x PMID: 21854479

Oh J, Seigo M, Saidha S, Sotirchos E, Zackowski K, Chen M, et al. Spinal Cord Normalization in Multi-
ple Sclerosis. J Neuroimaging. 2014; 24:577-584. doi: 10.1111/jon.12097 PMID: 24593281

Zivadinov R, Banas AC, Yella V, Abdelrahman N, Weinstock-Guttman B, Dwyer MG. Comparison of
three different methods for measurement of cervical cord atrophy in multiple sclerosis. AJNR Am J Neu-
roradiol. 2008; 29: 319-325. PMID: 17974604

Vaithianathar L, Tench CR, Morgan PS, Constantinescu CS. Magnetic resonance imaging of the cervi-
cal spinal cord in multiple sclerosis—a quantitative T1 relaxation time mapping approach. J Neurol.
2003; 250: 307-315. PMID: 12638021

Sanfilipo MP, Benedict RH, Zivadinov R, Bakshi R. Correction for intracranial volume in analysis of
whole brain atrophy in multiple sclerosis: the proportion vs. residual method. Neuroimage. 2004; 22:
1732-1743. PMID: 15275929

Klein JP, Arora A, Neema M, Healy BC, Tauhid S, Goldberg-Zimring D, et al. A 3T MR imaging investi-
gation of the topography of whole spinal cord atrophy in multiple sclerosis. ADINR Am J Neuroradiol.
2011; 32: 1138-1142. doi: 10.3174/ajnr.A2459 PMID: 21527570

Losseff NA, Webb SL, O'Riordan JI, Page R, Wang L, Barker GJ, et al. Spinal cord atrophy and disabili-
ty in multiple sclerosis. A new reproducible and sensitive MRI method with potential to monitor disease
progression. Brain. 1996; 119: 701-708. PMID: 8673483

Rocca MA, Horsfield MA, Sala S, Copetti M, Valsasina P, Mesaros S, et al. A multicenter assessment
of cervical cord atrophy among MS clinical phenotypes. Neurology. 2011; 76: 2096—2102. doi: 10.
1212/WNL.0b013e31821f46b8 PMID: 21670439

Lukas C, Sombekke MH, Bellenberg B, Hahn HK, Popescu V, Bendfeldt K, et al. Relevance of spinal
cord abnormalities to clinical disability in multiple sclerosis: MR imaging findings in a large cohort of pa-
tients. Radiology. 2013; 269: 542-552. doi: 10.1148/radiol. 13122566 PMID: 23737540

Horsfield MA, Sala S, Neema M, Absinta M, Bakshi A, Sormani MP, et al. Rapid semi-automatic seg-
mentation of the spinal cord from magnetic resonance images: application in multiple sclerosis. Neuro-
image. 2010; 50: 446—455. doi: 10.1016/j.neuroimage.2009.12.121 PMID: 20060481

Dale AM, Fischl B, Sereno MI. Cortical surface-based analysis. |. Segmentation and surface recon-
struction. Neuroimage. 1999; 9: 179-194. PMID: 9931268

Desikan RS, Segonne F, Fischl B, Quinn BT, Dickerson BC, Blacker D, et al. An automated labeling
system for subdividing the human cerebral cortex on MRI scans into gyral based regions of interest.
Neuroimage. 2006; 31: 968—980. PMID: 16530430

Fischl B, Sereno MI, Dale AM. Cortical surface-based analysis. II: Inflation, flattening, and a surface-
based coordinate system. Neuroimage. 1999; 9: 195-207. PMID: 9931269

Pavlov H, Torg JS, Robie B, Jahre C. Cervical spinal stenosis: determination with vertebral body ratio
method. Radiology. 1987; 164: 771-775. PMID: 3615879

Singh K, Samartzis D, Vaccaro AR, Nassr A, Andersson GB, Yoon ST, et al. Congenital lumbar spinal
stenosis: a prospective, control-matched, cohort radiographic analysis. Spine J. 2005; 5: 615-622.
PMID: 16291100

Grados F, Fechtenbaum J, Flipon E, Kolta S, Roux C, Fardellone P. Radiographic methods for evaluat-
ing osteoporotic vertebral fractures. Joint Bone Spine. 2009; 76: 241-247. doi: 10.1016/j.jbspin.2008.
07.017 PMID: 19196531

Cronin CG, Lohan DG, Mhuircheartigh JN, Meehan CP, Murphy J, Roche C. CT evaluation of Cham-
berlain's, McGregor's, and McRae's skull-base lines. Clin Radiol. 2009; 64: 64—69. doi: 10.1016/j.crad.
2008.03.012 PMID: 19070699

PLOS ONE | DOI:10.1371/journal.pone.0118576 March 17,2015 17/18


http://dx.doi.org/10.1007/s00234-013-1204-3
http://www.ncbi.nlm.nih.gov/pubmed/23715746
http://www.ncbi.nlm.nih.gov/pubmed/2107721
http://dx.doi.org/10.1148/radiol.13120370
http://www.ncbi.nlm.nih.gov/pubmed/24475792
http://www.ncbi.nlm.nih.gov/pubmed/22302162
http://dx.doi.org/10.1111/j.1552-6569.2011.00629.x
http://dx.doi.org/10.1111/j.1552-6569.2011.00629.x
http://www.ncbi.nlm.nih.gov/pubmed/21854479
http://dx.doi.org/10.1111/jon.12097
http://www.ncbi.nlm.nih.gov/pubmed/24593281
http://www.ncbi.nlm.nih.gov/pubmed/17974604
http://www.ncbi.nlm.nih.gov/pubmed/12638021
http://www.ncbi.nlm.nih.gov/pubmed/15275929
http://dx.doi.org/10.3174/ajnr.A2459
http://www.ncbi.nlm.nih.gov/pubmed/21527570
http://www.ncbi.nlm.nih.gov/pubmed/8673483
http://dx.doi.org/10.1212/WNL.0b013e31821f46b8
http://dx.doi.org/10.1212/WNL.0b013e31821f46b8
http://www.ncbi.nlm.nih.gov/pubmed/21670439
http://dx.doi.org/10.1148/radiol.13122566
http://www.ncbi.nlm.nih.gov/pubmed/23737540
http://dx.doi.org/10.1016/j.neuroimage.2009.12.121
http://www.ncbi.nlm.nih.gov/pubmed/20060481
http://www.ncbi.nlm.nih.gov/pubmed/9931268
http://www.ncbi.nlm.nih.gov/pubmed/16530430
http://www.ncbi.nlm.nih.gov/pubmed/9931269
http://www.ncbi.nlm.nih.gov/pubmed/3615879
http://www.ncbi.nlm.nih.gov/pubmed/16291100
http://dx.doi.org/10.1016/j.jbspin.2008.07.017
http://dx.doi.org/10.1016/j.jbspin.2008.07.017
http://www.ncbi.nlm.nih.gov/pubmed/19196531
http://dx.doi.org/10.1016/j.crad.2008.03.012
http://dx.doi.org/10.1016/j.crad.2008.03.012
http://www.ncbi.nlm.nih.gov/pubmed/19070699

@’PLOS | ONE

Age, Gender and Normalization Covariates for Spinal Cord Areas

42.

43.

44.

45.

46.

47.

Cadotte DW, Cadotte A, Cohen-Adad J, Fleet D, Livne M, Wilson JR, et al. Characterizing the location
of spinal and vertebral levels in the human cervical spinal cord. AJNR Am J Neuroradiol. 2014 Dec 18.
[Epub ahead of print].

Vedantam A, Jirjis MB, Schmit BD, Wang MC, Ulmer JL, Kurpad SN. Characterization and limitations of
diffusion tensor imaging metrics in the cervical spinal cord in neurologically intact subjects. J Magn
Reson Imaging. 2013; 38: 861-867. doi: 10.1002/jmri.24039 PMID: 23389869

Mamata H, Jolesz FA, Maier SE. Apparent diffusion coefficient and fractional anisotropy in spinal cord:
age and cervical spondylosis-related changes. J Magn Reson Imaging. 2005; 22: 38—43. PMID:
15971186

Wang K, Song Q, Zhang F, Chen Z, Hou C, Tang Y, et al. Age-related changes of the diffusion tensor
imaging parameters of the normal cervical spinal cord. Eur J Radiol. 2014; 83: 2196-2202. doi: 10.
1016/j.ejrad.2014.09.010 PMID: 25287960

Asman AJ, Smith SA, Reich DS, Landman BA. Robust GM/WM segmentation of the spinal cord with it-
erative non-local statistical fusion. Med Image Comput Comput Assist Interv. 2013; 16: 759-767.
PMID: 24505736

Asman AJ, Bryan FW, Smith SA, Reich DS, Landman BA. Groupwise multi-atlas segmentation of the
spinal cord's internal structure. Med Image Anal. 2014; 18: 460-471. doi: 10.1016/j.media.2014.01.003
PMID: 24556080

PLOS ONE | DOI:10.1371/journal.pone.0118576 March 17,2015 18/18


http://dx.doi.org/10.1002/jmri.24039
http://www.ncbi.nlm.nih.gov/pubmed/23389869
http://www.ncbi.nlm.nih.gov/pubmed/15971186
http://dx.doi.org/10.1016/j.ejrad.2014.09.010
http://dx.doi.org/10.1016/j.ejrad.2014.09.010
http://www.ncbi.nlm.nih.gov/pubmed/25287960
http://www.ncbi.nlm.nih.gov/pubmed/24505736
http://dx.doi.org/10.1016/j.media.2014.01.003
http://www.ncbi.nlm.nih.gov/pubmed/24556080


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


