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Abstract

Multiple sclerosis (MS) diagnostic criteria are based upon clinical presentation and presence of white matter hyperintensities
on two-dimensional magnetic resonance imaging (MRI) views. Such criteria, however, are prone to false-positive interpreta-
tions due to the presence of similar MRI findings in non-specific white matter disease (NSWMD) states such as migraine
and microvascular disease. The coexistence of age-related changes has also been recognized in MS patients, and this comor-
bidity further poses a diagnostic challenge. In this study, we investigated the physiologic profiles within and around MS
and NSWMD lesions and their ability to distinguish the two disease states. MS and NSWMD lesions were identified using
three-dimensional (3D) T,-FLAIR images and segmented using geodesic active contouring. A dual-echo functional MRI
sequence permitted near-simultaneous measurement of blood-oxygen-level-dependent signal (BOLD) and cerebral blood
flow (CBF). BOLD and CBF were calculated within lesions and in 3D concentric layers surrounding each lesion. BOLD
slope, an indicator of lesion metabolic capacity, was calculated as the change in BOLD from a lesion through its surrounding
perimeters. We observed sequential BOLD signal reductions from the lesion towards the perimeters for MS, while no such
decreases were observed for NSWMD lesions. BOLD slope was significantly lower in MS compared to NSWM lesions,
suggesting decreased metabolic activity in MS lesions. Furthermore, BOLD signal within and around lesions significantly
distinguished MS and NSWMD lesions. These results suggest that this technique shows promise for clinical utility in dis-
tinguishing NSWMD or MS disease states and identifying NSWMD lesions occurring in MS patients.
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The spatial dissemination criteria for multiple sclerosis (MS)
require the presence of white matter lesions seen on mag-
netic resonance images (MRI) with appropriate size, mor-
phology, location, or temporal characteristics [1]. Such cri-
teria, however, are limited by false-positive determinations
due to the presence of similar MRI findings in non-specific

white matter disease (NSWMD) states such as migraine,
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and small vessel diseases [2—6]. Because the criteria were
developed to confirm the diagnosis of MS with a classic,
clinical presentation [7] or predict the development of MS
in a patient with clinically isolated syndrome [8], use of such
criteria outside the realm of patients with classic MS clinical
presentation leads to a considerable number of NSWMD
patients being misclassified [9, 10]. This false fulfillment of
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criteria results in patient misdiagnosis, inappropriate treat-
ment, and unnecessary economic burden [10, 11].

Conventional structural MRI studies are highly sensitivity
to white matter hyperintensities, but lack specificity regard-
ing disease origin [11, 12]. The coexistence of age-related
vascular changes (i.e., NSWMD changes) has been recog-
nized in MS patients, and these comorbidities pose a further
diagnostic challenge [13, 14]. Previous research employing
more recent MRI techniques (e.g., FLAIR*, magnetization
transfer ratio) has attempted to distinguish NSWMD and MS
disease states [15, 16]. For instance, FLAIR* can detect the
presence of a vein at the center of a white matter lesions (i.e.,
central vein sign), and such central veins are seen in~80%
of MS lesions and in a small proportion of NSWMD lesions
[17, 18]. Therefore, the central vein sign with a cut-off of
45% is proficient in distinguishing the two disease states
[19]. However, less is known about the distinguishing capac-
ity of these techniques when NSWMD changes coexist with
MS [19].

Dual-echo functional MRI (fMRI) provides a means to
characterize the etiology of white matter lesions by per-
mitting the assessment of blood oxygenation (i.e., blood-
oxygen-level-dependent signal;BOLD) and cerebral blood
flow (CBF) within and around lesions [20]. In fMRI,
T, -weighted images are highly susceptible to magnetic field
inhomogeneities such as hemosiderin and blood oxygena-
tion [21, 22]. Because oxyhemoglobin is weakly diamag-
netic and deoxyhemoglobin is strongly paramagnetic, the
regional T," decreases as the fraction of deoxyhemoglobin
increases. Thus, brain areas with more oxyhemoglobin will
have increased BOLD signal (i.e., will appear brighter)
than those containing deoxyhemoglobin [22]. In our pre-
vious work employing calibrated fMRI in MS patients,
we observed that the BOLD signal within and around MS
lesions was indicative of the metabolic capacity of the lesion
[20]. Thus, using fMRI to metabolically characterize lesions
might be informative regarding the source of the insult (i.e.,
multiple sclerosis, NSWMD).

In this study, we sought to understand whether assessing
BOLD and CBF within and around lesions would distinguish
MS and NSWMD lesions, irrespective of disease states. Our
results indicated that BOLD signal significantly decreases
from lesions towards perimeters in MS but not in NSWMD
lesions. Thus, MS lesions had a negative BOLD slope com-
pared to NSWMD lesions. Together, assessing BOLD signal
within and around MS lesions permitted us to distinguish
MS and NSWMD lesion types. Our study shows promise for
distinguishing NSWMD and MS disease states, even in situ-
ations where NSWMD lesions coexists within MS.

Methods
Research participants

The study group was comprised of MS and non-specific
white matter disease (NSWMD) patients recruited from
the Clinical Center for Multiple Sclerosis at the University
of Texas Southwestern (UTSW) Medical Center and MS
patients from local MS support groups. This study group
was scanned as part of a larger data collection protocol.
MS inclusion criteria were (i) male or female patients
between the ages of 18 and 65 with (ii) a diagnosis of a
relapsing—remitting MS based on 2010 McDonald crite-
ria [23] confirmed by a specialist in MS (D.T.O) having
(iii) an Expanded Disability Status Scale (EDSS) score
of 0.0-7.5 and (iv) without any history of migraine or
significant vascular risk factors. The inclusion criteria
for NSWMD patients were as follows: (i) male or female
patients between the ages of 18 and 65, (ii) a history of
migraine headaches or small vessel disease risk factors,
(ii1) focal bilateral supratentorial white matter abnormali-
ties on MRI that are atypical for in situ demyelination
(confirmed by a board-certified neuroradiologist) and (iii)
the exclusion of a diagnosis of MS by a specialist (D.T.O)
based on clinical impressions, radiological features, and
the results from other paraclinical studies.

All patients were also required to be (iv) clinically sta-
ble (>90 days) on disease-modifying therapy and (v) treat-
ments for comorbid psychiatric illness (i.e., depression,
generalized anxiety disorder), (vi) at least 30 days past
their most recent clinical exacerbation and exposure to
their last glucocorticosteroid treatment. Exclusion criteria
included (i) left-handed patients, (ii) pregnant or nursing
women, (iii) history of smoking or cardiopulmonary ill-
ness, and (iv) contraindications to MRI. These compre-
hensive exclusion criteria were designed to eliminate any
potential confounds for the larger study aims. As such, we
did not anticipate left-handed patients, and those patients
with a history of smoking or cardiopulmonary illness, to
influence the hemodynamic changes within and around
MS or NSWM Iesion.

MRI data acquisition

The study was approved by the University of Texas South-
western (UTSW) Medical Center Institutional Review
Board. Written informed consent was obtained from all
patients prior to study participation. MRI scans were
performed on a Philips 3T MRI scanner equipped with a
32-channel phased array head coil at the UTSW Advanced
Imaging Research Center. Participants first underwent a
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resting dual-echo fMRI scan wherein they focused their
attention on a central fixation cross for the duration of the
scan. Following the rest scan, high-resolution T,-weighted
fluid attenuated inversion recovery (T,-FLAIR), and
T,-weighted magnetization-prepared rapid acquisition
gradient-echo (MPRAGE) data were acquired.

Dual-echo fMRI sequence is a time-efficient technique
that permits near-simultaneous acquisition of BOLD and
CBF data [20, 24-29]. This sequence consists of pseudo-
continuous arterial spin labeling (Echo 1, to obtain CBF)
and Tz*- weighted echo-planar acquisition (Echo 2, to obtain
BOLD) in an interleaved fashion. Data were acquired with
the following scan parameters: TR =4006 ms, TE, =13 ms,
post-label delay = 1450 ms, labeling duration = 1400 ms, labe-
ling RF flip angle=18°, labeling gap=63.5 mm, TE, =30 ms,
flip angle =90°, slice gap=0 mm, FOV =220 mm
X 220 mm X 132 mm, matrix size =64 X 64, resolu-
tion=3.44 X 3.44 x 6 mm, number of slices = 22.

T,-FLAIR images were used to identify and segment
MS and NSWMD lesions. Data were acquired with the fol-
lowing scan parameters: TR =4800 ms TE =344 ms, inver-
sion time (TI)=1600 ms, slice gap=0, FOV =250 mm X
250 mm X 179 mm, matrix size =228 X227 X 163, resolu-
tion=1.1mm> isotropic, sagittal slice orientation.

MPRAGE images were acquired with the follow-
ing parameters: repetition time (TR)=8.1 ms, echo time
(TE)=3.7 ms, resolution = Imm? isotropic, flip angle = 12°,
field of view (FOV)=256 mm X 204 mm X 160 mm, matrix
size=256 %204 x 160, sagittal slice orientation.

Three-dimensional lesion reconstruction using
high-resolution T,-FLAIR

Lesion segmentation was performed using in-house soft-
ware allowing for direct extraction of each lesion in 3D space
(Fig. 4). White matter lesions from MS and NSWMD patients
were first manually identified by an MS specialist (D.T.O.)
from simultaneously viewed T,-weighted and T,-weighted
FLAIR images. The lesion selection criteria were (1) supraten-
torial lesion location, (2) lesion volume greater than 3mm’,
(3) focal and non-confluent lesions. Selected lesions were
segmented from 7,-FLAIR images via geodesic active con-
tour methodology as described by Casseles et al. 1997 [30].
This method allowed us to isolate lesions directly in 3D space.
Binary lesion masks were then created from the segmented
lesions to study physiologic measures within and around MS
and NSWMD lesions.
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Cerebral physiology in and around MS lesions
Regions of interest (ROls)

Cerebral physiology was studied in the lesion and regions
around the lesion. Regions around the lesion were defined
as 3-mm concentric layers (Fig. 4a, b). The first concen-
tric layer immediately adjacent to the surface of the lesion
constituted perimeter 1. The second layer surrounding the
surface of the lesion constituted perimeter 2. Regions in the
perimeters 1 or 2 that fell within ventricles and extracranium
were removed.

Dual-echo fMRI processing

Echo 1 (CBF) and Echo 2 (BOLD) data obtained during
dual-echo fMRI were pre-processed using Analysis of
Functional Neuroimages (AFNI) software [31]. Data were
despiked and realigned to the first functional BOLD volume
for each individual using a heptic polynomial interpolation
method to correct for motion. CBF was estimated from Echo
1 images (control and label) using surround subtraction [32].
Echo 2 data were neighbor averaged to mitigate the label-
ling effects from pCASL [32]. Echo 2 data were registered
to each participant’s anatomical data. The transformation
matrix from this registration was then applied to Echo 1
data. Data were then visually inspected and corrected for
alignment errors. Echoes 1 and 2 images were then spatially
smoothed (8 mm) and high-pass filtered (0.0156 Hz).

Echo 1 data (CBF) were then converted to physiologic
units in m1/100 g/min using Buxton’s General Kinetic Model
for Perfusion Quantification [33, 34]. A cerebrospinal fluid
(CSF) ROI was obtained in native space based on a surface-
based atlas using FreeSurfer following cortical reconstruc-
tion [35]. The CSF mask was used as a reference to calculate
equilibrium magnetization of arterial blood (M,)) from Echo
1 control images using the FSL asl_calib program. Estimated
values of CBF were masked within range [0-200] m1/100 g/
min to exclude implausible physiologic values [36]. CBF
and BOLD images were then averaged across time to reduce
variability and maximize statistical power resulting in one
CBF and BOLD image per participant. Lesion, perimeter
1, and perimeter 2 masks were applied to average baseline
CBF maps to obtain CBF in and around MS lesions. Aver-
age BOLD signal in the lesion, perimeter 1, and perimeter
2 were obtained as the BOLD signal in these respective
regions of interest normalized to the BOLD signal in CSF.

BOLD slope calculation
BOLD slope is the rate of BOLD signal change from each

focal MS lesion to perimeters 1 and 2 and was calculated
from the best linear fit (see [20]).
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Conventional lesion measures (lesion burden, lesion
location, and lesion type)

Whole brain lesion burden including focal and confluent
lesions was calculated using the lesion prediction algorithm
implemented in the LST toolbox version 2.0.15 for SPM.
Anatomical lesion location and lesion type were manually
defined by an MS specialist (D.T.O).

Statistical analyses

All analyses were performed in R (version 3.4.3) and SPSS
(version 24.0). Two-way mixed ANOVA models were
performed to test the effects of between- or within-sub-
ject factors on physiologic variables, BOLD or CBF The
between-subjects factors were groups (MS or NSWMD),
and the within-subjects factors were regions (i.e., lesion
and perimeters 1-2). For all models, there were no outli-
ers, as assessed by boxplot. The data were normally dis-
tributed, as assessed by Shapiro—Wilk’s test of normality.
Mauchly’s test of sphericity indicated that the assumption
of sphericity was violated for the two-way interaction and
thus, Greenhouse—Geisser correction was applied. Post-hoc
tests were performed using one-way ANOVA and they were
Bonferroni-corrected for multiple comparisons. A bionomial
logistic regression model was performed to determine if
BOLD signal within and around lesions could distinguish
MS and NSWMD lesions. The linearity assumption of this
regression model was tested using the Box—Tidwell proce-
dure [37]. All continuous variables were linearly related to
the logit of the dependent variable.

Results
Lesions

A total of 143 MS lesions were studied from 23 relaps-
ing-remitting MS patients (female =17 [74%]; median
age =50.1 years [range =29.6—61.4]; median disease dura-
tion=11.3 years [range =1.2-30.8]) and 105 NSWMD
lesions from 13 NSWMD patients (female=13 [100%];
median age =153.9 years [range =37.8—64.4]). Table 1 sum-
marizes the baseline demographic and clinical data from
the study cohort.

BOLD signal within and around MS lesions was
altered compared to NSWMD lesions

We sought to assess the changes in blood oxygenation
within and around lesions by testing for changes in BOLD
signal sequentially moving from lesions to their perimeters
between MS and NSWMD lesions.

We tested the hypothesis of group differences in BOLD
signal changes from lesions to their perimeters using a 3
(Region) x 2 (Group) mixed ANOVA. MS lesions dem-
onstrated a significant reduction in BOLD signal from
the lesion to their surrounding perimeters, F(1.110,
157.619) =28.982, p < 0.0005, partial »*=0.170, (see
Fig. 1). No such changes in BOLD signal from lesions
to their perimeters were observed in NSWMD lesions,
F(1.085, 112.846)=0.796, p = 0.3836, partial 5> =0.008.
There was a significant Group X Region interaction in
BOLD signal, F(1.105, 271.869)=10.578, p =0.0009,
partial 7> =0.041. There were no group differences in the
acquired BOLD signal when comparing measures within

Table 1 Baseline demographic
and clinical data from the study
cohort

Characteristics

Multiple sclerosis patients Non-specific white matter disease
(number of patients=23) patients (number of patients = 13)

Age (years)
Median (range)
Female sex
Number (%)

Disease duration (years)
Median (range)

Patients on disease-modifying therapy

Number (%)
Age at diagnosis (years)
Median (range)

Time since last acute exacerbation (years)

Median (range)

Expanded Disability Status Scale score

Median (range)
Total lesion volume (ml)
Median (range)

50.1 (29.6-61.4) 53.9 (37.8-64.4)

17 (74%) 13 (100%)
11.3 (1.2-30.8) -
16 (69.6%) -
38 (26-54) -
2.8(0.4-13.3) -
2.5 (1-7.5) -

3.035 (0.12-26.32) 1.3428 (0.27-13.0863)
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Fig. 1 Mean blood-oxygen-level-dependent (BOLD) signal in lesions
and their perimeters for multiple sclerosis (MS; grey) and non-spe-
cific white matter lesions (NSWMD; blue). ***p <0.0005, n.s. is
p>0.05
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Fig.2 Bar graph representing mean BOLD slope for MS and
NSWMD lesions. **p < 0.005

lesion tissue (p > 0.05), perimeter 1 (p > 0.05), and perim-
eter 2 (p > 0.05).

BOLD slope was significantly lower
in NSWMD lesions compared to MS lesions

Our previous work has shown that BOLD slope is an
indicator of metabolic capacity within and around MS
lesions [20]. We assessed metabolic differences between
MS and NSWMD lesions by testing for group differ-
ences in BOLD slope using an independent-sample ¢
test. BOLD slope was significantly lower in MS lesions
(Mys=-0.0070, SDy;3=0.0151) compared to NSWMD
lesions (Myswvp =— 0.0011, SDygwmp=0.0118,
1(245.026) =— 3.471, p=0.0006, see Fig. 2).

@ Springer

*k

o o o

L <

a M P o ® o b B oo
1
T T ARax
—

Cerebral blood flow (ml/100g/min)

Perimeter 1 Perimeter 2

MS -+=NSWMD

Lesion

Fig.3 Mean cerebral blood flow in lesions and their perimeters for
multiple sclerosis (grey) and non-specific white matter lesions (blue).
**%p <0.0005, **p <0.005

Fig.4 Three-dimensional illustration of a multiple sclerosis lesion
and its perimeters (a), and a non-specific white matter lesion and its
perimeters (b). The color scale represents the change in the blood-
oxygen-level-dependent signal. Darker portions of the color scale
represent a higher BOLD signal and lighter portions represent lower
BOLD signal values. Note the gradual reduction in BOLD signal
from the lesion to its perimeters for the MS lesion (a) with no such
reductions observed for the NSWMD lesion (b)

CBF was not altered within and around MS lesions
and NSWMD lesions

We sought to assess the changes in CBF within and around
lesions by testing for changes in CBF sequentially moving



Journal of Neurology (2020) 267:2888-2896

2893

from lesions to their perimeters between MS and NSWMD
lesions.

We tested the hypothesis of group differences in CBF
changes from lesions to their perimeters using a 3 (Region)
X 2 (Group) mixed ANOVA. We observed that CBF sequen-
tially increased from lesions to perimeters in MS and
NSWMD (see Fig. 3). CBF significantly increased mov-
ing from lesions to their perimeters for both MS (F(1.117,
158.595)=15.487, p <0.0005, partial »>=0.098) and
NSWMD lesions (F(1.050, 109.233)=5.182, p=0.0063,
partial #>=0.047). There was no significant Group x Region
interaction in CBF, F(1.085, 266.994)=0.428, p=0.5299,
partial 47 =0.002. Differences in CBF within lesion tissue
(p>0.05) and in the surrounding perimeters (p > 0.05) when
comparing MS and NSWMD lesions were also not observed.

BOLD signal within and around lesions significantly
distinguished NSWMD from MS lesions

We sought to assess whether blood oxygenation within
and around MS lesions could inform on the origin of the
observed white matter lesions (i.e., MS, NSWMD). To test
this hypothesis, binomial logistic regression was performed
with Groups as a dependent variable and BOLD slope as
an independent variable. The logistic regression model was
statistically significant, X2(1)= 11.598, p=0.0007. The
specificity of the model in identifying NSWMD lesion was
76.9%. The sensitivity was 31.4%. With increase in BOLD
slope, there was an increased likelihood of a lesion being due
to NSWMD (f coefficient = 34.068, standard error=10.671,
Exp(f)=6.242E + 14, Wald(1)=10.192, p=0.0014).

Discussion

In the present study, we sought to distinguish MS and
NSWMD disease by investigating the physiologic profiles
within and around lesions. Traditionally, clinicians have uti-
lized MRI to identify white matter hyperintensities using
two-dimensional anatomical planes of view (i.e., axial, sag-
ittal, and coronal) to define these two diseases states. We
quantified BOLD signal and CBF using dual-echo fMRI
through a novel technique assessing the physiologic data
in three-dimensional space within the lesion and its sur-
rounding concentric perimeters exact to the lesion’s external
shape. While MS lesions exhibited BOLD signal decreases
extending from lesions towards perimeters, NSWMD lesions
exhibited no such decreases (Figs. 1, 4). Furthermore,
BOLD signal changes from perimeters to lesions signifi-
cantly distinguished NSWMD lesions from MS lesions. The
ability of this technique to distinguish the two disease states
at the level of individual lesions suggests its prospects for
clinical utility in distinguishing NSWMD and MS diseases

separately and when NSWMD changes coexist with MS [10,
11].

The BOLD signal characteristics observed in MS lesions
might be related to underlying physiologic changes given
the sensitivity to the presence of paramagnetic factors that
induce magnetic field inhomogeneities such as hemosiderin
(i.e., iron deposits) and deoxyhemoglobin [22]. As veins
are rich in deoxyhemoglobin, and the regional T," relaxa-
tion time decreases as the fraction of deoxyhemoglobin
increases, BOLD reflects venous oxygen content. Because
the venous oxygen content depends on factors such as arte-
rial CBF, cellular oxygen extraction from the capillaries,
and cerebral metabolic rate of oxygen, the observed group
differences in BOLD signal in lesions, and their perimeters
might reflect neurometabolic differences between MS and
NSWMD.

The metabolic impact of lesions on adjacent tissue might
be an important contributor to the physiologic differences
observed between MS and NSWMD lesions. On one hand,
tissue within MS lesions is subjected to a virtual hypoxic
state caused by an imbalance between energy demand and
supply [38]. This hypoxic state might be due to impaired
mitochondrial energy production [39], reductions in CBF
itself [40], or a combination of these factors. We observed
that MS lesions have increased venous blood oxygenation
compared to their surroundings without changes in arterial
CBF. On the other hand, tissue within NSWMD lesions
undergoes only a minimal imbalance between energy
demand and supply. This minimal imbalance might be due
to angiogenesis, and brain plasticity resulting from a previ-
ous micro-thrombotic event that manifests as non-specific
white matter hyperintensity [41, 42]. Thus, we observed no
alterations in surrounding venous oxygenation or arterial
blood flow in NSWMD lesions. Furthermore, we observed
reductions in BOLD slope from the lesion outward, an indi-
cator of metabolic capacity of lesions [20] in MS lesions
compared to NSWMD lesions. Together, these results impli-
cate different metabolic and physiologic signatures of MS
and NSWMD lesions and their surrounding tissue providing
the potential to differentiate the two disease states.

We observed BOLD differences with no CBF differences
within and around MS and NSWMD lesions. The dual-echo
measurements (i.e., BOLD and CBF) reflect the integrity
of different vessel types. Cerebral blood flow reflects the
integrity of the arterial system. Because the BOLD signal
relies on the ratio of diamagnetic oxygenated to paramag-
netic deoxygenated hemoglobin and arteries are nearly
100% oxygen saturated, BOLD contrast mainly emerges
from the venous blood oxygenation, and thus BOLD signal
reflects the integrity of the venous system [29, 43]. Thus,
we hypothesize that alterations in different vessel types
within and around lesions might lead to our observation of
BOLD signal changes in these regions with CBF changes.
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Previous literature investigating CBF changes within lesions
suggested marked heterogeneity between lesion types [44,
45]. For instance, a study utilizing dynamic susceptibil-
ity contrast MR imaging found that CBF was lower in MS
lesions compared to normal white matter in healthy controls
[44]. However, contrast-enhancing MS lesions demonstrated
increased CBF compared to normal white matter in healthy
controls. This result is consistent with work from our lab
demonstrating that CBF was lower in metabolically inactive
MS lesions compared to metabolically active MS lesions
[20]. Future studies are, however, required to investigate
how CBF changes between enhancing, non-enhancing MS
lesions, and NSWMD lesions.

Our technique of assessing BOLD signal within and
around lesions shows promise for distinguishing MS and
NSWMD lesions. Traditionally, clinicians have relied upon
a combination of T}- and T,-weighted anatomical images
to observe lesion features such as lesion location and shape
that are suggestive of either MS or NSWMD [12, 46]. For
instance, NSWMD lesions spare U-fibers, affect the cen-
tral pons, and are associated with lacunae and microbleeds
[47]. Although such traditional techniques have increased
sensitivity in identifying these NSWMD lesions, they lack
specificity for accurately distinguishing NSWMD lesion
from MS lesions [10]. Newer techniques, such as the Tz*—
or FLAIR -weighted images, that identify the presence of
a central vein within the lesions or magnetic resonance
spectroscopy that identifies specific metabolites in the brain
(e.g., choline, lactate, lipid, and N-acetyl aspartate), have
improved specificity in distinguishing the two disease states
compared to the traditional methods [18, 48]. Studies inves-
tigating the central vein within lesions have established the
presence of 45% of lesions with central veins in a patient
to be highly suggestive of MS. However, this technique
might be limited in older MS patients and in MS patients
with coexisting vascular abnormalities [19]. The technique
of assessing BOLD signal within and around lesions, and
BOLD signal change from lesions towards the perimeters
employed in this study, may be able to differentiate NSWMD
lesions from MS lesions at the level of individual lesions
and thus, can be employed even in older MS lesions and MS
patients with coexisting vascular abnormalities or NSWMD
changes.

This study proposes a novel technique to distinguish MS
and NSWMD lesions. There are, however, certain limita-
tions associated with the study. We considered lesions clas-
sified as MS and NSWMD by an MS expert as the gold
standard based on historical, clinical, and radiological data.
This method was employed due to the lack of pre-mortem
histopathological specimens from patients. In addition, this
technique is currently limited in its ability to study the sur-
rounding tissue of lesions that have coalesced. Thus, vali-
dating this technique with lesion histopathology in animal
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models, and in a larger sample study will be necessary. This
study is also limited by low resolution of the BOLD maps
reducing the ability to study finer details within lesions and
their perimeters, and potential partial volume effects due to
the low resolution. Further studies involving the metabolic
signature of lesions and perimeter 1 employing higher-reso-
lution BOLD imaging techniques are needed to improve our
understanding of the value of this approach in differentiating
between these the two disease states. Future studies will also
be necessary to investigate the effects of susceptibility rings
or central vein in MS lesions on hemodynamic changes.

In conclusion, alternative approaches beyond the evalu-
ation of structural characteristics are needed to improve
the specificity of lesion origin. We demonstrated that the
physiological characteristics within lesions and in surround-
ing tissue may improve our disease characterization. In the
future, these data may have utility at the individual patient or
lesion level. Overall, this technique shows promise for clini-
cal utility to distinguish the two disease states and effectively
adds to other methods that aim to improve the specificity in
identifying the etiology of central nervous system lesions
to optimize the quality of medical management provided to
the patients we serve.
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