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ABSTRACT

Background and Purpose: Multiple Sclerosis (MS) is a progressive, inflammatory, neuro-degenerative disease of
the central nervous system (CNS) characterized by a wide range of histopathological features including vascular
abnormalities. In this study, an ultra-small superparamagnetic iron oxide (USPIO) contrast agent, Ferumoxytol,
was administered to induce an increase in susceptibility for both arteries and veins to help better reveal the
cerebral microvasculature. The purpose of this work was to examine the presence of vascular abnormalities and
vascular density in MS lesions using high-resolution susceptibility weighted imaging (SWI).

Methods: Six subjects with relapsing remitting MS (RRMS, age = 47.3 + 11.8 years with 3 females and 3 males)
and fourteen age-matched healthy controls were scanned at 3 T with SWI acquired before and after the infusion
of Ferumoxytol. Composite data was generated by registering the FLAIR data to the high resolution SWI data in
order to highlight the vascular information in MS lesions. Both the central vein sign (CVS) and, a new measure,
the multiple vessel sign (MVS) were identified, along with any vascular abnormalities, in the lesions on pre- and
post-contrast SWI-FLAIR fusion data. The small vessel density within the periventricular normal-appearing white
matter (NAWM) and the periventricular lesions were compared for all subjects.

Results: Averaged across two independent raters, a total of 530 lesions were identified across all patients. The
total number of lesions with vascularity on pre- and post-contrast data were 287 and 488, respectively. The
lesions with abnormal vascular behavior were broken up into following categories: small lesions appearing only
at the vessel boundary; dilated vessels within the lesions; and developmental venous angiomas. These vessel
abnormalities observed within lesions increased from 55 on pre-contrast data to 153 on post-contrast data.
Finally, across all the patients, the periventricular lesional vessel density was significantly higher (p < 0.05) than
that of the periventricular NAWM.

Conclusions: By inducing a super-paramagnetic susceptibility in the blood using Ferumoxytol, the vascular ab-
normalities in the RRMS patients were revealed and small vessel densities were obtained. This approach has the
potential to monitor the venous vasculature present in MS lesions, catalogue their characteristics and compare
the vascular structures spatially to the presence of lesions. These enhanced vascular features may provide new
insight into the pathophysiology of MS.

1. Introduction

1869; Charcot, 1868). Similarly, in the 1980 s, Adams showed evidence
of vasculitis within the venous walls adjacent to active MS lesions

Multiple Sclerosis (MS) is an inflammatory demyelinating disease
characterized by a wide range of symptoms and histopathological
findings (Dendrou et al., 2015). Early pathological work by Charcot and
Bourneville demonstrated the involvement of the venous vasculature in
MS dating back to the mid-19th century (Bourneville and Guérard,

(Adams, 1988; Adams et al., 1985; Allen, 1981). Magnetic resonance
imaging (MRI) is a well-established imaging biomarker for identifying
inflammatory and/or demyelinating lesions, which is critical for the
clinical diagnosis of MS and evaluating drug responses (Thompson et al.,
2018). With the development of susceptibility-based venography in the
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late 1990s (Reichenbach et al., 1997), there has been a steady emphasis
on the “central vein sign” or CVS hypothesis as a marker for and pre-
cursor to the development of new MS lesions (Gaitan et al., 2013; Maggi
et al., 2015; Sati et al., 2016b; Tan et al., 2000). The perivascular space
surrounding these veins is thought to be a privileged site for immune
cells to interact with antigen-presenting cells, which can then trigger an
inflammatory cascade leading to the formation of lesions around the
veins (Adams, 1975; Barnett and Prineas, 2004).

Studies have demonstrated that inflammation and injury to the
blood-brain barrier of post-capillary venules enables the migration of
blood constituents, including erythrocytes, lymphocytes, cytokines, glial
cells etc. These can contribute to the autoimmune neurodegenerative
process, the onset of which could produce continuous damage eventu-
ally leading to the emergence of MS lesions. Although the current
pathological understanding suggests that the veins play a major role in
the formation of MS lesions, the temporal evolution of this involvement
remains unclear. Vascular abnormalities can lead to collagenosis, fibrin
deposition and reduction of local flow followed by oxidative stress,
eventually leading to tissue necrosis. In order to study such phenomena,
there is a need for a non-invasive method of imaging the microvascu-
lature pertaining to the MS lesions. However, until recently, there has
been no technique capable of imaging vessels that can visualize changes
in the microvasculature, possibly before the onset of inflammation.

Previously, we developed a novel microvascular imaging approach
using an ultrasmall superparamagnetic iron oxide (USPIO) contrast
agent, Ferumoxytol. This method is referred to as: ‘Microvascular In-
vivo Contrast Revealed Origins (MICRO)’ imaging (Buch et al., 2020;
Liu et al., 2018; Shen et al., 2020). MICRO imaging, which takes
advantage of the susceptibility weighted imaging (SWI) sequence, has
shown potential in studying small vessels that previously could only be
seen in cadaver brain studies (Buch et al., 2020). By inducing a non-zero
susceptibility into the blood, both small arteries and veins can be seen
not only in healthy tissue but also in MS plaques. With sufficiently high
resolution, cerebral microvasculature can now be seen in vivo at 3 T
(Buch et al., 2020). This approach has the potential to monitor the
venous vasculature present in MS lesions and compare the vascular
structures spatially to the presence of white matter hyperintensities
(WMH) of MS lesions.

In this work, we have studied the application of high-resolution
MICRO imaging in enhancing the vascular contrast and mapping the
microvascular nature of MS lesions. The T;-enhancement and Ty*-
related signal loss, due to the presence of Ferumoxytol, were compared
in terms of improving the visibility of the sub-voxel vessels. We have
employed a combination of the co-registered SWI and FLAIR data to
highlight the vascular information inside the MS lesions (Haacke et al.,
2020). In addition, several unique venous vascular anomalies were
identified and characterized using the composite SWI-FLAIR data. The
periventricular white matter and lesional vessel density were obtained
from the MICRO SWI data by employing a lesion segmentation approach
and a novel vessel mapping method.

2. Methods
2.1. Subjects

Data were acquired with local institutional review board approval at
Wayne State University (Detroit, MI, USA) and all subjects signed an
informed consent form. Six subjects with relapsing remitting MS (RRMS,
age = 47.3 + 11.8, from 32 to 62 years old, 3 women) were included in
the study. Fourteen age-matched healthy controls (HCs) were recruited
to see if any similar vascular abnormalities seen in the MS patients were
present. FLAIR data was acquired for seven healthy controls.

Inclusion criteria for patients were as follows: at least 18 years of age,
able to understand and sign the consent form, a confirmed diagnosis of
RRMS according to the revised McDonald criteria (Thompson et al.,
2018), in good health with the exception of MS, and neurologically
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Table 1

MRI sequence parameters across all subjects. * Five healthy controls were ac-
quired with a FA of 12° for the SWI sequence. ** SWI data for these subjects were
reconstructed from the anisotropic in-plane resolution of 0.22 x 0.44 mm? to
0.22 x 0.22 mm? *** For patient 1, the time of acquisition was 5:14, due to a
lower oversampling utilized (25% instead of 33% for the remaining subjects).

Parameters MS patients 1-3 MS patients 4-6 andAll
healthy controls
TIW FLAIR SWI T1W FLAIR SWI
TR (ms) 1400 6000 30 1500 6000 27
TE(s) (ms) 3.4 397 15 3.4 395 7.5, 15
FA (°) 9 120 12 9 120 12%, 15
TI (ms) - 2200 - - 2200 -
In-plane 0.47 0.75 x 0.23 0.44 0.88 x 0.22 x
resolution x 0.75 x 0.23 x 0.88 0.44%*
(mm?) 0.47 0.44
Slice thickness 1.5 1.5 1.5 1 1 1
(mm)
Bandwidth (Hz/ 181 679 80 181 514 181
pxl)
GRAPPA 2 2 2 2 2 2
acceleration
Acquisition time ~ 3:45 5:32%** 11:01 4:20 5:20 10:36

(mins:secs)
Ferumoxytol 3 4
dose (mg/kg)

stable with no evident relapse or corticosteroid treatment in the last 30
days prior to the screening visit (expanded disability status scale (EDSS)
range of 0-5, and disease duration range of 2-18 years). Exclusion
criteria for patients were as follows: pregnant or nursing, MRI contra-
indicated, a history of hypertension or hypotension, previous vascular
intervention or major illness, a priori known neurological disorder
(other than MS), history of substance abuse, progressive MS diagnosis,
incidents of seizure or unexplained blackouts within six months of
screening, known sensitivity or allergy to iron based contrast agents or
any significant brain abnormality other than MS.

2.2. MR imaging

All subjects were scanned on a 3 T MRI scanner (Verio, Siemens
Healthineers, Erlangen, Germany) with a 32-channel head coil. The
imaging protocol included: axial T1 weighted magnetization prepared
rapid gradient echo (MPRAGE), axial 3D FLAIR and axial 3D gradient
echo SWI sequences. The SWI sequence, which was used to acquire the
MICRO data, was adapted by correcting the echo shift in each individual
coil before phase combination (Chen et al., 2018). The first echo time
(TE) was flow compensated in slice/read directions, whereas the second
TE was not flow compensated. The SWI and T1 MPRAGE sequences were
collected before and after the administration of Ferumoxytol (Feraheme,
AMAG Pharmaceuticals, Inc. Waltham, MA, USA). Detailed imaging
parameters across all subjects are listed in Table 1.

For all subjects, the phase and magnitude SWI data from the common
TE of 15 ms were used for all SWI-related analyses. In order to
demonstrate the advantage of acquiring high resolution data, the ac-
quired data with 0.22 x 0.22 x 1 mm? voxel resolution (reconstructed
from the resolution of 0.22 x 0.44 x 1 mm? data) was collapsed in k-
space to lower resolutions of 0.22 x 0.22 x 1.5 mm?, 0.44 x 0.44 x 1.5
mm?, 0.22 x 0.22 x 2mm?> and 0.44 x 0.44 x 2 mm?>. The resultant SWI
data at each resolution were compared to understand the detectability of
the sub-voxel vessels. Additionally, a separate single-TE SWI data was
acquired for one of the healthy controls using the same imaging protocol
as the other healthy control data, as shown in Table 1, with the excep-
tion of using a conventionally long TE of 22.5 ms (instead of 15 ms) and
an acceleration factor of 3 (instead of 2). This data was acquired to
compare the vessel contrast between conventional non-contrast SWI (TE
= 22.5 ms) and the post-contrast SWI data (TE = 15 ms).
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2.3. Data processing

The SWI images were generated by homodyne high-pass filtering
(filter size = 96 x 96) the phase images. A phase mask was then
generated from the high-pass filtered phase data, which was multiplied
into the original magnitude images four times (Haacke et al., 2004). For
each subject, all the post-contrast original magnitude, SWI and FLAIR
data as well as the pre- and post-contrast T1 data were registered to the
pre-contrast long TE (15 ms) magnitude data of the dual-echo SWI
acquisition. The image registration was performed using the statistical
parametric mapping (SPM) package (SPM12, Wellcome Centre for
Human Neuroimaging, University College London, London, UK) in
MATLAB (MathWorks, Inc., Natick, MA, USA) by using normalized
mutual information as the cost function and a 4th degree spline for
interpolation (Ashburner and Friston, 1997; Collignon et al., 1995;
Studholme et al., 1999). The transform parameters obtained from
magnitude data registration were then applied to the SWI data. In order
to highlight the vascular information within the WMHs, the registered
FLAIR data was multiplied with the registered pre- and post-contrast
SWI data to generate the pre- and post-contrast SWI-FLAIR data,
respectively (Haacke et al., 2020). The registered post-contrast T1-
MPRAGE data was divided by the pre-contrast T1-MPRAGE data to
obtain a map of T1-enhancement within the blood vessels (T1y,). This
T1}p data was then compared with the SWI-FLAIR data in the region of a
lesion.

The CVS, defined as the presence of a single dominant vessel in the
center of the lesion, was identified using SWI-FLAIR data. Since not all
vessels are centrally located in the MS lesions but sometimes appear
throughout or on the edges of the lesions, we defined a new term called
the multiple vessel sign (MVS) to distinguish a broader distribution of
veins inside the lesions. Each lesion was then evaluated for the presence
of a CVS, MVS, an abnormality (as covered in section 2.5) or no vessels at
all on both the pre- and post-contrast SWI-FLAIR data.

In order to obtain the quantitative susceptibility mapping (QSM)
results from the pre-contrast SWI, the phase data was unwrapped using
the 3D best-path method (Abdul-Rahman et al., 2007). Sophisticated
harmonic artifact reduction for phase data (SHARP) method (kernel size
= 6 voxels) (Schweser et al., 2011) was used to estimate the background
field and remove it from the unwrapped phase. The truncated k-space
inverse filter approach with an iterative geometric constraint was
applied to the resultant phase in order to generate the susceptibility
maps (regularization threshold = 0.15) (Tang et al., 2013).

2.4. Inter-rater analysis

The lesion identification process on FLAIR data was reviewed in
consensus by a radiologist (Zhen Wu) and two raters or field experts
(Sagar Buch = SB or rater 1 ab and Karthikeyan Subramanian = KS or
rater 2) on one MS patient. This was followed by the blinded lesion
detection on the FLAIR data by the two raters (SB, KS) for all subjects.
For vascular signs, the two raters (SB, KS) first evaluated one subject
individually to study the CVS, MVS and abnormal cases. Consequently,
they shared their findings and worked in consensus to define each
vascular sign category, including CVS and MVS, by examining a few
randomized lesions. Each MS patient data were then evaluated indi-
vidually by the same two raters.

All the vascular signs (CVS, MVS and the abnormalities) inside the
MS lesions were identified by evaluating the SWI-FLAIR data, along with
the original SWI and FLAIR images. These images (SWI, FLAIR and SWI-
FLAIR) were zoomed by a factor of 2, when needed, in the area of the
lesion to confirm the presence of a vascular sign. This step was especially
useful for the smaller lesions that are associated with smaller vessels,
which can be difficult to view on the original, zoomed-out images.
Similarly, the SWI, FLAIR and SWI-FLAIR data from the healthy controls
were reviewed to ascertain if any similar abnormalities occurred in HCs.
All the visual image analyses, including the manual detection process,

Neurolmage: Clinical 29 (2021) 102525

was performed on SPIN-Research software (SpinTech Inc., Bingham
Farms, MI, USA).

2.5. Classifying vascular abnormalities

The vascular abnormalities were classified based on the following
criteria: i) differences in the vessel size within and outside the MS lesion;
ii) size of the lesion with respect to the vessels; and iii) the presence of a
fully-developed venous angioma (a spoke-like conglomeration of veins
within the lesion) or hint of a developing angioma, comprised of smaller
vessels, with the vascular junction located in the center of a lesion. Based
on these criteria, the anomalies were classified into following five sub-
types:

1) Small ovoid WMHs: Although an MS lesion usually appears along
almost the entire length of the vessels (the usual CVS), in some cases
there were small local regions (<3 mm in length) of WMHs with no
vascularity on non-contrast data, which are generally not considered
during MS lesion classification (Sati et al., 2016a). However, these small
WMHs also appeared to be located surrounding the vessel wall of the
smaller vessels on the post-contrast SWI-FLAIR data. The presence of
these lesions also supports the work done by Fog, who stated that MS
lesions typically developed around small vessels (Fog, 1964). Care was
taken to avoid the confusion between this category and CVS by assessing
the length of the long axis for a given lesion.

2) Dilated vessels: With the help of the post-contrast SWI and SWI-
FLAIR data, it was possible to detect the local change in diameter for
the vessels. The lesions that contain vessels exhibiting a change in
diameter were placed into this category. These anomalies are different
than the lesion containing CVS on the basis that there is an intra-lesional
abrupt change in diameter of the vessel. It has been shown that in stroke
and restricted retrograde venous hypertension, deep medullary veins
could dilate or appear dilated in SWI due to the increased levels of
deoxyhemoglobin (Li et al., 2013). Similar to Schelling’s work (Schel-
ling, 1986), Allen noticed wide vascular beds around veins and central
widening of the venous tree; these changes testify to an intermittent
increase in cerebral pressure (Allen, 1981). In order to confirm this
abrupt diameter change, both the original and minimum intensity pro-
jections (mIP) of SWI data, with effective slickness of 3 mm and 5 mm,
were examined to increase the overall visualization of the vessel in and
outside the lesion.

3) Perpendicular vessel development: A perpendicular vessel formation
to the vascular drainage or supply pathway was categorized as a sepa-
rate anomaly. This specific formation may suggest vascular remodeling
(anastomosis) due to local obstructed flow caused by venous collage-
nosis or endothelial dysfunction (Caprio et al., 2016; Poser, 1986;
Yanagisawa et al., 1988).

4) Lesion centric developmental venous anomalies (DVA): DVAs are
known cerebro-vascular malformations that involve an irregular
arrangement of small veins converging centripetally into a large drain-
ing vein (Lee et al., 1996; Saba, 1998).

5) Micro DVAs: Similar to the fourth category, this classification of
anomalies is also related to lesion-centric angiomas but with fewer
(~3-4 vessels), much smaller (1 voxel-wide visibility) veins that show a
hint of an irregular, spoke-like vascular pattern. These micro-DVAs were
usually only visible on the post-contrast SWI-FLAIR data.

2.6. Obtaining periventricular vessel density (PVD)

In order to evaluate a change in PVD, a special map of cerebral
vasculature was constructed using the MICRO data. An initial vessel map
was generated by subtracting the post-contrast SWI data from the
original magnitude of the pre-contrast data and was linearly interpo-
lated in 2D by a factor of 2 x 2 to improve small vessel detection during
the vessel tracking process. To improve the contrast of the vessels and
suppress any To*-related signal in the surrounding tissues, the Frangi
vesselness filter (Descoteaux et al., 2008; Frangi et al., 1998) was
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Fig. 1. Advantage of high resolution SWI in the presence of Ferumoxytol to reveal the cerebral microvasculature. For a healthy volunteer, the pre-contrast SWI data
were acquired with a TE of 15 ms for the MICRO protocol (A) and with a conventional TE of 22.5 ms (B). The post-contrast (4 mg/kg concentration of Ferumoxytol)
SWI data (C) shows a dramatic improvement in visualizing the cerebral vasculature as compared to both the pre-contrast SWI data. The images (A) to (C) were
acquired with a resolution of 0.22 x 0.22 x 1 mm® (reconstructed in k-space from 0.22 x 0.44 x 1 mm?® data) and minimum intensity projected (mIP) over 6 slices.
The effect of the voxel size on the small vessel contrast was evaluated as shown in the bottom row of zoomed insets (with the region identified by the red box in (C)).
The resolution of the post-contrast data (C) was reduced by cropping k-space elements to obtain the lower voxel resolutions (in mm?®) of 0.22 x 0.22 x 1.5, 0.22 x
0.22 x 2, 0.44 x 0.44 x 1.5 and 0.44 x 0.44 x 2. The data with slice thickness of 1 mm, 1.5 mm and 2 mm in the bottom row were mIP over 6, 4 and 3 slices,
respectively, to produce an effective slice thickness of 6 mm. The higher in-plane and through plane resolution on Ferumoxytol-enhanced SWI helps in revealing the
underlying vessels (red arrows). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

applied to a linearly interpolated (interpolation factor = 2 x 2) post-
contrast SWI data. The vesselness measures were computed by setting
the o, p and c parameters in Eq. 13 of (Frangi et al., 1998) to 0.5, 0.5 and
half of the maximum Hessian norm as suggested in their work. At each
voxel, the vesselness was computed using 10 log scale increments be-
tween 0 and 10 voxels (assuming that maximum radius of a vessel is 10
voxels) and the maximum vesselness response along with its scale were
selected (Descoteaux et al., 2008). A threshold of 0.015 was used to
reduce the noise in the vesselness images.

The resultant vesselness measures and the initial vessel map, both
defined above, were averaged to obtain an improved vessel map. This
step suppresses the To*-related signal and noisy pixels that were picked
up by the vesselness measure. For vessel tracking, the pixelsin5 x 5 x 5
neighborhood were iteratively evaluated from the seed region by
selecting only the pixels that were above the mean — 2c, where ¢ is the
standard deviation within the seed region and was updated by including
the newly selected pixels after each iteration. The structural similarity
index (SSIM) between the tracked results of the current and previous it-
erations was obtained; and was used to end the iterative process at SSIM
> 0.9999 (Zhou Wang et al., 2004). All the major veins that were visible
on the pre-contrast MICRO data were suppressed using the venous mask
generated from the QSM results using a threshold of 250 ppb.

3D periventricular WM masks were obtained through the WM par-
cellation matrix generated using Freesurfer (version 4.5.0, http://surfer.
nmr.mgh.harvard.edu/) (Collins et al., 1994; Fischl et al., 2004, 2002).
Three equal sub-divisions, along the anterio-posterior length of this
periventricular WM mask, were produced and were labeled as anterior,
middle and posterior periventricular WM. For each sub-division, care
was taken to discard the pixels representing the basal ganglia structures

and cerebro-spinal fluid that were incorrectly included into the peri-
ventricular WM masks. The periventricular lesions were segmented in
3D using the lesion prediction algorithm implemented in SPM’s lesion
segmentation toolbox (Schmidt, 2017; Schmidt et al., 2012). The PVD,
defined by (number of vessel-containing voxels) / (total number of
voxels), was obtained for the normal-appearing WM (NAWM) masks and
lesion masks for the three periventricular sub-divisions from each MS
patient. Similarly, the PVD was obtained for the periventricular WM
from each healthy subject. The ratio of lesion-to-NAWM volume was
also obtained as a reference in each sub-division and was compared with
the difference in PVDs of lesions and NAWM.

2.7. Statistical analysis

The intra-class correlation coefficient (ICC), specifically ICC(A,1),
was used to determine the inter-rater agreement the number of CVS,
MVS, total vascular lesions (CVS, MVS or other vascular abnormalities)
and number of lesions identified on FLAIR (McGraw and Wong, 1996;
Shrout and Fleiss, 1979). ICC scores below 0.4 were considered as poor
agreement, 0.4-0.6 as reasonable, 0.6-0.7 as good, and 0.7-1 as excel-
lent (Bartko, 1991; Cicchetti, 1994). The pre- and post-contrast SWI-
FLAIR data were compared using a paired t-test to confirm that the
visibility of vascular anomalies increased consistently for all subjects
(significance level of 95%). The number of MVS, CVS and the percentage
detectability of vascular anomalies were obtained for each subject. The
mean =+ inter-subject variability of the percentage detectability was
obtained from both the pre- and post-contrast SWI-FLAIR datasets. The
percentage detectability was calculated as the number of lesions with
CVS, MVS or vascular anomalies on SWI-FLAIR data divided by the total
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Fig. 2. Angioma visualized in (A) pre-contrast T1W data, (B) post-contrast TIW data, (C) T1, data, (D) pre-contrast SWI, (E) post-contrast SWI (4 mg/kg dose) and
(F) SWI-FLAIR data for an MS patient. The T1;, data, which displays T1-enhancement of Ferumoxytol, only partially highlights the main draining vein of the angioma.
Although there is a hint of the spoke-like vessels on the pre-contrast SWI data (suggesting that the angioma is draining into a major vein), the angioma is seen
significantly better on the post-contrast SWI data. The SWI-FLAIR confirms the lesion-centric nature of the venous angioma and shows that the extent of the vascular

abnormality essentially defines the extent of the lesion as well.
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Fig. 3. Number of lesions with vascularity (CVS, MVS or any of the vascular
anomalies) observed for each subject on pre- and post-contrast SWI-FLAIR data
were compared with all the lesions detected on the FLAIR data. All the values
were averaged across the two independent raters. The post-contrast SWI-FLAIR
significantly improved the detectability of the vasculature within the lesions.
The number of CVS, MVS and vascular abnormalities for each subject and each
rater on both pre- and post-contrast SWI-FLAIR data are listed in Table 2.

number of MS lesions on FLAIR data. The estimated PVD of the lesions
and NAWM were compared for each subject using the paired t-test
(significance level of 95%). Spearman’s correlation coefficient was used
to test the correlation for the ratio of lesion-to-NAWM volume with the

difference in PVDs of lesions and NAWM (p < 0.05 was considered to be
statistically significant).

3. Results

Fig. 1 shows the improvement in delineating the periventricular
vessels using high in-plane and high through-plane resolution with
MICRO imaging. The post-contrast SWI data (TE = 15 ms, Fig. 1C) shows
a dramatic improvement in revealing the vasculature as compared to
both the pre-contrast SWI data (TEs = 15 ms and 22.5 ms or Fig. 1A and
1B, respectively). However, as the resolution decreases, the sharpness of
all vessels decreases and smaller vessels disappear. For example, the
small vessels, identified by the red arrows, appears clearly on the in-
plane resolutions of 0.22 x 0.22 mm? as long as the slice thickness
does not exceed 1.5 mm. Fig. 2 shows the visualization of a venous
angioma in magnitude and T1W data before and after contrast for an MS
patient. Ferumoxytol makes the angioma and the tiny vasculature
associated with it more clearly visible on the SWI-FLAIR data; whereas
the T1W post-contrast image was only able to show part of a single large,
possibly dilated vessel (Fig. 2B, C). Fig. 3 shows the number of vascular
signs (CVS, MVS and vascular abnormalities) observed in the MS lesions
on pre- and post-contrast SWI-FLAIR data, along with the total number
of lesions identified on FLAIR data, for each subject, averaged across the
two independent raters. Agreement among the two raters in the
detecting the CVS (ICC > 0.95), MVS (ICC > 0.8), all the lesion-centric
vascular signs, including the CVS, MVS and vascular abnormalities, (ICC
> 0.9) on SWI-FLAIR data and the number of lesions (ICC > 0.95) on
FLAIR data was excellent. The individual ratings, on pre- and post-
contrast SWI-FLAIR data, are listed in Table 2; along with the individ-
ual EDSS scores and disease durations. The presence of Ferumoxytol
increased the visibility of the vessels significantly (p < 0.05) compared
to the pre-contrast data for each MS patient. The mean =+ inter-subject
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Table 2
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Clinical characteristics and the vascular signs on post-contrast SWI-FLAIR data for each subject from two raters. The detected vascularities are shown here in the form
of: Rater 1 value (Rater 2 value). DVA = developmental venous anomaly; EDSS = expanded disability status scale; CVS = central vein sign; MVS = multiple vessel sign.

Patient number EDSS Disease duration Vascular anomalies CVs MVS
Small ovoid WMHs Dilated Perpendicular Macro DVA Partial/micro DVA
1 3.5 6 Pre 11 (9) 0() 1) 1) 0 (0) 29 (27) 7 (14)
Post 37 (41) 0 1) 1) 0 (0) 31 (35) 24 (22)
2 5 2 Pre 4 (5) 1) 0 (0) 0(0) 0(0) 22 (25) 8(11)
Post 17 (16) 1(1) 0(0) 0(0) 21) 36 (34) 19 (24)
3 0 3 Pre 9(7) 1(1) 1(0) 1) 0 (0) 28 (24) 17 (18)
Post 39 (35) 1) 1) 1) 2(2) 32 (34) 28 (26)
4 7 18 Pre 5(5) 0(1) 0 (0) 0(0) 0 (0) 13(12) 4 (6)
Post 9(8) 1(1) 0 (0) 0 (0) 0 (0) 13 (14) 13 (16)
5 0 13 Pre 15(@17) 0 (0) 0 (0) 1(0) 0(0) 52 (53) 17 (26)
Post 24 (36) 0 (0) 1(1) 0(0) 0 (0) 58 (60) 29 (40)
6 2.5 14 Pre 6 (4) 0 (1) 0 (0) 0 (0) 0 (0) 19 (20) 5(8)
Post 9(9) 0 (1) 0 (0) 0 (0) 0(0) 25 (23) 17 (19)

Fig. 4. Eight cases of small ovoid WMHs surrounding a vessel for a possible developing lesion (red arrows). The SWI-FLAIR data (A and D) offers better subtle lesion
detection associated with the veins than the FLAIR-only data (B and E) or SWI-only data (C and F). (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

variability of the percent detectability on pre-contrast was 54.3% =+
9.1%, which improved to 93.7% + 5.5% post-contrast. Across the raters,
i.e. rater 1 (rater 2), for the 521 (540) lesions detected on FLAIR data,
the total number of lesions with a vascular sign increased from 275
(299) lesions on the pre-contrast data to 475 (505) lesions on the post-
contrast SWI-FLAIR data; which is an increase in visibility by factor of
roughly 1.7.

Figs. 4-7 demonstrate the different types of unique vascular anom-
alies. Selected cases for small ovoid WMHs are displayed in Fig. 4. The
lesions surrounding the vessels are smaller in size and only encapsulate

the veins partially along one or both sides of the vessel. Fig. 5 shows the
cases of dilated vessels within the lesion, where the intra-lesional vessel
diameter is visibly larger than the perilesional vessel diameter, as
confirmed on the SWI mIPs with effective thickness of 3 mm and 5 mm.
In this figure, the case on the second row was rejected after examining
the mIPs due to the visible confluence of vessels at the location of abrupt
decrease in vessel diameter. The perpendicular vessel development was
usually observed at the boundary of the corona radiata (Fig. 6) specif-
ically where there is a reduction in intensity from medial-to-lateral di-
rection in the WM (yellow traces in Fig. 6A and 6F). Two definite cases of
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Fig. 5. Dilated vasculature associated with the MS lesions as seen on the pre-contrast (A) and post-contrast (B) SWI-FLAIR data. The vessel detection on the pre-
contrast SWI confirm the venous origin of the dilated vessel candidates (blue arrows). On the other hand, the post-contrast SWI (C), minimum intensity pro-
jections (mlIPs) of the original SWI with effective slice thickness of 3 mm (D) and 5 mm (E) were carefully examined to determine the vessel dilation. The cases with
green check marks were considered as dilated vessels (green arrows and black brackets), whereas the red cross identifies the case with a false positive in terms of
vessel dilation within a lesion due to the confluence of smaller blood vessels (red arrows). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

venous angiomas are shown in Fig. 7A and 7F displaying an irregular
centripetal collection of vessels within the lesion that drain into a major
vein. In these cases, the extent of the DVAs as seen on SWI-FLAIR data
predicts the region of inflammation. On the other hand, the cases that
displayed a hint of such arrangement through sub-voxel vessels were
also observed, as seen in Fig. 7K and 7P. These might later develop into a
fully-formed angioma. The occurrence of all the anomalies for each
patient as detected by the two raters are also listed in Table 2. The pa-
tient data shown in Figs. 2, 6 and 7 were taken from the scan protocol for
patients 1-3, whereas the data shown in Figs. 4 and 5 were taken partly
from both scanning protocols. The pre-contrast SWI-FLAIR data were
used to confirm the venous origin of the abnormalities in Figs. 5, 6 and 7,
as highlighted by the blue arrows.

Out of all the healthy controls that had FLAIR data (n = 7), three
controls showed WMHs (total number of non-MS WMHs = 7) on the
FLAIR data. All the non-MS WMHs that were studied in this work (four
example cases are shown in Fig. 8) showed a vascular sign associated
with them. Four out of these seven non-MS WMHs were classified under
the ‘small ovoid WMHSs’ category, two were classified under CVS and the
remaining one was classified as an MVS.

An example of mapping the periventricular vasculature is shown in
Fig. 9. The periventricular WM was divided into three sections (Fig. 9A).
The major veins were discarded from the vessel maps by using the pre-
contrast QSM data (Fig. 9B). The improved vessel maps were able to

suppress the surrounding tissues and enhance the vessels (Fig. 9C). The
final vessel tracking results (Fig. 9E) was able to segment most of the
sub-voxel vessels that were visible on the post-contrast SWI data
(Fig. 9D). Similarly, an example of a periventricular WM mask (obtained
using the WM parcellation) and lesion mask (yellow arrows), obtained
using the lesion prediction algorithm, are demonstrated in Fig. 10A and
10B, respectively. The NAWM (blue arrows) was defined by the region
outside the lesions and within the periventricular WM mask. Across all
the patients and for each periventricular sub-division, the lesional PVD
was significantly higher (p < 0.05) than the periventricular NAWM PVD,
as shown in Fig. 11. Furthermore, the difference between lesional PVD
and NAWM PVD was not in correlation (p > 0.05) with the lesion-to-
NAWM ratio, suggesting that the periventricular WM, lesional masks
did not interfere with the difference in the PVDs. On the other hand, the
NAWM PVD estimated from the patients were within the range of WM
PVD in the healthy controls (Fig. 11D).

4. Discussion and Conclusions

This study demonstrated that MICRO imaging can reveal the
microvasculature associated with MS lesions that are otherwise invisible
to conventional imaging, as shown in Fig. 1. This has led to the findings
that there are a number of venous abnormalities in MS lesions, specif-
ically there are five different signs indicative of changes at the small
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Fig. 6. Lesion development surrounding the perpendicular vessels as seen on the SWI-FLAIR data of two selected MS patients (A and F), along with the zoomed insets
of the pre-contrast SWI-FLAIR (B and G), post-contrast SWI-FLAIR (C and H), original FLAIR (D and I) and original SWI data (E and J). These perpendicular veins abet
to, what appears to be, the corona radiata (yellow traces); and were visible on both pre-contrast (blue arrows) and post-contrast data (red arrows). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

vessel level. Some of these abnormalities were clearly discernible (e.g.,
the DVAs and perpendicular vessels), whereas the others were only
classified as one of the categories after careful examination (e.g., dilated
vessels and small ovoid WMHs). Similar to previous work (Grabner
et al., 2011; Sati et al., 2012), the combination of SWI and FLAIR data
makes it possible to obtain a single image for the assessment of the
venous vasculature in relation to the WMHs and provides much better
delineation of the sub-voxel vasculature than T1}, data (Fig. 2). How-
ever, the method introduced by Grabner et al. requires a fusion of FLAIR
data acquired at 3 T with the phase mask of the SWI data acquired at 7 T,
whereas a very similar approach proposed in this paper uses only 3 T
datasets (Grabner et al., 2011). In order to compensate for the increased
sensitivity of the vasculature at 7 T shown by Grabner et al., we take
advantage of Ferumoxytol administration to increase the detectability
and rendering of the small vessels at 3 T. Sati et al. have also utilized the
susceptibility-weighted data, acquired using a Ty*-weighted segmented
echo planar imaging (SEPI) sequence, to enhance the FLAIR data (Sati
et al., 2012). The drawback of their method is the ability to acquire only
one TE, which can limit the application of the sequence based on the
susceptibility of the tissue-of-interest. Another drawback with the SEPI
approach is that both arterial and venous signals will be hypointense,
whereas the GRE-based SWI acquisition that was used in this paper has
bright arterial signal on the first TE due to the flow compensation gra-
dients. This natural separation of arterial and venous signals is essential
to identify the CVS for the WMHs on the pre-contrast data. Furthermore,
studies have shown that SWI is more sensitive than the Ty*-weighted
images in detecting hemorrhagic lesions (Tong et al., 2004, 2003;
Wrycliffe et al., 2004), cavernous malformations (Sparacia et al., 2016),
microbleeds (Cheng et al., 2013; Haacke et al., 2007), small venous
network (Chavhan et al., 2009; Lee et al., 1999; Mittal et al., 2009;
Reichenbach et al., 2001).

A number of papers have proposed using a 40% or 50% rule to
distinguish MS lesions with CVS from the WMHs in other neurological
diseases (Mistry et al., 2016; Sati et al., 2016b; Tallantyre et al., 2011).
This specificity for the pathogenesis of vascular network pertaining to
MS lesions could be further reduced on non-USPIO data if the venous
oxygenation level is increased in MS (Ge et al., 2012, 2009). However,
MICRO imaging showed a much greater number of lesions with a
vascular sign increasing from 54% to 93%, in the presence of Fer-
umoxytol, over all subjects, along with the potential of revealing several

types of vascular abnormalities that are almost invisible on non-USPIO
data. Although the proposed process requires administration of a
contrast agent, it significantly improves the sensitivity of detecting the
vascularity associated with the WMHs. Consequently, the diagnostic
criteria could be revisited due to this increased sensitivity of the
microvasculature, along with the severity of MS-related symptoms.
However, this will require a study that involves a large number of MS
patients and the ability to differentiate between the venous and arterial
components within the lesions; which is lacking in this pilot study.

The SWI-FLAIR data shows clear evidence of small, potentially active
MS lesions developing along the vessel wall, as seen in Fig. 4. Studies
done by Adams et al. have shown that the veins and venules in or at a
distance from active lesions frequently showed an inflammatory lym-
phocytic reaction essentially located only in the vessel wall (Adams,
1988; Adams et al., 1985). Fog has also stated that MS lesions typically
developed around small veins (Fog, 1964). With the help of longitudinal
MICRO data, we could further elucidate whether the abnormal vessel
behavior, within or surrounding the lesion, act as a potential source
initiating the inflammatory response. However, based on our findings,
which show that the MS lesions (even for the smaller size, i.e. ‘small
ovoid WMHs’) occur around the normal appearing vessels (with no
detectable vessel dilation), we can state that vessel dilation may
potentially occur after the inflammation, if these small lesions were
occurring in the early stages of the disease. A key question to resolve
with a longitudinal study would be: “Are these representative of the
development of future lesions?”

Earlier work by Schelling suggested that mechanical effects, such as
blood pulsation and enlargement of the perivenous spaces, may lead to
dilation of cerebral veins and could cause the immunological phenom-
ena as observed in MS (Schelling, 1986). Allen also noticed wide
vascular beds around veins and central widening of the venous tree;
these changes testify to an intermittent increase in cerebral pressure
(Allen, 1981). Similarly, excessive hypertension could stretch the vessel
walls separating the tight junctions between endothelial cells, allowing
colloids and other materials to pass through the exposed porous base-
ment membranes (Talbert, 2008).

It has since been proposed that dysfunction of the vessel endothelial
cells leads to alterations of the blood vessel architecture. These changes
could lead to both enlargement and narrowing of the vessel lumen,
along with vessel stiffening (Wardlaw et al., 2013). MS progression and
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Macro-DVA

Fig. 7. Post-contrast SWI-FLAIR helps in visualizing vascular angiomas (or macro-DVAs) (A-J) and micro-DVAs (K-T) in MS subjects. Red boxes identify the location
of the angiomas on the post-contrast SWI-FLAIR (A, F, K and P), which are shown along with the zoomed insets of pre-contrast SWI-FLAIR (B, G, L and Q), post-
contrast SWI-FLAIR (C, H, M and R), FLAIR (D, I, N and S) and SWI data (E, J, O and T). The macro-DVAs show lesion-centric box-like (A-E) or centripetal
vascular arrangements (F-J). Similarly, the micro-DVAs indicate a lesion-centric pattern of multiple small vessels, suggesting a developing nature of the DVAs (red
arrows). All the four examples were confirmed as venous abnormalities using the pre-contrast data (blue arrows). On the pre-contrast SWI-FLAIR data, the macro-
DVAs were almost completely visible, whereas only the primary draining vein were visible for the micro-DVAs (red arrows). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

demyelinated lesions have been correlated with the increased cerebral
blood volume (CBV), vasodilation and increased angiogenesis (Papadaki
et al., 2012), which could be caused by the increased endothelial cell
proliferation and vascular endothelial growth factor (VEGF) and VEGF
receptor-1 found to be higher in the MS population compared to normal
controls (Girolamo et al., 2014; Holley et al., 2010; Roscoe et al., 2009).
Finally, it has been shown that in stroke and restricted retrograde venous
hypertension, deep medullary veins could dilate or appear dilated in
SWI due to the increased levels of deoxyhemoglobin when there is
locally reduced blood flow (Li et al., 2013). Hence, the apparent vessel
dilation (Fig. 5) we observed in this study may have been caused by
enlargement of perivascular spaces due to mechanical effects, endo-
thelial dysfunction or increased deoxyhemoglobin levels. In MS subjects,
there is also evidence of increased blood volume (Haacke et al., 2013)
and cerebral blood flow (Bester et al., 2015; Peruzzo et al., 2013) and

reduced mean transit time, the latter being associated with higher dis-
ease severity and with the presence of disease one year later in newly
diagnosed MS patients (Sowa et al., 2015). Therefore, it is likely that
they exhibited a high vascular component within the lesions at this early
stage. This could explain the higher PVD within the lesions as compared
to the NAWM PVD (Fig. 11).

Another interesting finding was that the small vessels forming the
irregular DVAs actually define the shape of the lesion in FLAIR (Fig. 7).
These DVAs, which can be classified as atypical DVAs due to their lesion-
centric location (Kroll et al., 2010), are comprised of a mesh of veins that
appears to have a central nidus and often looks like the Medusa’s head
(referred to as Caput Medusa) (Lee et al., 1996; Saba, 1998). A number
of papers have found signal intensity abnormalities in the tissue sur-
rounding MS lesions (Linscott et al., 2014; Rogers et al., 2018; Sahin
et al., 2015; Santucci et al., 2008; Schaller and Graf, 2004; Umino et al.,
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Fig. 8. Four examples of WMHs on healthy controls. The pre-contrast SWI-FLAIR data (A) and post-contrast SWI-FLAIR data (B) display the vasculature associated
with the WMHs. The post-contrast SWI-FLAIR offers a better vessel detection (red arrows) than the FLAIR-only data (C) or SWI-only data (D), whereas the subtle
enhancement of the vessels on pre-contrast SWI-FLAIR data (blue arrows) confirms that these vessels can be classified as veins. These non-MS WMHs also exhibit a
central vein sign similar to the MS lesions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2014). Okudera proposed they arose from aplasia, hypoplasia, or oc-
clusion of some part of the medullary venous system (they note it could
be from chronic venous hypertension caused by anomalous venous
drainage) (Okudera et al., 1999). The presence of the bright signals may
be from edema, demyelination or gliosis related to abnormal venous
flow (Umino et al., 2014).

Medullary veins of the brain play a key role in draining the blood from
white matter. A number of diseases are associated with the medullary
veins including hemorrhagic disorders, inflammatory changes that
spread along the veins, and neoplasms within the veins (Taoka et al.,
2017). The first two may be related to metabolic changes associated with
venous wall damage and are implicated in MS. The sub-voxel vessels
feeding the medullary veins and eventually the larger ependymal veins
pervade the WM and a breakdown of the venous drainage could signal
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drastic consequences, including the formation of anastomotic connec-
tions (as seen through the development of the DVAs or the formation of
perpendicular vessels as shown in Fig. 6). Although the acute signs
appear to be an increase in CBV, more chronic lesions and even NAWM
appear to have reduced CBV as shown with perfusion weighted imaging
methods (Francis et al., 2013; Holland et al., 2012; Peruzzo et al., 2013;
Sowa et al., 2015; Steen et al., 2013). Several papers show reduced ce-
rebral blood flow and increased mean transit time in MS lesions at all
stages of the disease (Adhya et al., 2006; Sowa et al., 2015). Reduced
blood volume was found to correlate with working and secondary verbal
memory for clinically isolated syndrome patients (Papadaki et al., 2014).
Eventually, veins may atrophy or become constricted due to collagenosis
and the effective blood volume would then be expected to decrease in
chronic lesions (Haacke et al., 2013). The lesions with low vascularity
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Fig. 9. Mapping the periventricular vasculature. A) The periventricular mask was divided into three equal sections and B) the pre-contrast QSM data was used to
discard the major veins. C) The final vessel maps display high contrast for the vascular signal, which allowed the segmentation of the periventricular small vessels, as

seen on the SWI data (D), using the proposed vessel tracking approach (E).

may undergo cell death, reduced blood flow and, hence, subsequent
vascular atrophy. This may account for the discrepancy between the total
number of lesions detected on the FLAIR data and the number of lesions
with vascular signs detected on the SWI-FLAIR data in Fig. 3.

There are a few limitations to this study. First, we report on a small
number of subjects with two different doses (3 mg/kg and 4 mg/kg).
Nevertheless, the main goal of this paper was to demonstrate the efficacy
of Ferumoxytol and high-resolution MICRO imaging to reveal the
vascularity within the MS lesions; to be able to identify and classify the
various vascular anomalies; and to introduce a new method to estimate
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the PVD using the MICRO data. For these purposes, the number of cases
we have shown here clearly demonstrate these points. As mentioned
earlier, the Ferumoxytol dosage was altered from 3 mg/kg to 4 mg/kg
for the last three patients, which could affect the visibility of the
vasculature and PVD measures, as seen in Fig. 11 where the first three
MS patients show a lower NAWM and lesional vessel density. However,
the affected visibility of the vessels would be consistent for both the
NAWM and lesions PVDs, making the comparison fair between them;
similarly demonstrating a higher probability of vessels within the lesions
as compared to the periventricular NAWM. On the other hand, the
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Fig. 10. Lesional and NAWM masks to obtain the PVD. (A) The WM parcellations were used to obtain the periventricular WM (PWM) masks (red arrows), (B) the
regions that include lesions within the PWM were used for obtaining lesional PVD (yellow arrows), whereas the regions outside the lesions and within the PWM were
used for obtaining the NAWM PVD (blue arrows). The lesion map and PWM are used as overlays for the vessel segmentation results (C). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

differences in TR (30 ms vs 27 ms) and FA (12° vs 15°) between the first
three and the last three patients will lead to only very slight changes in
the signal behaviour, which will not affect the vascular signal detection
on the post-USPIO SWI data. Second, we do not have longitudinal data to
monitor these vascular anomalies. The changes in the vasculature over
time could well reveal more about the etiology of MS. A future goal of
this work is to study lesions of patients with progressive, non-relapsing
MS in order to better understand pathophysiology for each MS sub-type.

The proposed MICRO SWI protocol uses a total scan time of 22 mins
(that includes two SWI acquisitions for before and after Ferumoxytol
administration) and with the amount of information obtained using our
protocol, in terms of high resolution MRA (from pre-contrast magnitude
data), MRV (from pre-contrast SWI data), cerebral microvasculature
map (from post-contrast SWI) and local vascular density along with an
addition of a FLAIR acquisition (another 6 mins) for WMH detection; it
could potentially make our protocol a powerful clinical tool. This 28
min-protocol can be applied to numerous neuropathological studies that
focus on examining the vascular abnormalities in diseased brains.
Furthermore, the proposed dual-echo SWI datasets also allow us to
obtain quantitative metrics such as QSM and Ry* maps that are essential
for measuring iron content in basal ganglia structures, quantifying local
venous oxygenation, etc. In the future, we expect that acquisition times
will be reduced using faster sequences, higher compressed sense factors
and SEPI. With an injection time of 15 min and scan times perhaps
reduced to 7 min each (quite viable in the near future) this could become
a practical clinical imaging protocol.

Another consideration is the choice of relatively lower TE (15 ms) for
our work than the conventional higher TEs of 20 to 30 ms for SWI
processing at 3 T. It is well-known that a dataset acquired with a higher
TE would be able to reveal more vasculature. However, the field effects
from the sinuses (due to the high susceptibility difference at the air and
tissue interfaces) almost destroy the region by the midbrain and mastoid
sinuses at that long TE, causing major signal losses in these regions
(Buch et al., 2014). Image quality by the sinuses is maintained while the
vessels themselves are highlighted by increased susceptibility using the
echo time of 15 ms. Conventionally, it is helpful to acquire the SWI data
with higher TEs to take advantage of the linear relationship between the
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phase behavior and the TE. However, consider now the fact that the
veins will increase in susceptibility from 0.45 ppm to 2.2 ppm in the
presence of 4 mg/kg of Ferumoxytol (Liu et al., 2018). To get the same
effect in conventional imaging would require a TE of 2.2/0.45 = 4.89
times higher than usually used. As shown in Fig. 1, the post-contrast SWI
(TE = 15 ms) shows a dramatic improvement in vessel contrast as
compared to the pre-contrast SWI with a conventionally used TE of 22.5
ms. This data with a TE = 22.5 ms pre-contrast, one would need 72 ms to
obtain the same contrast to be equivalent to our TE = 15 ms post-
Ferumoxytol data and would then require a TR of 80 ms roughly,
which is 3 times longer than the normal scan time. Additionally, there
would be almost no signal left in a major part of the brain. So, the key
advantage of imaging with Ferumoxytol is to enhance the vasculature
and maintain image quality at the same time. We turn this to further
advantage by reducing the TE to 15 ms, where the signal loss sur-
rounding the air/tissue interface is now dramatically reduced and image
quality remains in tact.

Finally, there is a much higher probability of a vein being present
inside the MS lesions as opposed to an artery due to the fact that the
arterial blood in the WM, where most of the MS plaques are distributed
(Brownell and Hughes, 1962; McDonald et al., 2001; Vellinga et al.,
2009), are supplied through arterial branches arising from the cerebral
arteries, which are already roughly only 100 um in size. Therefore, they
can be very difficult to visualize, especially once they branch into much
smaller arterioles and capillaries (Nonaka et al., 2003). On the other
hand, the subcortical WM veins, such as the medullary veins, sub-
ependymal veins and their primary confluence veins are located in the
periventricular region, where the lesion occurrence is the highest (Charil
et al., 2003; Vellinga et al., 2009). These veins are much larger, at
approximately 300 uym in size, than the arterial network in the same
region (Nonaka et al., 2003). With MICRO imaging, we will not only
induce an enhancement of arteries but also further enhance the venous
branches. Furthermore, it is well known that the ratio of venous to
arterial blood volume is approximately 4:1 (An and Lin, 2002a; 2002b;;
Hua et al., 2019; McCormick et al., 1991; Mchedlishvili, 1986; Pollard
et al., 1996; van Zijl et al., 1998), leaving little signal to arise from the
arteries.
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Fig. 11. PVD was estimated from three sub-divisions of the periventricular white matter: (A) anterior, (B) middle and (C) posterior from both NAWM (blue) and
lesional white matter (orange), for each MS patient. Similarly, PVD was estimated from the healthy controls (D). The values above the graphs in (A-C) represent the
lesion-to-NAWM volume ratio. The NAWM PVD values from the patients lie within the range of WM PVD values estimated in healthy controls (black lines in (D)).
However, the difference in PVD for NAWM and lesions was found to be significant (p < 0.05). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

Nevertheless, the specificity of vessel classification into major ar-
teries and veins is reduced due to the presence of Ferumoxytol in blood.
Hence, the vascular anomalies, as categorized in this paper, could
potentially be composed of both arteries and veins. However, as high-
lighted using the blue arrows in the Figs. 5, 6 and 7, the pre-contrast SWI
data were able to confirm that these vascular anomalies (except for the
small ovoid category, where the vessels were too small to be detected on
the pre-contrast SWI) were part of the venous network. There is still a
possibility of a relatively small contribution of the arterial network (~20
%) being present in MS lesions and the inability to separate the veins and
arteries is one of the major limitations, particularly for vessels on the
order of or smaller than 100 um. In order to address this, the total
vascular density was also calculated in this work to compare the lesions
and peri-lesional vessel density, which can include both arteries and
veins. A future direction will be to develop the technology to separate
small arteries from small veins of the microvasculature from the SWI
data acquired at multiple timepoints with increasing Ferumoxytol con-
centration levels. This separation of small arteries and veins will be
essential for cerebral small vessel disease, for example, which is a highly
prevalent disease that is known to affect the small vessels of the brain
including the arterioles, venules and capillaries (Pantoni, 2010); and
causes vascular WM abnormalities that can mimic MS lesions.

In conclusion, by inducing an additional susceptibility into the blood
using Ferumoxytol, the vascular abnormalities in the RRMS patients
were revealed. Small vessel density measures, obtained by combining
the proposed vessel mapping and tracking approach with a lesion
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detection method, showed higher intra-lesional vascular density as
compared to the NAWM in the periventricular region. MICRO imaging
has the potential to monitor the venous vasculature present in MS le-
sions, catalogue their characteristics and compare the vascular struc-
tures spatially to the presence of MS lesions which may provide new
insight into the pathophysiology of MS.
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