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Abstract

Background and Purpose: The aim of this study is to determine whether cerebral white
matter (WM) microstructural damage, defined by decreased fractional anisotropy (FA)
and increased axial (AD) and radial (RD) diffusivities, could be detected as accurately by
measuring the T1/T2 ratio, in relapsing-remitting multiple sclerosis (RRMS) patients com-
pared to healthy control (HC) subjects.

Methods: Twenty-eight RRMS patients and 24 HC subjects were included in this study.
Region-based analysis based on the ICBM-81 diffusion tensor imaging (DTI) atlas WM
labels was performed to compare T1/T2 ratio to DTI values in normal-appearing WM
(NAWM) regions of interest. Lesions segmentation was also performed and compared to
the HC global WM.

Results: A significant 19.65% decrease of T1/T2 ratio values was observed in NAWM
regions of RRMS patients compared to HC. A significant 6.30% decrease of FA, as well
as significant 4.76% and 10.27% increases of AD and RD, respectively, were observed in
RRMS compared to the HC group in various NAWM regions. Compared to the global WM
HC mask, lesions have significantly decreased T1/T2 ratio and FA and increased AD and
RD (p <.001).

Conclusions: Results showed significant differences between RRMS and HC in both DTI
and T1/T2 ratio measurements. T1/T2 ratio even demonstrated extensive WM abnormal-
ities when compared to DT, thereby highlighting the ratio’s sensitivity to subtle differ-

ences in cerebral WM structural integrity using only conventional MRI sequences.

KEYWORDS
diffusion tensor imaging (DTI), magnetic resonance imaging (MRI), multiple sclerosis, T1/T2 ratio

abnormalities (i.e., T2-hyperintense lesions) throughout the brain.’2
However, routine MRI methods are limited to monitoring the inflam-

MRI is a noninvasive technique that allows for in-vivo assessment
of brain structural integrity without exposure to radiation. MRI has
been used in imaging studies and follow-up of normal brain devel-
opment, traumatic brain injury, epilepsy, Alzheimer’s, and so on.
Similarly, MRI has become an essential tool for the assessment of
multiple sclerosis (MS) patients, largely because of its widespread

availability, noninvasiveness, and ability to detect white matter (WM)

matory activity of the disease. Thus, techniques, such as diffusion ten-
sor imaging (DTI) or magnetization transfer imaging, are needed to
better detect subtle tissue damage associated with other underlying
pathological mechanisms, such as demyelination/remyelination and/or
neurodegeneration.®

Although these advanced methods have already been implemented

and are currently applied, they are not yet considered essential within
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clinical practice and in radiological follow-up of MS patients due to
major limitations, including additional acquisition times to an already
time-limited MRI protocol. Nevertheless, the combination of mul-
ticontrast information obtained by conventional MRI images could
compensate their lack of specificity. Indeed, by measuring the ratio
between T1-weighted (T1) and T2-weighted (T2) images, we strive for
a more accurate statistical quantitative measure rather than a sub-
jective qualitative measure.*> The use of T1/T2 ratio imaging comes
as a form of compensation for the limitations of both singular T1 and
T2 images. A direct fusion of both images, so as to produce a mul-
timodal T1/T2 ratio image, could prove to be an interesting alterna-
tive. Particularly, T1 sequences are characterized by better contrast-
to-noise ratio in WM regions, whereas T2 sequences can be used
to better discriminate structural differences in fluid-filled regions.®
Therefore, the complementary advantages of each of these MRI acqui-
sitions should be considered when designing clinical investigations
focused on an unknown spectrum of disease activity. T1/T2 ratio
was previously proposed as a quantitative measure of tissue integrity
related to myelin content in the whole brain,*’ in addition to other
pathologic substrates.®? T1/T2 ratio is a new, easily implemented tech-
nigue that can be applied to most patients as T1 and T2 are conven-
tional sequences included in most of the clinical MRI protocols, and
thereby enabling the analysis of retrospective cohorts with consider-
able clinical value. 1011

A recent study demonstrated that T1/T2 ratio can even assess cor-
tical gray matter (GM) pathology across the whole brain by mapping of
human cortical areas and reflecting dendrite pathology.'? Indeed, the
T1/T2ratio of the cerebral cortex was decreased in MS patients at early
stages. This decrease was also correlated with the dendrite density as
revealed by postmortem analysis.'> Moreover, lower values of T1/T2
ratio were measured in the posterior cingulate cortex of MS patients
with decreased attentional performances. The latter findings, along
with an additional study highlighting the association between T1/T2
ratio and cognitive impairment in a group of MS patients,'® demon-
strated the utility of T1/T2 ratio to represent tissue damage in MS-
related cortical pathology, and thus, monitor treatment response in
MS. 14,15

Therefore, the goal of this study is to determine whether WM
microstructural damage, defined by decreased fractional anisotropy
(FA) and increased axial (AD) and radial (RD) diffusivities, could be
detected onthe T1/T2ratio images as sensitively and accurately as DTI,
in relapsing-remitting multiple sclerosis (RRMS) patients compared to

healthy control (HC) subjects.

METHODS

Subjects

Twenty-eight patients (23 women and 5 men; mean age: 34.8 + 7.4

years) with a definite MS diagnosis of relapsing remitting according to
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TABLE 1 Relapsing remitting multiple sclerosis patients’
demographic information

Demographics

Sex 23F/5M

Mean patients age + SD 34.8 + 7.4 years
Mean disease duration + SD 6.45 + 3.89 years
Median EDSS (min-max) 2.5(0.0-4.5)

Median PASAT (min-max)
Median timed-25-FW (min-max)
Median 9-HPT (min-max)
Median MSFC (min-max)

52.50(26.00-60.00)
5.10(3.65-7.55)

19.25(16.10-35.75)
0.50(-0.49 to 1.13)

Abbreviations: EDSS, expanded disability status scale; F, female; M, male;
max, maximum; min, minimum; MSFC, multiple sclerosis functional com-
posite; PASAT, Paced Auditory Serial Addition Test; SD, standard deviation;
Timed-25-FW, timed 25-foot walk; 9-HPT, 9-hole peg test.

Note: All data are presented as mean + standard deviation unless otherwise
indicated.

McDonald’s criteria,® and an expanded disability status scale (EDSS)
rating of six or lower, were recruited in this study, along with 24 HC
subjects (15 women and 9 men; mean age: 37.6 + 9.6 years) with nor-
mal neurological examination and no history of neurologic disorders.
All patients had a full neurological history and neurological examina-
tion performed by a board-qualified neurologist, including the EDSS,
the timed 25-foot walk test, the 9-hole peg test, the paced auditory
serial addition test, and the multiple sclerosis functional composite
(Table 1). All patients gave written informed consent to participate in
this study, which was approved by the local ethics committee (CPP Sud-
Est IV) and the French national agency for medicine and health prod-

ucts safety.

Acquisition

Brain MRI acquisitions were performed on a 1.5 Tesla Siemens Sonata
system with an eight-element phased-array head coil. Conventional
MR imaging protocol included a 3D multiplanar reconstruction T1-
weighted (Repetition Time [TR]/Echo Time [TE]/Inversion Time [TI] =
1880/4/1100 ms; flip angle = 15°; matrix = 256 x 256; Field of View
[FOV] = 256 x 256 mm; slice thickness = 1 mm; voxel size =1 x 1x 1
mm; acquisition time = 4.62 min) sequence yielding 176 sagittal slices.
A turbo spin-echo sequence was used to acquire 46 axial slices of pro-
ton density and T2-weighted contrasts (TR/TE1/TE2 = 3000/12/85
ms; flip angle = 180°; matrix = 192 x 256; FOV = 240 x 240 mm;
slice thickness = 3 mm; voxel size = 0.9 x 0.9x3 mm; acquisition time =
4.55 min). A 2D spin-echo multislice echo-planar imaging DT| sequence
(TR/TE = 6900/86 ms, acquisition time = 7 min) was used to acquire 51
axial slices with 24 diffusion-gradient directions (b = 1000 s/mm?) and
aslice thickness of 2.5 mm. A nominal isotropic spatial resolution of 2.5
mm? was obtained by using a matrix size of 96 x 96 over a field of view

85U8017 SUOWWOD A1) 8|l jdde ay) Ag peusenob a1e sooile VO ‘8sN JO S8|nJ o} Akeiq18uljuO 8|1 UO (SUOTIPUCO-PUe-SWIBIW0D" A8 1M AJeiq 1 Bul [UO//:Sdny) SUORIPUOD pue swie 1 8y} 89S *[yZ0z/y0/yT] uo Ariqiaulluo A8IM ‘NONVEET-IAVNIH AQ £762T UOI/TTTT OT/10p/woo Ao 1M Aselqpuljuo//Sdiy Wwolj pepeojumod ‘Z ‘ZZ0¢ ‘695925ST



JOURNAL OF

T1/T2 RATIO ASSESSMENT IN MULTIPLE SCLEROSIS

THE OFFICIAL IOURNAL OF THE AMERICAN SOCIETY OF NEUROIMAGING

FIGURE 1

Illustration of T1- and T2-weighted images, T1/T2
ratio, as well as fractional anisotropy (FA), axial (AD) and radial (RD)
diffusivities maps.

of 240 x 240 mm. The b0 image was acquired four times to increase the
signal-to-noise ratio. All sequences were acquired parallel to the ante-

rior commissure--posterior commissure line (Figure 1).

Image processing

Before processing the MRI images, a quality control step was per-
formed to exclude any image with major artifacts that could impli-
cate an error during the processing steps. Image analysis was per-
formed using Functional Magnetic Resonance Imaging of the Brain
(FMRIB) Software Library (FSL) and Advanced Normalization Tools
(ANTs). Lesions segmentation was performed using the MSmetrix auto-
matic method that uses T1 and FLAIR images to model the WM lesions
as an outlier class while classifying the brain into GM, WM, and cere-
brospinal fluid using a healthy brain atlas.!”

T1/T2 ratio processing

For each subject, the T2 image was first coregistered to the T1 image
using the rigid-body transformation of ANTs.’® T1 and the registered
T2 images were then subjected to a bias field correction using the
appropriate function of ANTs. As described by Ganzetti et al.,* T1 and
T2 images were additionally processed to standardize their intensity
using a linear scaling procedure. To this end, the ICBM152 template
T1 and T2 images were nonlinearly registered to each subject space
using ANTs. The resulting transformation was then applied to the eye-
ball and temporal muscle masks by using a nearest neighbor interpola-

tion. Images calibration was carried out using the following formula®:

_ [ Xr=Yr XsYrR — XrYs
[XS_YS] XI+[ Xs—=Ys

where X and Y correspond to the eyeball and temporal masks inten-
sity values, respectively, extracted from the ICBM 152 template (X and
Yr) and each subjects’ images (Xs and Ys). After T1 and T2 image cal-
ibration, their ratio was calculated to produce the T1/T2 ratio image
(Figure 1). The resulting T1/T2 ratio image was then registered to the
DTI space using a linear affine transformation (12 parameter model)
from FSL.

Diffusion tensor imaging processing

Analysis of diffusion tensor data was performed using the FSL.1?
Images first underwent an Eddy current correction followed by a non-
brain voxels extraction using the Brain Extraction Tool with a factor of
0.35. FA, AD, and RD maps were then generated. Individual DTI maps
were visually inspected for the presence of significant residual motion

or other artifacts.

Region-based analysis

A region-based analysis was then performed to compare T1/T2 ratio to
DTI metrics. The ICBM-81 DTl atlas and its WM labels (Table 2) were,
therefore, nonlinearly registered to the T1/T2 ratio and DTI space
using ANTSs. To assess the normal-appearing WM (NAWM), MS lesions
were excluded/substracted from the registered ICBM-81 DTl WM
labels. T1/T2 ratio as well as FA, AD, and RD values from each result-
ing region of interest and from the lesion masks were then extracted
for each patient and HC subject. For comparison with the lesion masks,
the metrics values were also extracted from the global ICBM-81 DTI
WM mask.

Statistics

First, Wilcoxon rank-sum test was used to assess T1/T2 ratio as well as
FA, AD, and RD value differences between RRMS patients and HC sub-
jectsin all regions of interest. Second, Spearman’s correlation was esti-
mated to test the significance between diffusivity values (FA, AD, and
RD) and T1/T2 ratios in each region of interest. Dunn-Sidak method
was applied in order to correct for multiple comparisons. All statistical
analyses were computed using R version 3.5.1 (http://www.r-project.
org/).20

RESULTS

A total number of 28 RRMS patients were included in this study
along with 24 HC subjects. Patients’ demographics are presented in
Table 1. Overall, the Wilcoxon rank-sum test demonstrated a significant
decrease of 19.65% (on average in all WM regions) in T1/T2 ratio val-
ues of RRMS compared to the HC group. A significant 6.30% decrease
of FA, as well as significant 4.76% and 10.27% increases of AD and RD,
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TABLE 3 Correlation coefficients (r) between T1/T2 ratios and DTI metrics (fractional anisotropy [FA], axial [AD] and radial [RD] diffusivities)

in white matter regions

Regions of interest rFA p rAD p rRD p
Middle cerebellar peduncle 0.259 - -0.305 - -0.349 -
Pontine crossing tract 0.184 - 0.073 - -0.324 -
Genu of corpus callosum 0.534 -0.372 -0.540
Body of corpus callosum 0.467 " -0.276 - -0.533 "
Splenium of corpus callosum 0.469 - -0.453 - -0.539
Corticospinal tract 0.198 - -0.022 - -0.336 -
Medial lemniscus 0.113 - -0.083 - -0.173 -
Inferior cerebellar peduncle 0.416 -0.007 - -0.497
Superior cerebellar peduncle 0.328 - -0.289 - -0.398 :
Cerebral peduncle 0.303 - -0.098 - -0.403 '
Anterior limb of internal capsule 0.369 ' -0.122 - -0.226 -
Posterior limb of internal capsule 0.204 - -0.241 - -0.359 -
Retrolenticular part of internal capsule 0.314 - -0.349 - -0.598
Anterior corona radiata 0.493 -0.368 -0.579
Superior corona radiata 0.425 - -0.452 - -0.609
Posterior corona radiata 0.540 " -0.507 -0.726
Posterior thalamic radiation 0.504 " -0.290 - -0.634 v
Sagittal stratum 0.513 -0.389 -0.662
External capsule 0.480 -0.134 - -0.384
Cingulum (cingulate gyrus) 0.541 - -0.141 - -0.469
Cingulum (hippocampus) 0.392 ' -0.323 - -0.462 -
Superior longitudinal fasciculus 0.447 - -0.375 -0.525
Superior fronto-occipital fasciculus 0.367 -0.333 - -0.380
Uncinate fasciculus 0.416 0.502 -0.660

-, not significant.
*p<.05.

**p<.01.
*p<.001.

respectively, were observed in RRMS compared to the HC groups in
various NAWM regions (Table 2).

Compared to the global ICBM-81 DTl WM mask of the HC, the
patients’ lesion masks demonstrated a significant decrease of the
T1/T2 ratio (RRMS: 0.844 + 0.096 vs. HC: 1.290 + 0.180; p <.001) and
FA (RRMS: 0.276 + 0.034 vs. HC: 0.434 + 0.017; p <.001) and a signif-
icant increase of AD (RRMS: 1.325 + 0.079 vs. HC: 1.132 + 0.025; p <
.001) and RD (RRMS: 0.816 + 0.055 vs. HC: 0.548 + 0.017; p <.001).

The Pearson analysis showed significant correlations between
T1/T2 ratios and all DTI metrics in the genu and splenium of the cor-
pus callosum, anterior, superior and posterior corona radiata, sagit-
tal stratum, superior longitudinal fasciculus, and uncinate fasciculus.
FA and RD also correlated significantly with the T1/T2 ratio in the
body of the corpus callosum, inferior cerebellar peduncle, posterior
thalamic radiation, external capsule, cingulum (cingulate gyrus), cin-
gulum (hippocampus), and superior fronto-occipital fasciculus. T1/T2

ratio additionally correlated with FA in the anterior limb of the

internal capsule and with RD in the superior cerebellar peduncle,
cerebral peduncle, and retrolenticular part of internal capsule (Table 3

and Figure 2).

DISCUSSION

In this cross-sectional study, we assessed the T1/T2 ratio in the cere-
bral WM of 28 RRMS patients and 24 HC subjects and evaluated
its associations with three measures of diffusivity (FA, AD, and RD).
Our results showed that T1/T2 ratio and FA values in the brain were
both significantly decreased in RRMS patients, whereas AD and RD
were significantly increased. These findings demonstrated that T1/T2
ratio measurements were as sensitive as DTI metrics in detecting WM
abnormalities.

T1/T2ratio has been proposed as a marker of myelin density. Indeed,

during inflammation, T1 and T2 signal intensities are inversely altered
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posterior thalamic radiation.

in myelinated WM tissue, which leads to an increased tissue con-
trast and a higher sensitivity to microstructural tissue damage.® Previ-
ous studies have already demonstrated the concordance between the
gradients of myelin maps (T1/T2ratio) and the cyto-architecture of cor-
tical areas.” An additional advantage of T1/T2 ratio measurement is the
use of conventional T1 and T2 images acquired routinely in the clini-
cal monitoring of MS patients.’? Unlike DTl measures, T1 and T2 signal
intensities are not affected by fiber-orientation, thereby rendering the
T1/T2 ratio measurement more reliable and sensitive to microstruc-
tural tissue damage, especially in WM areas with high crossing-fibers
density. Indeed, it has already been reported that highly organized
structures such as the corpus callosum and the internal capsule have
higher FA values than regions with lower crossing-fibers density.2* This
observation is also demonstrated in our results (Table 2) showing an
average decrease of 19.65% and 6.30% for T1/T2 ratio and FA, respec-
tively, and an average increase of 4.76% and 10.27% for AD and RD,
respectively.

As previously mentioned, the major finding of our study is the signif-
icant decrease of T1/T2 ratio in all WM regions of RRMS patients com-
pared to HC subjects. Moreover, these findings are in agreement with
previous T1/T2 ratio measured in the WM of MS patients.?223 Addi-
tionally, T1/T2 ratio correlations with DTI metrics ranged from mod-
erate to strong in most regions with FA and RD and to a lesser extent
with AD (Table 3). However, WM differences in MS have already been
the subject of several studies using advanced MRI techniques, such as

DTI,2* magnetization transfer imaging,2> and myelin water imaging.2%

These techniques are likely to reflect different aspects of pathological
changes within the WM. DT has been shown to be more prone to fiber
integrity,?” whereas magnetization transfer imaging and myelin water
fraction are most likely to reflect myelin integrity.282? Nevertheless,
unlike the T1/T2 ratio, these techniques cannot be easily acquired in
a clinical setting due to their timely acquisition and need for additional
postprocessing. Additionally, we are aware that the specificity of the
T1/T2 ratio to myelin has been contested.3%31 However, it is impor-
tant to note that WM pathology is not only limited to myelin damage,
but is often subjected to demyelination, inflammation, gliosis, as well as
axonal injury.32432 Nevertheless, T1/T2 ratio could be considered as
an easy-to-implement clinically feasible measure of tissue microstruc-
tural integrity.303133 |n fact, it has already been the subject of sev-
eral studies assessing cortical GM myelin content in HC subjects,” WM
myelin content in neonatal brains,3* tissue damage in MS patients,23
schizophrenia,®3> Alzheimer’s disease,3¢ and bipolar disorders,®” as
well as a biomarker for amyloid beta accumulation.3® T1/T2 ratio has
also been shown to differentiate between high and low myelinated cor-
tical GM as demonstrated by myelin proteolipid protein staining.3?
Our study is not without limitations. A first limitation is the rather
small sample number used. Nonetheless, our data were acquired using
the same MRI protocol and sequence parameters, which is important
for more robust and homogeneous results. Biases related to the choice
of different MRI sequences is not an issue in this study. However, the
fact that the T2 images were acquired in 2D with a slice thickness of 3

mm can be considered as a limitation since they are reconstructed and
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registered to the 3D T1 images with a millimetric isotropic resolution.
Partial volume effects associated with the improvement of T2 images
resolution could affect the obtained results.

In this study, we have implemented a rather new approach to assess
in clinical practice regional WM tissue integrity by measuring the
T1/T2ratio. The resulting measures were compared to known DTI met-
rics of WM fiber integrity, namely, FA, AD, and RD. Our results showed
significant differences between MS patients and control subjectsin DTI
and T1/T2 ratio values. When compared to DTI, T1/T2 ratio demon-
strated extensive WM abnormalities, thereby highlighting the ratio’s
sensitivity to subtle differences in WM structural integrity using only

conventional MRI sequences.
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