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Abstract

Purpose—To demonstrate the potential of imaging cerebral arteries and veins with ferumoxytol
using susceptibility weighted imaging (SWI) and quantitative susceptibility mapping (QSM).

Materials and Methods—The relationships between ferumoxytol concentration and the
apparent susceptibility at 1.5T, 3T, and 7T were determined using phantom data; the ability of
visualizing subvoxel vessels was evaluated using simulations; and the feasibility of using
ferumoxytol to enhance the visibility of small vessels was confirmed in three healthy volunteers at
7T(with doses 1 mg/kg to 4 mg/kg). The visualization of the lenticulostriate arteries and the
medullary veins was assessed by two raters and the contrast-to-noise ratios (CNRs) of these
vessels were measured.

Results—The relationship between ferumoxytol concentration and susceptibility was linear with
aslope 13.3 £ 0.2 ppm-mg~L-mL at 7T. Simulations showed that SWI data with an increased dose
of ferumoxytol, higher echo time (TE), and higher imaging resolution improved the detection of
smaller vessels. With 4 mg/kg ferumoxytol, voxel aspect ratio = 1:8, TE = 10 ms, the diameter of
the smallest detectable artery was approximately 50.m. The rating score for arteries was improved
from 1.5 + 0.5 (precontrast) to 3.0 = 0.0 (post-4 mg/kg) in the in vivo data and the apparent
susceptibilities of the arteries (0.65 + 0.02 ppm at 4 mg/kg) agreed well with the expected
susceptibility (0.71 + 0.05 ppm).

Conclusion—The CNR for cerebral vessels with ferumoxytol can be enhanced using SWI, and
the apparent susceptibilities of the arteries can be reliably quantified using QSM. This approach
improves the imaging of the entire vascular system outside the capillaries and may be valuable for
a variety of neurodegenerative diseases which involve the microvasculature.

The brain consumes one-fifth of the body’s energy and nutrients.! The cerebrovascular
system, in particular the micro-arterial system, plays a key role in delivering oxygen and
glucose to brain tissues to meet the high metabolic demand.? A growing body of evidence in
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animal and human studies shows that small vessel abnormalities are the source of many
neurologic disorders,2~ including cerebral amyloid angiopathy, ischemia, stroke, and many
neurodegenerative and inflammatory diseases (e.g., Alzheimer’s disease, Parkinson’s
disease, and multiple sclerosis®). Although the detection of vascular abnormalities has been
successful at the macro-level using current MR angiographic (MRA) techniques, efforts to
detect micro-cerebrovascular abnormalities in human brain studies have been hampered
primarily by a lack of an in vivo imaging technique in which high image resolution (<100
4m) and vascular contrast can be achieved.®.7

Recent advances in susceptibility weighted imaging (SWI1) have dramatically improved the
visibility of small veins such as the medullary veins and venules.8-10 In SWI, susceptibility
weighting masks are created using high-pass filtered phase images and multiplied into the
original magnitude images to enhance the contrast.8:10 In addition, quantitative susceptibility
mapping (QSM), which derives the susceptibility distribution from magnetic field variation
by solving an inverse problem, makes it possible to evaluate the in vivo susceptibility
changes quantitatively.1! Furthermore, the combination of SWI and QSM, the true
susceptibility weighted imaging (tSWI), eliminates the orientation dependence in
conventional SWI and improves the delineation of the vessels.1213 However, neither SWI
nor QSM is primarily used for in vivo detection of tiny arterioles, where vasculogenic
neuropathology often begins.1# The main reason is that there is no susceptibility difference
between the arteries and the surrounding tissue.1®

Therefore, to make the arteries visible in the same way we see veins, we propose to
introduce a susceptibility shift in the vasculature by using an ultra-small superparamagnetic
iron oxide (USPIO) contrast agent. USPIO particles have been used as an alternative contrast
agent since 1990 to detect inflammatory macrophage activities.18 However, their use as a
vascular T2* agent and more specifically as a susceptibility blood pool agent has not been
heavily investigated.1”-18 Among all the USP10s, ferumoxytol is most commonly used today
as an off-label MRI contrast agent, because it is the only one approved by the U.S. Food and
Drug Administration (FDA) for human use (as an iron replacement product) and because it
is a blood pool superparamagnetic agent and safe for patients with renal diseases.1?

MATERIALS AND METHODS

Data were acquired with a fully flow-compensated three-dimensional (3D) gradient echo
SWI sequence for all field strengths assessed (1.5 Tesla [T] Aera, 3T Skyra, and 7T
MAGNETOM Siemens scanners, Siemens Healthcare, Erlangen, Germany). The inter-
relationship between the imaging parameters, the dose of ferumoxytol (Feraheme, AMAG
Pharmaceuticals, Inc. Waltham, MA) and the vessel size were evaluated.

Phantom Studies

To determine the relationship between the apparent susceptibility and the concentration of
ferumoxytol at different field strengths, phantom studies were performed first. To prepare
the phantom, ferumoxytol solution with a concentration of 30 mg/mL was diluted into 10
different concentrations, varying from 0.01 mg/mL to 0.1 mg/mL. A set of eleven test tubes
(one with no ferumoxytol) was then embedded in a gel phantom and scanned at field
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strengths (Bg) of 1.5T, 3T, and 7T, using a multi-echo gradient-echo sequence with a bipolar
readout. Twenty-channel, 32-channel, and 24-channel head and neck coils were used for
1.5T, 3T, and 7T acquisitions, respectively. The main field direction was set to be
perpendicular to these tubes. The imaging parameters for each field strength are listed in
Table 1. For each cylinder, R2* maps were generated using the first few echoes in which the
SNR was greater than 3:1, by fitting the magnitude at different TEs to an exponential decay
curve. For each pixel, the initial estimate of the R2* was fine-tuned through nonlinear least
squares fitting using the Levenberg-Marquardt algorithm.

For QSM, the phase images were unwrapped using a multi-echo phase unwrapping
algorithm.20 Briefly, the inter-echo phase increments were unwrapped using a 3D best-path
phase unwrapping algorithm.2! Next, the linear background phase induced by the eddy-
current effects was estimated by fitting a 2D linear function and subsequently removed from
both the phase increment images and the original phase images. Finally, the phase images of
later echoes were unwrapped using the images of the first echo and the unwrapped phase
increments between two neighboring echoes. Then the field variation map (AB) was
extracted from the unwrapped phase images in the first four echoes through a least squares
fitting, weighted by the square of the intensities in the magnitude images. To eliminate the
interference of the phase induced by different tubes, for each tube, local field variation (AB))
was extracted by removing the background field induced by the global geometry and the
other tubes, using the SHARP algorithm.22 To quantify the susceptibilities, the geometries of
the tubes were extracted from the magnitude images in the first echo, and the susceptibility
of each tube was determined using an iterative forward fitting algorithm,23 by minimizing
the following cost function in a region of interest (ROI) outside and within eight pixels to the
edge of the cylinder:

f= > SNR}(ABy; — Bogix)*
iE€ROT (1)

where SNR;is proportional to the magnitude of the it pixel in the shortest echo, ABy jis the
local field at the ith pixel, g;is the unit field response at the ith pixel, and  is the
susceptibility of the cylinder. To determine the SNVR;, the noise was estimated as the standard
deviation of the intensities of all the pixels in the ROI on the magnitude images in the
shortest echo. In each iteration step, the mean () and standard deviation (o) of the residuals
of all the pixels in the ROI were measured. Unreliable pixels with significantly high
residuals (= i + 2o or < 1 — 20) were excluded from the fitting, to reduce the influence of
noisy or improperly unwrapped pixels. The iteration was stopped when the relative change
in the estimated susceptibility was less than 0.01. The susceptibility of the tube containing
pure gel was used as the reference for estimating the susceptibilities of the other tubes.

In addition, to compensate for the under-estimation caused by partial volume effects, the true
area of the cross-section of the test tubes (areay,) was estimated from the one containing
pure gel in the 1.5T data. Then the initially estimated susceptibility values were corrected by
multiplying a factor of areal areay,,, Where areais the area of the cross-section of the
extracted geometry of each tube.?4 Linear least squares fitting was used to determine the
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relationships between ferumoxytol concentration and the apparent susceptibility/R2*. One-
way analysis of covariance, followed by post hoc multiple comparison with Tukey’s honest
significant difference criterion, was used to evaluate the difference between the regression
coefficients found at different field strengths. If not specified otherwise, < 0.05 was
considered as statistically significant in this study.

With higher concentrations of ferumoxytol, it is expected that the susceptibility of the artery
will increase as will its visibility using SWI and QSM. Using simulations, the ability of
visualizing subvoxel arteries with different concentrations of ferumoxytol was studied.
Magnitude and phase images of 2D cylinders were simulated with By = 7T, with TE = 10 ms
and 20 ms, FA = 10°, and TR = 24 ms. The dose of ferumoxytol was varied from 0.1 mg/kg
to 4 mg/kg, with a step size 0.1 mg/kg. The body weight was assumed to be 60 kg and the
blood volume 4700 mL. The main field direction was set to be perpendicular to the long axis
of the cylinder. The regions inside and outside the cylinder were assumed to be arterial blood
and white matter, respectively. The susceptibility and the T2* of the blood with a certain
ferumoxytol concentration were predicted using the relationships found from phantom
studies, while the T1 was calculated using the relationship found from literature.2> Subvoxel
cylinders were simulated by first creating high resolution data and then cropping the center
of k-space, and the radii of the cylinders in the final magnitude and phase images ranged
from 0.02 to 0.625 pixels.

Additionally, four voxel aspect ratios (in-plane to through-plane) were simulated, including
1:1, 1:2, 1:4, and 1:8, by collapsing the complex data. Each simulation setting was repeated
10 times with Gaussian noise added, such that the SNR in the magnitude was 10:1 (this
matches the SNR measured from the in vivo data collected on Volunteer 3, see Table 1 for
the imaging parameters). For generating conventional SWI data, the susceptibility weighting
masks were generated using the simulated phase images; for generating tSWI data,
susceptibility weighting masks were created using QSM data and multiplied into the
magnitude images, following the procedures described in Liu et al2; while for QSM, a
truncated A-space division algorithm was used.1 The contrast-to-noise ratios (CNRs) of the
cylinder in magnitude, phase, SWI, tSWI, and QSM were measured as

CNR:|Sin - 50ut|/0011t (2)

where s;,and s, are the signal intensities inside and outside the cylinders, and o, is the
noise in the background. Then the CNRs were averaged over the 10 independent repetitions.
Assuming that the CNR must be at least 3:1 for an artery to be detectable, according to the
Rose criterion, 26 the minimum diameters of the arteries detected using different types of
images were determined for each ferumoxytol concentration.

In Vivo Studies

In vivo data were collected on three healthy volunteers (all female, Volunteer 1: 28 years
old, Volunteer 2: 59 years old, Volunteer 3: 29 years old) on the 7T Siemens scanner

J Magn Reson Imaging. Author manuscript; available in PMC 2018 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 5

(maximum gradient strength 72 mT/m) equipped with a 24-channel head and neck coil. This
study was approved by the institutional review board and written informed consent was
obtained from each volunteer. To determine the optimal combination of imaging parameters
and ferumoxytol dose, a range of imaging parameters and ferumoxytol doses were tested, as
shown in Table 1. Ferumoxytol was injected manually through an intravenous cubital line
followed by a saline flush. For Volunteer 1, a first dose of 2 mg/kg was administered,
followed by a second dose of 2 mg/kg; for Volunteer 2, only one dose of 2 mg/kg was
administered; while for Volunteer 3, the first dose was 1 mg/kg and the second dose was 2
mg/kg. Such an arrangement was to fully characterize the low dose variations. Each dose of
ferumoxytol was administered over 2 min, and data were acquired after the administration of
each dose.

The magnitude and phase images from individual channels were combined using the Echo
Center Correction (ECC) algorithm,10 to eliminate singularities/cusp artifacts in the
combined phase images. For generating SWI data, the original phase images were processed
using a homodyne high-pass filter with a 4-space window size of 64 x 64.8 For generating
QSM data, the original phase images were unwrapped using Laplacian unwrapping!! and
the background phase was removed using SHARP.22 Susceptibility maps were created using
the iterative susceptibility weighted imaging and mapping (iterative SWIM) algorithm.27
Specifically, an initial susceptibility map was generated using truncated A-space division
with a A-space threshold of 0.15. Veessel masks were then extracted from the initial
susceptibility map, using thresholding together with morphological operations, and were
used as constraints to update the singularity regions in A-space to reduce the streaking
artifacts surrounding the vessels.

For each subject, the susceptibilities of the anterior cerebral artery (ACA) and the internal
cerebral vein (ICV) were measured from the precontrast and the post-ferumoxytol QSM
data. Next, tSWI data were generated using the QSM data.12 For Volunteer 3, AR2* maps
were generated using the magnitude images in the precontrast and the post-3 mg/kg
ferumoxytol data, which were coregistered using FLIRT in FSL.28:2% The quality of
visualization of the cerebral arteries and veins was assessed by two raters independently on a
four-point scale: 0 (not visible), 1 (barely visible), 2 (visible), and 3 (clearly visible).
Particularly, two regions showing the lenticulostriate arteries and the medullary veins were
selected from each subject’s data for visual rating, from the maximum intensity projection
(MIP) of the original magnitude images, minimum intensity projection (mIP) of the SWI
and tSWI images, as well as the MIP of the QSM images.

For assessing the lenticulostriate arteries, the original data were interpolated to isotropic
resolution and the maximum/minimum intensity projections were created in the coronal
view, with effective slice thickness being 12 mm. The inter-rater agreement was evaluated
using quadratic weighted Cohen’s kappa, and the difference between the scores of SWI,
tSWI, and QSM was studied using Friedman’s test. Additionally, the CNRs of the pixels
inside lenticulostriate arteries and the medullary veins were measured in the same regions
where the visual assessment was performed. The images in the pre- and post-ferumoxytol
data were coregistered based on the SWI data, using a rigid body registration algorithm in
MATLAB (R2016b, MathWorks, Natick, MA). The regions of interest inside and outside the

J Magn Reson Imaging. Author manuscript; available in PMC 2018 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

RESULTS

Page 6

vessels were determined by thresholding the postcontrast SWI, tSWI, and QSM data with
the highest dose of ferumoxytol, for each subject. For comparison, the CNRs were also
measured from the MIPs (or mIPs) of the precontrast magnitude images for the
lenticulostriate arteries (or the medullary veins), and from the mIP of the post-ferumoxytol
magnitude images.

Phantom Studies

Simulations

The relationships between the ferumoxytol concentration and the apparent susceptibilities
(x) are shown in Figure 1. Linear relationships were observed at each field strength. It was
found that:

(59.6 £ 1.6) - [cFe]+(0.0 £ 0.1), r°=0.994, for By=1.5T
x=1{ (320£0.7)-[cFe] — (0.0 £0.0), r?=0.997, for By=3T
(13.340.2) - [cFe]+(0.0 £ 0.0), r°=0.998, for By=7T 3)

where the units were ppm-mg=1-mL for the slopes, mg-mL™1 for the ferumoxytol
concentrations ([cF€]) and ppm for the susceptibility. Note that the data points
corresponding to ferumoxytol concentration of 0.09 mg/mL were identified as outliers based
on the studentized residual, and were excluded from the linear fitting. The relationship found
at 3T agrees well with that reported in an earlier study.3° These results also support the
presence of a saturation effect as evidenced by the apparent change in susceptibilities as the
main field strength (Bp) increased (Fig. 1a) and the fact that the product of field strength
times susceptibility remained constant for each ferumoxytol concentration (Fig. 1b). The
measured R2* values also correlated linearly with the ferumoxytol concentration (Fig. 1c),
specifically:

(1603 £ 57) - [cFe]+(0 £ 8), r°=0.990, for By=1.5T
R;=1{ (1562 £ 62) - [cFe]+(2 £+ 3), r?=0.987, for By=3T
(1907 + 107) - [cFe] — (2 + 6), r?=0.975, for By=7T @)

where the units are s™1-mg~1-mL) for the slopes and s1 for R2*. It was found that the slope
at 7T was significantly different from those at 1.5T (£=0.03) and 3T (£=0.01), but no
significant difference was observed between the slopes at 1.5T and 3T (P=0.93).

Figure 2 shows the minimum diameters of the detectable arteries with different ferumoxytol
concentrations on different types of images. An increased dose of ferumoxytol, higher TE,
as well as thinner slices allowed for the detection of smaller arteries. For a voxel aspect ratio
of 1:4 or 1:8, smaller arteries were detected using SWI and tSW1 than using other types of
images; while for isotropic resolution, the detection power of SWI decreased, because of its
use of phase information which is orientation dependent. However, tSWI remained one of
the best images to be used for detecting small vessels at different ferumoxytol doses.
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Specifically, at TE = 10 ms, a voxel aspect ratio = 1:1, arteries with diameter less than half
pixel (approximately 40 tm in the simulation) can be detected using tSWI, with 4 mg/kg
ferumoxytol. When the voxel aspect ratio changed to 1:8, the diameter of the smallest artery
detected using SWI and tSWI was approximately 50 gm with 4 mg/kg ferumoxytol. Figure 2
also shows that using the original phase (blue lines) and QSM images (crossed black lines)
alone might not be better than using the magnitude images (red lines) for detecting small
vessels, especially for high dose of ferumoxytol with low image resolution.

In Vivo Data

Figure 3 demonstrates the visualization of cerebral arteries and veins using SWI with
different doses of ferumoxytol under different imaging parameters, for Volunteers 1 and 3.
For both volunteers, a higher dose of ferumoxytol provided better visualization of small
arteries and veins. The higher through-plane resolution in Volunteer 3’s data led to a
reduction in the SNR, compared with Volunteer 1’s data, yet smaller vessels can be seen
even with lower concentrations of ferumoxytol (Fig. 3b versus 3e and 3c versus 3f). As an
example, Figure 4 shows two arterioles (red arrows) in the right putamen and right thalamus
in Volunteer 3’s data, which can hardly be seen in either the precontrast or the post-1 mg/kg
data, but were visible in the post-3 mg/kg data.

Another example of visualizing cerebral arteries and veins using Volunteer 3’s data is shown
in Figure 5, in which the red dot-ended arrows indicate tiny vessels which were not visible in
the precontrast or the post-1 mg/kg data. These vessels are very likely cerebral arteries,
because of their tortuous shape and the fact that no hypointensities can be observed from the
precontrast SWI data.

Meanwhile, the CNR of the veins was even better (Figs. 4 and 5). With ferumoxytol, the
visibility of both the venules and the deep medullary veins was much improved (Fig. 5). In
addition, tSWI may provide more accurate geometries of arteries and veins than
conventional SWI, as demonstrated in Figure 6. In the post-2 mg/kg tSWI data, fine
structures of the arteries became visible (red arrowheads in Figs. 6f and g), yet for an artery
surrounded by structures with high susceptibilities, the CNR of that artery was reduced on
SWI and tSWI data (white arrowheads in Figs. 6f and g). The delineation of the small
arteries in the post-ferumoxytol data (e.g., lenticulostriate artery and thalamogeniculate
artery as indicated by the red arrows in Fig. 6) agrees well with that shown in Salamon.3!

For the image quality assessment, the quadratic weighted Cohen’s kappa was 0.94,
suggesting a very good inter-rater agreement. Hence, the scores given by the two raters were
averaged (see Supplementary Tables S1 and S2, which are available online, for all the
scores). Moreover, no significant difference was found among the scores of SWI, tSWI, and
QSM, for both the lenticulostriate arteries (P = 0.49) and the medullary veins (P= 0.54).
Consequently, the scores for SWI, tSWI and QSM were also averaged. For the
lenticulostriate arteries, the score was 1.5 = 0.5 (mean + standard deviation of the three
subjects’ scores) for the MIP of original magnitude images (MRA) and 0 for the SWI, tSWI,
and QSM in the precontrast data, for all the subjects. With different doses of ferumoxytol,
the score of SWI, tSWI, and QSM was increased to 2.3 £ 0.6 (post-1 mg/kg), 2.5 £ 0.5
(post-2 mg/kg), 2.2 + 0.6 (post-3 mg/kg), 3.0 £ 0.0 (post-4 mg/kg).
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For the medullary veins, the score was 0 for the MRA, and 1.1 + 0.2 for the SWI, tSWI, and
QSM in the precontrast data. With increasing dose of ferumoxytol, the scores for the SWI,
tSWI and QSM were increased to 1.8 + 0.3 (post-1 mg/kg), 2.2 + 0.4 (post-2 mg/kg), 2.8

+ 0.3 (post-3 mg/kg), and 3.0 £ 0.0 (post-4 mg/kg). This trend agrees with that of the
pixelwise CNRs of the selected vessels in different subjects, as illustrated in Figure 7. For
the lenticulostriate arteries, the median of the CNR was below 3 in the precontrast
magnitude images, and was increased to above 3 only with the highest dose of ferumoxytol
in each subject’s data. For the medullary veins, the median of the CNR can be above 3 with
2 mg/kg ferumoxytol (Figs. 7d and e). The CNRs measured from the post-2 mg/kg data in
Volunteer 2 were close to the CNRs measured from the post-3 mg/kg data in Volunteer 3 and
the post-4 mg/kg data in Volunteer 1, possibly due to the higher through-plane resolution
used in Volunteer 2’s data.

Furthermore, the CNRs in the postcontrast SWI, tSWI, and QSM data were higher than
those in the mIP of postcontrast magnitude images, demonstrating the value of these
postprocessing techniques. However, there was no improvement in the CNRs of the
lenticulostriate arteries in the post-1 mg/kg data, compared with the precontrast magnitude
images, and the use of SWI, tSWI, or QSM did not improve the CNR over simple mIP of
postcontrast magnitude images. Unlike the simulation results, no significant difference was
found in the medians of the CNRs among different postprocessing methods (P = 0.07).
However, the pixelwise CNRs on QSM data had wider distributions than on the other types
of images, due to the influence of the background tissue and the phase aliasing inside the
vessels.

Based on the criteria that arteries have high intensities on precontrast magnitude images,
while veins have low intensities on the precontrast SWI data but high intensities on the
precontrast QSM data, arteries and veins can be potentially separated in the postcontrast data
(Fig. 8). The measured susceptibilities of the ACA and ICV in different volunteers’ data are
shown in Figure 9. The measured susceptibilities of the ACA agreed well with the expected
susceptibilities (e.g., 0.65 £ 0.02 ppm (measured) versus 0.71 + 0.05 ppm (expected) with 4
mg/kg ferumoxytol), the measured susceptibilities of the ICV showed significant under-
estimations, mainly due to the much higher susceptibilities of the venous blood which
caused phase aliasing and increased effective vessel diameter.

DISCUSSION

We tested the in vivo feasibility of imaging cerebral arteries and veins using ferumoxytol
with SWI and QSM at 7T. The use of a USPIO contrast agent such as ferumoxytol, which
has strong T1 and T2 shortening effects (r1 = 3.1 mM™1s1 and r2 = 68 mM~1s71 at 7T),32
introduces a new means to image arteries with SWI, to increase the signal-to-noise ratio
(SNR) of vessels with QSM, and to allow for higher resolution imaging of the
microvasculature. Before this, SWI was used predominantly to visualize veins and blood
products. Although SWI has found uses in visualizing changes in oxygen saturation in
stroke studies, imaging any part of the arterial system using SWI or QSM remains an
impossible task, except in the presence of arterial-venous malformations and the presence of
venous shunting.33 Adding ferumoxytol to the vascular system now shifts the susceptibility
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of arteries, giving the arterial system a measurable susceptibility and, therefore, making it
visible to both SWI and QSM. The only unknown is the required concentration of
ferumoxytol which shifts the susceptibility of the arterial system to that of normal veins, i.e.,
roughly 500 ppb.

Our results indicate that with ferrumoxytol such a dose is quite low, being around 2.5 mg/kg.
This is approximately one-third of the first dose (510 mg) of ferumoxytol used for treating
iron deficient anemia.3* As the only approved iron based agent to treat anemia, ferumoxytol
has to be administered slowly “as an IV infusion over a minimum of 15 minutes”, instead of
“as an undiluted IV injection”, according to the warning statement issued by the FDA.3% In
the past year, several review articles have been published discussing the off-label use of
ferumoxytol as contrast agent, finding very little evidence of an adverse effect at this low
dose.36:37

In this study, we performed both qualitative and quantitative assessment of the CNRs of
selected arteries and veins. For the medullary veins, both the visual rating and the CNR
measurement showed the same trend of increasing CNRs with higher ferumoxytol doses.
For the lenticulostriate arteries, while the visual rating showed that the CNRs were improved
at all ferumoxytol doses, the measured CNRs showed no improvement in the post-1 mg/kg
data. This is mainly due to partial volume effects, because the CNRs were measured for the
same group of pixels selected from the data with the highest ferumoxytol dose. However, the
vessels were scored independently in the visual rating, and a high score was given when a
sufficient number of pixels with high CNRs were available.

The ability to visualize and to quantify the cerebral arteries and veins is dependent on
several factors. First, a higher dose of ferumoxytol is generally associated with better
visibility of the vessels. The better visibility of cerebral veins than arteries is partly attributed
to the more paramagnetic deoxygenated blood in the veins. However, too high a
susceptibility of the vessel causes dephasing of the signal adjacent to the vessel and hampers
the ability to maintain the integrity of the object shape. In this case, only the resulting
magnetic moment will remain constant.24 The high susceptibility may also cause failures in
phase unwrapping and background field removal which will affect the accuracy of phase and
QSM, as indicated by both the simulation and in vivo data results.

Second, with a given dose of ferumoxytol, the quality of visualization of small vessels is
dependent on the imaging parameters such as TE, imaging resolution, etc. For a given dose
of ferumoxytol, while the apparent susceptibility decreases as field strength increases, due to
saturation effects, the susceptibility effects are generally proportional to the TE. A long TE
may lead to better visualization of the vessels, but may also cause errors in susceptibility
quantification. Hence, for the purpose of QSM, a shorter TE should be chosen such that no
intra-voxel phase aliasing occurs.1? With higher imaging resolution, the intra-voxel field
inhomogeneity will be reduced which leads to less signal decay and reduced blooming
effects.38 This may affect the detection of small vessels using magnitude images, but the
more reliable phase information at a higher resolution also leads to better QSM. Indeed,
while isotropic resolution is preferred when phase or QSM is used, anisotropic resolution
may actually enhance the CNR of the vessel on SWI,3° depending on the orientation of the

J Magn Reson Imaging. Author manuscript; available in PMC 2018 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 10

vessel. Although the orientation dependence is avoided in tSWI,12.13 the quality of tSWI can
still be affected by phase aliasing and errors in QSM. Hence, the data postprocessing plays a
significant role in the visualization and quantification of cerebral arteries and veins.

One unique aspect of imaging the vessels with QSM is that the SNR is related to the
susceptibility of the object of interest. If the susceptibility is doubled, in principle the SNR
in the QSM images is also doubled. This provides a novel means by which to increase SNR
in MRI. Along these lines, one interesting aspect of the saturated iron particles is that the
effective susceptibility is higher at lower field strengths, thereby compensating for the loss
of SNR at lower fields. This suggests that the use of ferumoxytol should be viable at lower
field strengths such as 3T and 1.5T. In addition, the AR2* map which reflects the changes in
magnitude images caused by ferumoxytol, is a potential tool to study the capillary blood
volume fraction. Assuming that the change in R2* is dominated by AR,” induced by
feromoxytol, the capillary blood volume fraction (1) can be calculated using the equation
ARy" = A yAyBg/3,%0 where y is the gyromagnetic ratio, Ay the susceptibility of the blood
and By the main field strength. However, the estimation may be affected by motion of the
subject between scans and partial volume effects. Moreover, although we found it adequate
to use a mono-exponential model for R2* mapping in the phantom studies, a more complex
model such as bi-exponential model might be necessary for in vivo studies, when multi-echo
data are available.

There are a few limitations in this study. First, only three healthy subjects were included in
this study. With these limited number of subjects, we have explored a relatively wide range
of imaging parameters and ferumoxytol doses and demonstrated their influences on the
CNRs of small arteries and veins. Although there is little overlap in the imaging settings
between any two subjects, we have shown the flexibility in selecting imaging parameters for
visualization and quantification of small cerebral vessels with ferumoxytol using SWI and
QSM. These results provide a guidance on selecting the optimal imaging protocols for future
clinical applications using ferumoxytol. Second, all the in vivo studies were performed at
7T. Although there is great potential of imaging small arteries and veins with ferumoxytol at
3T and 1.5T, as discussed above, the in vivo feasibility still needs to be studied in the future.

Third, single-echo sequences were used for in vivo data acquisition. As discussed above,
depending on the susceptibility of the vessel, a single-echo phase unwrapping algorithm may
fail, due to severe phase aliasing. This may cause errors in the QSM and under-estimations
of the susceptibility especially in the veins. In this case, only multi-echo phase unwrapping
is able to unwrap the phase properly.1! However, the multi-echo sequence will also
dramatically increase the size of the raw data and the time for data postprocessing. Fourth,
only the case in which the vessels are surrounded by white matter was studied in
simulations, while the effectiveness in visualizing the vessels using SWI, QSM, or tSWI can
be dependent on the susceptibility of the surrounding tissue.

Nonetheless, the simulation results provide useful information about the detection limit with
certain imaging parameters and ferumoxytol dose, as well as a rough estimate of the size of
the vessels. For example, the fact that the artery which was not visible in the post-1 mg/kg
data became visible in the post-3 mg/kg data suggests that the size of the artery is in the
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range of the detection limits with 1 mg/kg and 3 mg/kg feruxmotyol. Finally, the separation
of arteries and veins in the post-ferumoxytol SWI and QSM data was done based on the
image intensities in the precontrast SWI, QSM, and MRA data. This can be problematic
when the artery or vein is not visible in the precontrast data. Possible solutions to this
problem include using the connectivity of the pixels as well as the susceptibility difference
between arteries and veins with similar size.

In conclusion, we have demonstrated the potential of imaging small arteries using SWI and
QSM with ferumoxytol. Using SWI and tSWI, which combine phase or QSM with
magnitude images, the CNR for small arteries and veins can be enhanced, which opens the
door to imaging the entire vascular system outside the capillaries. Our results suggest that
using the highest resolution possible and a dose of 3 to 4 mg/kg of ferumoxytol will create
the best CNR for small vessels. This approach may be valuable for a variety of
neurodegenerative diseases that involve the microvasculature.
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The apparent susceptibilities (a), the products of apparent susceptibility and field strength
(b), and R2* (c) of different ferumoxytol concentrations measured at different field
strengths. While the linear relationships determined from a and c can be used to calculate the
expected susceptibility and R2* for a given ferumoxytol concentration, the almost constant
products of apparent susceptibility and field strength for a certain ferumoxytol concentration

in b demonstrate the magnetization saturation of ferumoxytol.
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The minimum diameters of the detectable subvoxel arteries on different types of images in
the simulations. The TE was 10 ms in a, ¢, €, g, and 20 ms in b, d, f, h. The voxel aspect
ratiowas 1:1inaand b, 1:2incand d, 1:4 ine and f, and 1:8 in g and h. For a detectable
artery, it was assumed that the CNR was at least 3:1. An increased dose of ferumoxytol,
larger TE, and higher resolution improved the detection of smaller arteries. SWI and tSWI
provided better detection of small arteries than the original magnitude and phase images,

especially for anisotropic resolutions.
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FIGURE 3.
Visualization of arteries and veins using minimum intensity projections of SWI with

different doses of ferumoxytol. The effective slice thickness is 20 mm for all images. ato ¢
were reconstructed using Volunteer 3’s data with voxel size 0.13 x 0.26 x 0.8 mm?3, while d
to f were reconstructed using Volunteer 1’s data with voxel size 0.11 x 0.22 x 1.25 mm3. See
Table 1 for other imaging parameters for these two volunteers’ data.
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FIGURE 4.
Visualization of cerebral arteries and veins in the basal ganglia. (a) MIP of precontrast

magnitude images. (b) MIP of precontrast QSM. (c) MIP of post-1 mg/kg QSM. (d) MIP of
post-3 mg/kg QSM. (e) MIP of the AR2* images. (f) mIP of precontrast SWI. (g) mIP of
post-1 mg/kg SWI. (h) mIP of post-3 mg/kg SWI. The precontrast magnitude images were
high-pass filtered to enhance the contrast for small arteries, before generating the MIP
shown in a. The arteries and veins are indicated by red and blue arrows, respectively. These
images were reconstructed using Volunteer 3’s data. The effective slice thickness is 3.2 mm
for all the images.

J Magn Reson Imaging. Author manuscript; available in PMC 2018 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Liuetal.

Page 18

FIGURE 5.
Visualization of cerebral arteries and veins. (a) MIP of precontrast magnitude image. (b)

MIP of precontrast QSM. (c) MIP of post-1 mg/kg QSM. (d) mIP of precontrast SWI. (e)
mIP of post-1 mg/kg SWI. (f) mIP of post-3 mg/kg SWI. Arteries and veins are indicated by
red and blue arrows, respectively. The vessels indicated by the red dot-ended arrows in e and
f are likely arteries. These images were reconstructed using Volunteer 3’s data. The effective
slice thickness is 3.2 mm for all the images.
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FIGURE 6.
(a) mIP of precontrast SWI. (b) mIP of post-2 mg/kg SWI. (c) mIP of precontrast tSWI. (d)

mIP of post-2 mg/kg tSWI. (e) MIP of precontrast magnitude images. (f) Enlarged view of
the dashed box region in e. (g) enlarged view of the dashed box region in d. The arteries and
veins are indicated by red and blue arrows, respectively. The use of ferumoxytol improved
the CNR of the arteries and veins and allowed for the visualization of tiny branches of the
arteries which were not visible in the precontrast MRA (red arrowheads in f and g).
However, the CNR of the vessels in tSWI may be affected by the background tissue (white
arrowheads in f and g). These images were reconstructed using Volunteer 2’s data and were
interpolated to isotropic resolution for better visualization. The effective slice thickness is
8.25 mm for all the images.
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SWI tSwi QS

Magnitude

Box-plots showing the distributions of the CNRs of pixels inside the lenticulostriate arteries
(a—c) and the medullary veins (d-f) for each subject. The dashed blue lines in a to f
correspond to CNR = 3. The selection of the pixels inside (blue regions) and outside (red
boxes) the vessels was illustrated using Volunteer 1’s data (g—i). (g) MIP of the precontrast
magnitude images showing the lenticulostriate arteries in the coronal view. (h) mIP of the
post-4 mg/kg SWI data showing the same region as g. (i) mIP of the post-4 mg/kg SWI data
showing the medullary veins in the axial view. g and h were generated by first interpolating
the original data to isotropic resolution. The effective slice thickness was 12 mm ingtoi.
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FIGURE 8.
Separation of cerebral arteries and veins using QSM, SWI, and MRA. (a) MIP of precontrast

QSM. (b) mIP of precontrast SWI. (c) MIP of precontrast magnitude images. (d) MIP of
post-2 mg/kg QSM. (e) mIP of post-2 mg/kg SWI. (f) Separation of arteries (red) and veins
(blue) using masks generated from precontrast QSM (a), SWI (b), and MRA (c). See the
main text for details of generating the vessel masks. Arteries and veins are indicated by red
and blue arrows, respectively. These images were reconstructed using Volunteer 2’s data.
The effective slice thickness is 3.3 mm for all the images.
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The measured susceptibilities of the ACA (red) and the ICV (blue) in the in vivo data. The

3
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red dashed lines indicate the expected apparent susceptibilities and the associated prediction

intervals at different ferumoxytol doses at 7T, obtained using Eq. (3).

J Magn Reson Imaging. Author manuscript; available in PMC 2018 April 01.




1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Liuetal.

TABLE 1

Imaging Parameters in Phantom and In Vivo Studies

Phantom Volunteer 1 Volunteer 2 Volunteer 3
Ferumoxytol dose 0.01 mg/mL to 0.1 mg/mL 2mg/kg, 4 mg/kg 2 mg/kg 1 mg/kg, 3 mg/kg
Field strength (T) 1.5/3/7 7 7 7
TE (ms) 510 42.8 (8 echoes, echo spacing 5.4 ms) 8 8 10
TR (ms) 50 35 24 24
FA () 20 10 10 10
Voxel size (mm3) 0.5x0.5x2 0.11x0.22x1.25 0.13x0.26x0.66  0.13x0.26x0.8
Matrix size 384x324x44 2048x1536%88 2048x1344x128  2048x1216%120
BW/pixel (Hz/pixel) 450 111 188 244
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