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ARTICLE INFO ABSTRACT

Keywords: Background: Novel magnetic resonance (MR) imaging techniques have led to the development of T1-w/T2-w
Neuroimaging ratio images or “myelin-sensitive maps (MMs)” to estimate and compare myelin content in vivo. Currently,

Myelin
T1-w/T2-w ratio
Trigeminal neuralgia

validity and feasibility of this clinical tool.

raw image intensities in conventional MR images are unstandardized, preventing meaningful quantitative
comparisons. We propose an improved workflow to standardize the MMs, which was applied to patients with
classic trigeminal neuralgia (CTN) and trigeminal neuralgia secondary to multiple sclerosis (MSTN), to assess the

Methods: T1-w and T2-w images were obtained for 17 CTN patients and 17 MSTN patients using a 3 T scanner.
Template images were obtained from ICBM152. Multiple sclerosis (MS) plaques in the pons were labelled in
MSTN patients. For each patient image, a Gaussian curve was fitted to the histogram of its intensity distribution,

and transformed to match the Gaussian curve of its template image.

Results: After standardization, the structural contrast of the patient image and its histogram more closely
resembled the ICBM152 template. Moreover, there was reduced variability in the histogram peaks of the gray
and white matter between patients after standardization (p < 0.001). MM intensities were decreased within MS
plaques, compared to normal-appearing white matter (NAWM) in MSTN patients (p < 0.001) and its corre-

sponding regions in CTN patients (p < 0.001).

Conclusions: Images intensities are calibrated according to a mathematic relationship between the intensities of
the patient image and its template. Reduced variability among histogram peaks allows for interpretation of
tissue-specific intensity and facilitates quantitative analysis. The resultant MMs facilitate comparisons of myelin
content between different regions of the brain and between different patients in vivo. MM analysis revealed
reduced myelin content in MS plaques compared to its corresponding regions in CTN patients and its surrounding
NAWM in MSTN patients. Thus, the standardized MM serves as a non-invasive, easily-automated tool that can be

feasibly applied to clinical populations for quantitative analyses of myelin content.

1. Introduction intracranial processes and pathologies, such as multiple sclerosis (MS),
microangiopathic disease, and stroke (Halefoglu and Yousem, 2018;

Novel magnetic resonance (MR) imaging techniques can provide Kilburg et al., 2017; Inglese and Petracca, 2018). However, conventional
valuable information about gray matter (GM) and white matter (WM) of MR sequences do not provide sufficient information on the state of
the brain. Different MR sequences vary in their sensitivity to certain myelin and T1-w/T2-w ratio images were developed to address this

Abbreviations: CIS, clinically isolated syndrome; RR, relapse-remitting; Prog, progressive (including primary and secondary progressive MS); SD, standard

deviation.
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limitation (Glasser and Van Essen, 2011; Ganzetti et al., 2014; Gordon
et al., Oct. 2019). The T1-w/T2-w ratio image is a non-invasive, clini-
cally-derived tool that capitalizes on conventional MR sequences to
quantify myelin, and has the potential to serve as a valuable adjunctive
tool in assessing patients with neurological or demyelinating diseases.

Myelin sheath is the dominant source of WM contrast in MR imaging
and typically appears hyperintense relative to GM on T1-w images
(Halefoglu and Yousem, 2018; Kilburg et al., 2017). On the other hand,
the hydrophobic property of the lipidic bilayer in myelin restricts the
molecular motion of protons, causing myelin to appear hypointense on
T2-w images (Barkovich, 2000; Koenig, 1991). By dividing their raw
image intensities, the T1-w/T2-w ratio effectively increases the contrast-
to-noise ratio, and thereby, produces myelin-enhanced contrast images
(Schiffmann, 2009).

One of the challenges of using conventional MR sequences to mea-
sure myelin is that the raw image intensity vary as a result of acquisition
protocols, physical scanners, and subject-related factors, thus rendering
these measurements meaningless (Roy et al., 2013; Shinohara et al.,
2014; Clark et al.,, 2006; Fang et al., 2005). To address the in-
consistencies of these acquisition factors, Glasser et al. (Glasser and Van
Essen, 2011) used an internal calibration method, where cortical regions
were parcellated and calibrated based on the putative myelocytoarchi-
tectural map of the brain (Fischl et al., 2004). Glasser’s method illus-
trated the full spectrum of myelination within the brain, from the
lightly-myelinated anterior insula to the heavily-myelinated motor
cortex. Later, Ganzetti et al. (Ganzetti et al., 2014) developed an external
calibration method that finessed the contrasting intensities of two non-
brain regions (e.g. eyeball and temporalis muscle). Ganzetti’s method
offered the opportunity for inter-subject comparisons, but the resultant
T1-w/T2-w maps remain dependent on acquisition factors, thereby
limiting the generalization of this technique (Hagiwara et al., 2018;
Uddin et al., 2017). Previous work by Nyul and Udupa (Nyul and Udupa,
1999) integrated a histogram matching algorithm to normalize the in-
tensity scale for MR image display. This technique is independent of
acquisition factors (Shah et al., 2011), but has yet to be explored in the
context of constructing standardized T1-w/T2-w ratio images.

In our study, we propose an improved workflow to generate T1-w/
T2-w ratio maps that allow inter-subject comparison, while elimi-
nating the need for tissue- and sequence-dependent standardization. We
apply the revised T1-w/T2-w ratio maps to the pontine region of the
brainstem, a typically myelin-rich component of the central nervous
system, to study its changes in two clinically-similar populations. Spe-
cifically, we compare the MMs of patients with classic trigeminal neu-
ralgia (CTN) and patients with trigeminal neuralgia secondary to
multiple sclerosis (MSTN). Although both clinical populations present
with lancinating facial pain, the etiology of their pain is different. MS
plaques in the brainstem are theorized to produce ephaptic transmission
of pain in MSTN patients (Fischl et al., 2004; Hagiwara et al., 2018),
whereas the etiology of CTN is largely due to compression of the tri-
geminal nerve by a neighbouring blood vessel.

In the context of demyelinating diseases such as MS, the revised T1-
w/T2-w ratio map serves as a surrogate marker of myelin content and
henceforth will be referred to as a “myelin-sensitive map (MM)”. By
applying MMs to these two patient populations, this study aims to
develop a MM workflow that maximizes its generalizability and feasi-
bility, and to demonstrate the clinical application of MMs in estimating
myelin damage in vivo. We hypothesize that MM analysis will demon-
strate reduced myelin content in MS plaques compared to corresponding
WM regions in CTN patients and normal-appearing white matter
(NAWM) in MSTN patients.

2. Methods
2.1. Participant and study design

This is a retrospective study comprised of 34 patients, where 17
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patients were diagnosed with CTN and 17 patients were diagnosed with
MSTN. At least one neuroradiologist and one neurosurgeon have
reviewed the MR images to appropriately classify patients as CTN and
MSTN. The diagnoses of CTN meet the criteria outlined in the Interna-
tional Classification of Headache Disorders (Olesen, 2018) and the di-
agnoses of MS are consistent with the 2017 Revised McDonald Criteria
(Thompson et al., 2018). In brief, the inclusion criteria were patients
with 1) neuropathic facial pain involving one or more branches of the
trigeminal nerve whose diagnoses are consistent with CTN or MSTN, 2)
no prior surgeries or procedures for their CTN or MSTN pain, and 3)
standard MR images available as described below. CTN patients with
comorbidities in the central nervous system (CNS) were excluded from
the study; MSTN patients with non-MS comorbidities in the CNS were
similarly excluded. MR images with temporarily-enlarged perivascular
spaces (PVS) were also excluded, as these spaces may be temporarily
enlarged (>2mm in diameter) in healthy individuals and their clinical
significance remain uncertain (Maclullich et al., 2004). Table 1 shows
the demographics of all 34 patients. The two groups were matched by
sex and age (+4 years). The study was approved by the Research Ethics
Board.

2.2. Image acquisition

Magnetic resonance (MR) images were acquired using a GE Signa
HDx 3 T scanner with an eight-channel head coil. For this study, 3D fast
spoiled gradient echo (FSPGR) T1-w anatomical images and 3D fast
imaging employing steady-state acquisition (FIESTA) T2-w anatomical
images were obtained for each patient. All MR images were anonymized.

T1-w FSPGR images were acquired with an in-plane resolution of
0.9375x0.9375 mm, slice thickness = 1 mm, echo time (TE) = 5.052 ms,
repetition time (TR) = 11.956 ms, inversion time (TI) = 300 ms, flip
angle = 20°, field of view (FOV) = 240 mm, and matrix = 256 x 256. The
scan time for T1-w FSPGR images was 7.3 min. The number of slices
ranged from 124 to 180 depending on the patient’s head size. The
default setting for T1-w FSPGR is 146 slices, which was obtained in 44%
of patients. Approximately 18% of patients had less than 146 slices, and
38% had more than 146 slices.

T2-w FIESTA images were acquired with an in-plane resolution of
0.4297 x0.4297 mm, slice thickness = 4 mm, TE = 94.14 ms, TR = 5200
ms, flip angle = 90°, FOV = 170 mm, and matrix = 512x512. The scan
time for T2-w FIESTA images was 6.1 min. The number of slices ranged
from 64 to 116 slices depending on the patient’s head size. The default
setting for T2-w FIESTA images is 76 slices (obtained in 47% of patients)
or 84 slices (obtained in 41% of patients). Approximately 6% of patients
had less than 76 slices, and 9% had more than 84 slices.

FLAIR images were acquired with an in-plane resolution of
0.4297 x0.4297 mm, slice thickness = 4 mm, TE = 141.4 ms, TR = 8652
ms, flip angle = 90°, FOV = 220 mm, and matrix = 384x224. The scan
time for FLAIR images was 5.8 min. FLAIR images were used to verify
the presence of MS plaques.

2.3. Image processing

The pipeline of the study, shown in Fig. 1, is modified from Ganzetti
et al. (Ganzetti et al., 2014). Briefly, all T1-w and T2-w images were bias
corrected for radiofrequency field inhomogeneities using FSL’s FAST
(Zhang et al., 2001). The skull and other non-brain tissues were removed
using the Brain Extraction (BET2) package in FSL 5.0 (FMRIB Software
Library, www.fmrib.ox.ac.uk/fsl/). All T1-w and T2-w images were then
resampled to yield identical voxel sizes of 0.9375x0.9375x1 mm using
3D Slicer version 4.3 (NA-MIC®©, http://www.slicer.org). As part of the
co-registration process, each T2-w image undergoes a rigid body trans-
formation to its respective T1-w image using the Advanced Normaliza-
tion Tools (ANTs, http://stnava.github.io/ANTs/) (Avants et al., 2011).


http://www.slicer.org
http://stnava.github.io/ANTs/
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Table 1

Demographics of the MSTN and CTN groups.
CTN Subject Sex Age (years Duration of TN MSTN Subject Sex Age (years Duration of MS Duration of TN Type of
D old) (years) D old) (years) (years) MS
CTN43 F 55 2 01 F 51 8 1 Prog.
CTN28 F 40 8 02 F 44 14 0 RR
CTN16 F 45 3 03 F 44 23 11 RR
CTN37 M 46 8 04 M 49 9 0 RR
CTN30 M 59 12 06 M 63 45 3 RR
CTN27 F 49 2 08 F 49 8 8 Prog.
CTN20 F 47 2 09 F 45 19 4 RR
CTNO8 F 54 4 12 M 51 29 10 Prog.
CTN45 M 31 2 13 F 31 1 1 CIS
CTN38 F 46 5 14 F 44 6 6 RR
CTN31 F 67 0.9 15 F 67 0 10 RR
CTNO3 F 69 10 16 F 68 27 3 Prog.
CTNOS F 58 3 18 F 58 30 4 RR
CTN17 F 51 10 19 F 50 10 0 RR
CTN47 M 44 1 20 M 47 8 N/A RR
CTNO6 F 38 6 21 F 36 11 2 RR
CTN12 M 52 6 22 M 52 30 3 Prog.
Mean (+SD) 12F: 5 50.06 + 9.85 4.99 + 3.51 Mean (+SD) 12F: 5 49.94 + 9.85 16.35 + 12.41 4.13 £3.77

M M

CTN and MSTN patients were age- and sex-matched (N = 34). Of the seventeen MSTN patients, 11 had relapse-remitting MS, 5 had a progressive form of MS, and 1
presented with trigeminal neuralgia as a clinically isolated syndrome prior to her diagnosis of multiple sclerosis. There was no significant difference between duration
of TN between CTN and MSTN patients. Progressive forms of MS include both primary and secondary progressive MS. There was one MSTN patient (Subject 20) that

did not have any clinical documentation stating onset of TN.

Abbreviations: CIS = clinically isolated syndrome, RR = relapse-remitting, Prog. = progressive (including primary and secondary progressive MS).

2.4. Image standardization

The standardization process is adapted from a histogram matching
algorithm described in Nyul and Udupa (Nyul and Udupa, 1999), where
the T1-w and T2-w images are calibrated according to the relationship
between the intensity distributions of a particular image and its corre-
sponding template image.

T1-w and T2-w images from the ICBM 2009¢ Nonlinear Asymmetric
atlas (NIFTI) were used as template images (http://www.bic.mni.mcgill.
ca/ServicesAtlases/ICBM152NLin2009) (Fonov et al., 2009; Fonov
et al., 2011), and represent MR images for the healthy population. For
each template image, the intensity distribution of the entire post-
processed brain volume was obtained (bins = 15001). A Gaussian
curve fit was performed on the intensity distribution of each image using
the parameters as defined by the curve fit function in SciPy (a Python
library for scientific computing). The minimum and maximum image
intensities of the Gaussian curve were computed to ensure that 99% of
the voxel intensities fell within this interval.

The histograms of the T1-w and T2-w image intensities were ob-
tained separately for all patients. For each histogram, a Gaussian curve
fit was performed in an identical process as described above for the
template images. To standardize the histograms of the image intensities,
the Gaussian-fitted curve of each patient’s image was transformed to
match the Gaussian-fitted curve of its respective template image, in
accordance to the following formula:

S1— Ky

Hs+ (x - /'{p) 0 x<”P
Pr—Hy
7(x) = 5 — H 1
g (x—p,) ——— if x>u,
Hy A+ ( /4,,)p2 = if x>,

where
x = original voxel intensity of the patient’s image
ug = intensity of the template where the Gaussian curve is at its peak
s; = minimum intensity of the Gaussian curve for the template
s, = maximum intensity of the Gaussian curve for the template
M, = intensity of the patient’s image where the Gaussian curve is at
its peak
p1 = minimum intensity of the Gaussian curve for the patient’s image
p2 = maximum intensity of the Gaussian curve for the patient’s

image

The standardization protocol established the three landmarks (up, p1,
and py) from each Gaussian curve to transform its corresponding histo-
gram. The goal of the transformation was to match the peak (u,) and
interval (p; to p2) of the patient’s image to the peak (us) and reference
interval (s; to sp) of its respective template image (Fig. 2). For each of the
34 patients, a separate transformation was performed for T1-w and T2-w
images.

Using the co-registered images and the standardized intensity dis-
tributions, the T1-w image intensities are divided by T2-w image in-
tensities and the resultant standardized T1-w/T2-w ratio map or MM is
created in the patient’s native T1 space. The MM intensities serve as a
surrogate marker of the myelination level. All MMs were nonlinearly
transformed into the ICBM152 T1 template space using ANTs. Fig. 3
illustrates the MMs of the pontine region for one CTN patient and one
MSTN patient.

2.5. Image analysis: Gray and white matter

The GM and WM images of the ICBM152 template were downloaded
from the ICBM 2009c Nonlinear Asymmetric atlas. Binary masks for the
GM and WM were created using an intensity threshold = 0.5 in FSL. The
masks were applied to the ICBM152 T1 and T2 template images, and a
Gaussian curve fit was performed for each set of intensity values. The
boundaries and peaks of the Gaussian curves were determined using
FSL.

Both GM and WM masks underwent nonlinear transformation from
ICBM152 T1 template space to patient’s native T1 space, and subsequent
linear transformation to the patient’s native T2 space. A Gaussian curve
fit was performed to obtain the mean intensity of the GM and WM for all
standardized T1-w images; this was repeated for all standardized T2-w
images.

2.6. Image analysis: MS plaques

For each MSTN patient, MS plaques were manually identified as
areas of hypointensities on T1-w images and hyperintensities on T2-w
images in the pontine regions. FLAIR images were used to confirm the
MS plaques.


http://www.bic.mni.mcgill.ca/ServicesAtlases/ICBM152NLin2009
http://www.bic.mni.mcgill.ca/ServicesAtlases/ICBM152NLin2009
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Fig. 1. Diagram of the MM workflow. All T1-w and T2-w images were bias corrected and brain extracted. The subsequent images were resampled and standardized
to their respective ICBM152 template images (Fonov et al., 2009; Fonov et al., 2011). The ratio of the bias-corrected and standardized T1-w and T2-w images was
calculated for each patient to obtain the MM, which can then be used to estimate myelin content.

Version 4.3 of 3D Slicer was used to create two regions of interest
(ROIs) in the patient’s native T1-w space: 1) pontine regions with MS
plaques were designated as “plaqueROI”, and 2) pontine regions without
MS plaques were designated as “noplaqueROI”. All ROIs underwent
nonlinear transformation from the patient’s native T1 space to the
ICBM152 T1 template space. The transformed “plaqueROIs” and
“noplaqueROIs” were applied to the MMs in ICBM152 T1 template space
for subsequent quantitative analysis (Fig. 4). A Gaussian curve fit was
performed to obtain the mean MM intensity within the ROIs for CTN and
MSTN patients.

2.7. Statistical analysis

Statistical analysis was performed using the R software suite. Pear-
son’s correlation coefficient was used to determine statistical signifi-
cance of correlations.

The coefficient of variation (CV) was calculated to determine the
variability in voxel intensity of the GM and WM peaks among all pa-
tients. The CVs were calculated for T1-w and T2-w sequences at two
time-points (before and after standardization). A two-sample t-test was
conducted to compare differences in CVs before and after
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Fig. 2. Standardizing the T1-w image intensities using Gaussian curve-fit. Panel A illustrates the original T1-w image of a CTN patient and its intensity dis-
tribution. The teal blue marker, labelled as “original”, represents the raw histogram of the image intensities. The red marker, labelled as “curvefit”, represents the
Gaussian curve fit of the histogram. The three landmarks (p;, p2, and p;,) are labelled on the histogram, where p,, is the image intensity where the Gaussian curve
reaches its peak, and p; and p, define the range of the Gaussian curve within which 99% of image intensities fall. The image intensities of p; and p, serve as the lower

and upper limits of the viewing window for the original T1-w image, respectively. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

standardization. patients.
To assess the internal validity, a two-sample t-test was conducted to To assess the clinical utility of MMs in comparing different clinical
evaluate differences in MM intensities between the plaqueROI and populations, a two-sample t-test was conducted to evaluate differences

noplaqueROI regions; this was conducted separately in MSTN and CTN in the MM intensities between matched CTN and MSTN patients for each
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Fig. 3. The MMs of one CTN and one MSTN patient. The T1-w and T2-w images are bias-corrected, co-registered, and standardized before the MM is computed.
The colour scale of MM is graded from O to 1.3, where 0 suggests least myelinated and 1.3 suggests most myelinated. Panel A demonstrates the axial (top) and sagittal
views (bottom) of one CTN patient. Panel B demonstrates the axial (top) and sagittal views (bottom) of one MSTN patient. The axial view illustrates two distinct
pontine regions with visibly decreased MM intensities in this MSTN patient (see black arrows).

MSTN patient's
native T1 space

ICBM152
T1 template space

CTN patient's
native T1 space

Transformed
ROls

MM

MM

MM MM

Fig. 4. Application of ROIs onto MMs. In MSTN patients, pontine regions are labelled “plaqueROIs” and “noplaqueROIs” depending on the presence or absence of
MS plaques, respectively. The ROIs and MMs undergo nonlinear transformation into the ICBM152 T1 template space using ANTs. The transformed ROIs are then

applied to each MM in the ICBM152 T1 template space.

of the two ROIs. An alpha of 0.05 is considered statistically significant.
3. Results

The study included 34 patients, where the 17 MSTN patients were
sex- and age-matched with the 17 CTN patients. In each patient group,
there are 12 females and 5 males. Patient demographics include a mean
age of 50 + 9.84 years and TN duration of 4.57 + 3.61 years among all

patients (Table 1).

In the MSTN, there are 11 patients diagnosed with relapse-remitting
(RR) subtype, 1 patient with clinically-isolated syndrome (CIS), and 5
patients with a progressive form of MS. The progressive category in-
cludes both primary and secondary progressive MS, as the two subtypes
are biologically similar. (Ontaneda et al., 2017) Overall, there are no
significant differences in demographics between the CTN and MSTN
patients (Table 1).
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3.1. ICBM152 templates

The ICBM152 T1 template exhibits a bimodal distribution with a
reference interval from 31.6 to 116.58 image intensity units. The peaks
of the bimodal distribution closely coincide with the peaks of the GM
and WM curve fits, which are at 68.30 units and 85.28 units, respec-
tively. The ps or the mean intensity of the T1 template is measured at
74.10 units.

The ICBM152 T2 template exhibits a unimodal distribution with a
reference interval from 18.26 to 78.03 image intensity units. The peaks
of the GM and WM curve fits for the T2 template are at 53.75 units and
42.67 units, respectively. The ys of the T2 template is at an intensity of
48.14 units.

3.2. Qualitative analysis

A visual comparison between one patient’s pre-standardized T1-w
image and its ICBM152 template image demonstrates obvious discrep-
ancies in tissue intensities, where the WM in the template appears
relatively hyperintense to the patient’s image (Fig. 2). In addition, the
histogram of the T1-w template demonstrates a relatively left-skewed
distribution, compared to the histogram of the patient’s T1-w image

T1

BEFORE standardization

Neurolmage: Clinical 32 (2021) 102798

(Fig. 2). After standardization, the structural contrast and image in-
tensities of the patient’s MR image more closely resemble that of the
ICBM152 template. Similarly, the intensity distribution is standardized
to the same reference interval as the template to help maintain consis-
tency in the tissue meaning of the image intensities (Fig. 2).

The original histograms of the MR images vary widely between
subjects, particularly for T2-w FIESTA images. After standardization, the
intensities of the histogram peaks are better aligned with each other
(Fig. 5), and this consistency is important for subsequent quantitative
analyses. In each cohort (n = 17), there are 34 histograms that are
transformed; for example, in MSTN patients, there are 17 T1-w histo-
grams and 17 T2-w histograms that are each transformed to ensure a
similar distribution of image intensities as their respective templates
(Fig. 5).

The MM is computed using the standardized T1-w and T2-w images.
A visual analysis of the MM for one CTN and one MSTN patient dem-
onstrates the clear delineations of MS plaques from the remainder of the
brain tissues (Fig. 3). In all other regions of the brain, the MM intensities
appear consistent between the CTN and MSTN patient. In some MSTN
patients, the MMs also demonstrate areas of subtle myelin reduction in
the pontine NAWM that were not clinically identified as plaques on the
T1-w and T2-w images (Fig. 6).

Fig. 5. Standardization using histo-
grams of image intensities in MSTN
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Fig. 6. T1-w FSPGR, T2-w FIESTA, and MM of one MSTN patient. In one MSTN patient who did not have any obvious MS pontine plaques on T1-w and T2-w
images, the MM demonstrated two focal areas of reduced myelin content in the pons (see arrows). Although there were some subtle T2 hyperintensities in the
pons, these poorly-delineated regions were not clinically identified as plaques on T1-w and T2-w images. Compared to conventional MR images, the MM improved

the contrast-to-choice ratio and better demarcated the regions of decreased myelin.

3.3. Standardizing GM and WM

For all pre-standardized T1-w images, the CV for the peaks of GM and
WM curve fits are 0.108 and 0.102, respectively. After standardization,
the CV for the peaks of GM and WM curve fits are 0.018 and 0.008,
respectively (Table 2).

For all pre-standardized T2-w images, the CV for the peaks of GM and
WM curve fits are 0.127 and 0.135, respectively. After standardization,
the CV for the peaks of GM and WM curve fits are 0.014 and 0.025,
respectively (Table 2).

Overall, there was a significant difference in CV before and after
standardization (p < 0.001). In both T1-w and T2-w images, the stan-
dardized peaks demonstrate an approximate a 5-fold to 15-fold reduc-
tion in variability compared to pre-standardized peaks.

3.4. Quantitative analysis

In MSTN patients, the difference in MM intensities (mean + SEM)
between noplaqueROIs (1.90 + 0.01) and plaqueROIs (1.61 + 0.02)
were statistically significant (p < 0.001). However, in CTN patients, the
MM intensities of the transformed noplaqueROIs (1.88 + 0.01) and
plaqueROIs (1.81 + 0.03) were not significantly different (p > 0.05), as
shown in Fig. 7.

Comparing between the two patient populations, MSTN patients had
significantly lower MM intensity in the plaqueROIs compared to CTN
patients (p < 0.001). In the noplaqueROlIs, there was no difference in
MM intensity between MSTN and CTN patients (Fig. 8).

Within the MSTN cohort, there was no significant difference in MM
intensity between patients with progressive MS and those with RRMS or
CIS in the plaqueROIs and noplaqueROIs (p > 0.05). The MM intensity in
the plaqueROIs and noplaqueROIs do not correlate with duration of MS

Table 2
The coefficient of variation (CV) before and after standardization.

Coefficient of Variation (CV)

Before standardization After standardization

Tl-w GM 0.108 0.018
WM 0.102 0.008
T2-w GM 0.127 0.014
WM 0.135 0.025
Mean CV 0.118 0.016
p-value <0.001

The CV measures the relative dispersion of data around a mean. There is a sig-
nificant difference in CV before and after standardization (p < 0.001). There was
at least a 5-fold reduction in CV for all GM and WM peaks in the T1-w and T2-w
images.

Abbreviations: GM = gray matter, WM = white matter.

or TN.
4. Discussion

The standardized T1-w/T2-w ratio images or MMs serve as a
reasonably proxy of myelin content in patients with demyelinating
diseases such as MS. The MMs facilitate in vivo comparisons of myelin
content in different regions of the brain and between different patients.
MM analysis revealed reduced myelin content in MS plaques compared
to their corresponding WM structures in CTN patients and to other
pontine regions without obvious plaques in MSTN patients (also known
as normal-appearing white matter or NAWM). These findings of reduced
myelin content in regions affected by MS pathology are consistent with
previous histological studies (Nakamura et al., 2017; Righart et al.,
2017). Thus, standardized MMs can allow clinicians to estimate the
degree of demyelination in MS plaques in vivo, while identifying areas of
subtle demyelination prior to plaque formation on conventional MR
images.

This novel computational technique builds upon previous calibration
methods and exploits the mathematical relationship between the in-
tensities of the patient image and its corresponding template to create
standardized MMs (Glasser and Van Essen, 2011; Ganzetti et al., 2014;
Uddin et al., 2017). The template image is used as a reference to facil-
itate both within-patient and across-patient analysis, while ensuring that
the workflow is reproducible with similar MR sequences.

To our knowledge, this is the first study to investigate the use of the
MMs in comparing two different clinical populations. Patients with
MSTN and CTN present with similar symptoms of lancinating facial
pain; however, MS plaques may not be apparent until later in the disease
process. As such, there is a need to better differentiate between these two
patient populations early in their diseases to make appropriate treat-
ment decisions. Further development of MM analysis will permit lon-
gitudinal assessment of NAWM in MSTN patients, and correlational
studies between the degree of demyelination and onset of MSTN pain.

4.1. Advantages of MMs

The ability to estimate myelin content in vivo allows for longitudinal
surveillance of NAWM as well as brain regions visibly affected by dis-
ease. T1-w and T2-w images are frequently acquired as part of the
clinical work-up, and no additional scanning time is required to generate
the MMs. Two separate image acquisitions are required to compute the
MM, which renders the product relatively robust to motion artifacts.
Moreover, there is a high test-retest reliability of MMs (Arshad et al.,
2017). This postprocessing technique can be fully automated, which
minimizes lag time and allows for real-time analysis in clinical practice.
As such, modifying conventional MRI images is a more practical method
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registered and compared in CTN patients. In MSTN patients, there is a significant reduction in MM intensity in the plaqueROIs compared to noplaqueROIs (p <
0.001). On the other hand, there is no difference in the MM intensity between plaqueROIs and noplaqueROIs in CTN patients (p > 0.05).
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A, there was a significant decrease in the MM intensity of the plaqueROIs in MSTN patients in comparison to CTN patients (p < 0.001). In panel B, there is no
significant difference in the noplaqueROIs between MSTN and CTN patients (p > 0.05).

of estimating myelin content than relying traditional histopathological
techniques, which are not always feasible.

4.2. Myelin-sensitive map workflow

Clinical T1-w and T2-w sequences are processed through the work-
flow, as shown in Fig. 1, to create MMs that facilitate direct comparisons
between subjects. Creating a ratio enhances the myelin contrast, given
the inverse relationship of myelin’s intensity in T1-w and T2-w images.
Given the unpredictable variations in MR intensities, a stringent stan-
dardization protocol was developed to facilitate meaningful and inter-
pretable comparisons in MM values.

The standardization process in this workflow is based on robust
mathematical relationships (Eq. (1)) and uses publicly-available

template images as references. Standardization is performed post-hoc,
such that special MR sequences and acquisition protocols are not
required. This mathematical formula can be broadly applied to various
clinical MR sequences (Nyul and Udupa, 1999). This robust standardi-
zation process does not rely on non-brain regions, and successfully
preserves the relationships between brain-specific tissue intensities
(Glasser and Van Essen, 2011; Ganzetti et al., 2014).

In accordance to the protocol described by Nyul and Udupa, we have
assigned a reference interval to facilitate standardization of image in-
tensities. The lower (s1) and upper (s3) boundaries of the reference in-
terval are based on the publicly-available ICBM152 T1 and T2
templates, allowing this methodology to be easily reproducible and
widely-accessible. The reference intervals permit meaningful compari-
sons between standardized image intensities and across different
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subjects. We also used g as a histogram landmark for transformations.
The intensity at which the Gaussian curve reaches its peak is also the
mode, median, and mode of the Gaussian curve, which effectively ac-
counts for the relative distribution of the image intensities. As such, this
standardization process can be employed in unimodal (as seen in T2-w
FIESTA images), and bimodal (as seen in T1-w FSPGR images) in-
tensity distributions. After standardization, there is a reduction in
variability of GM and WM peaks between patients. The improved con-
sistency in the GM and WM peaks offers tissue-specific intensity infor-
mation, and sets the foundation for quantitative analysis. Fig. 3
demonstrates that the resultant MMs are consistent with previous T1-w/
T2-w ratio maps available in the literature (Glasser and Van Essen, 2011;
Ganzetti et al., 2014).

4.3. Comparison between clinical populations

This method can help to facilitate intra-patient and inter-patient
comparisons in myelin content. In our study, we applied the MM anal-
ysis to compare MSTN patients and CTN patients.

In MSTN patients, there is a significant reduction in the MM intensity
in MS plaques, compared to the pontine regions without visible plaques.
On the other hand, there is no difference in MM intensity between the
transformed plaqueROIs and noplaqueROIs in CTN patients, as the WM
in both ROIs are expectedly intact. Overall, the MMs demonstrate that
regions with MS plaques had reduced myelin content (Fig. 7), which is in
keeping with previous MRI-histological studies (Nakamura et al., 2017;
Righart et al., 2017).

We also compared myelin content in the central pontine regions
between the two clinical populations, which demonstrated that there
was no difference in MM intensity between the NAWM in the pons of
MSTN patients and their corresponding regions in CTN patients (Fig. 8).
Through qualitative analysis, however, the MMs highlighted focal areas
of reduced myelin content in the NAWM that were poorly delineated on
conventional T1-w and T2-w images in some MSTN patients (Fig. 6).
This may suggest that MM can detect modest reductions in myelin
within NAWM before a MS plaque is fully formed. Previous studies have
also demonstrated the use of MMs to determine changes in the NAWM of
MS patients (Beer et al., 2016; Cooper et al., 2019). While our current
protocol appears promising in its ability to detect NAWM changes, his-
topathological correlates are needed to validate this approach in the
clinical setting.

4.4. Limitations

One limitation is that MMs are affected by artifacts on the MR im-
ages. To mitigate the inclusion of artifacts, we applied a Gaussian curve
to capture 99% of the image intensities, thus removing outliers that are
within the highest and lowest 0.5% of image intensities for a particular
scan. Generating a MM requires two separate scans, rendering it more
robust to motion artifacts than one individual scan.

Given its highly sensitive nature, MMs can be affected by non-
demyelinating processes. We observed that three patients exhibited
temporarily-enlarged PVS, which are cavities containing cerebrospinal
fluid in regions surrounding cerebral blood vessels. PVS can be tempo-
rarily enlarged in healthy individuals (Maclullich et al., 2004) or
permanently enlarged when associated with WM lesions (Fonov et al.,
2011; Ontaneda et al., 2017). PVS were visually identified and these MR
images were excluded, given the rarity and transient nature of PVS.
Previous studies have also demonstrated the effects of edema, inflam-
mation, iron deposition, and dendritic density on T1-w/T2-w ratio maps
(Righart et al., 2017; Stiiber et al., 2014). The relative contribution of
these factors to the T1-w/T2-w ratio maps should be examined in future
studies. Future studies should also incorporate MRI with gadolinium to
delineate active plaques and investigate MM differences between active
and inactive plaques.

In this study, the MM pipeline was applied to MS patients with
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varying degrees of demyelination, but was not been applied to patients
with other diffuse white matter diseases, such as leukodystrophies.
Future studies should explore and validate the use of MMs in these pa-
tient populations.

4.5. Future steps

The opportunity to create patient-specific MMs allows clinicians to
longitudinally and quantitatively assess the degree of disease-related
changes in vivo, which is particularly valuable in evaluating demyelin-
ating diseases. Capitalizing on routine MR images to predict tissue
destruction and patient outcomes holds significant clinical implications.
Previous studies have shown that MM intensities can successfully
differentiate between MS plaques with varying degrees of demyelin-
ation, where relatively preserved myelin content in MSTN patients was
associated with adequate pain relief after radiosurgery (Li et al., 2019).
Future studies should continue to investigate the correlation between
MM intensities and other important clinical outcomes. Lastly, longitu-
dinal MM assessments of plaques, coupled with histological evidence,
can help to determine the patterns in MM intensities that are associated
with demyelination, remyelination, and dysmyelination in the brain
(Klistorner et al., 2016).
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