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Abstract
Purpose—To describe and evaluate the method we refer to as “vascular masking” for improving
signal-to-noise ratio (SNR) retention in SENSE-accelerated contrast-enhanced MR angiography
(CE-MRA).

Materials and Methods—Vascular masking is a technique which restricts the SENSE
unfolding of an accelerated subtraction angiogram to the voxels within the field of view known to
have enhancing signal. This is a more restricted voxel set than that identified with conventional
masking which excludes only voxels in the air around the object. Thus, improved retention of
SNR is expected. Evaluation was done in phantom and in vivo studies by comparing SNR and the
g-factor in results reconstructed using vascular vs. conventional masking. A radiological
evaluation was also performed comparing conventional and vascular masking in R = 8 accelerated
CE-MRA studies of the thighs (n=21) and calves (n=13).

Results—Images reconstructed with vascular masking showed significant reduction in g-factor
and improved retention of SNR vs. those reconstructed with conventional masking. In the
radiological evaluation vascular masking consistently provided reduced background noise,
improved luminal signal smoothness, and better small vessel conspicuity.

Conclusion—Vascular masking provides improved SNR retention and improved depiction of
the vasculature in accelerated, subtraction 3D CE-MRA of the thighs and calves.

Keywords
Contrast-enhanced MR angiography (CE-MRA); SENSE; masking

INTRODUCTION
Parallel imaging methods such as sensitivity encoding (SENSE) (1) and GeneRalized
Autocalibrating Partially Parallel Acquisitions (GRAPPA) (2) have provided gains in
imaging speed since their introduction over a decade ago. A major application of parallel
imaging has been in contrast-enhanced MR angiography (CE-MRA) (3–15). Using 2D
SENSE acceleration (16) with complex subtraction, recent work has demonstrated
acceleration factors of R = 8 or higher (17, 18). Such high acceleration factors in CE-MRA
are critical when performing studies where high spatial resolution and temporal information
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is desired, such as fluoroscopic tracking (19), multi-station studies, or imaging fast filling
structures such as arteriovenous malformations(20). Reductions in scan time, however, come
at the expense of reduced signal-to-noise ratio (SNR) from the reduction in the number of
acquired k-space samples and noise amplification indicated by g-factor (1). In the original
descriptions of SENSE (1, 16), the exclusion of non-signal-producing voxels in air was
shown to reduce g-factor and improve local SNR. Specifically, signal producing voxels
(tissue) are included in the SENSE unfolding process, and voxels that are known to have
zero signal (air) are excluded. In this work, this masking method is referred to as
“conventional masking.”

CE-MRA, whether accelerated or not, often emphasizes enhanced voxels by subtracting a
static tissue reference image from the subsequent contrast-enhanced time frames (21–24).
With an ideal subtraction, the resulting difference image contains true non-zero signal only
within the contrast-enhanced vasculature, and no true signal in the remaining, non-perfusing
static tissue voxels. Thus, subtracted CE-MRA presents the opportunity to further reduce the
degree of aliasing and hence g-factor-related SNR loss by masking out static tissue voxels
before the SENSE unfolding of the subtracted, aliased contrast-enhanced image.

The purpose of this work is to describe the method we refer to as “vascular masking” for
providing improvement of SNR in accelerated CE-MRA. This is achieved by excluding non-
enhancing tissue voxels from the SENSE unfolding process. The methodology and
experimental results are presented for phantom and in vivo CE-MRA studies.

MATERIALS AND METHODS
Motivation

Consider in Figure 1 the hypothetical example of R = RY × RZ = 4 × 2 2D SENSE
acceleration for 3D CE-MRA of the abdomen as used in reference (25). RY and RZ are
defined as the acceleration factors along the Y and Z directions, respectively. Assume the
number of coil elements is NC = 8, and the potential number of aliased voxels is NA = 8.
The sensitivity matrix has size NC × NA, and without masking has size 8 × 8. SENSE
unfolding then comprises solving eight equations for eight unknowns. With conventional
masking (a), three voxels are excluded as air, and because these zero values are not aliased
onto other points, the coil sensitivity matrix size is reduced to 8 × 5 – eight equations and
five unknowns. In the proposed vascular masking case (b), four voxels are additionally
excluded as non-enhancing static tissue, and only one voxel remains as vascular signal. With
eight equations and one unknown, the system of equations is maximally overdetermined,
and the linear least squares solution has maximal degrees of freedom for SNR optimization.
In this example only one voxel contained vascular signal, but in general there may be more
vascular voxels per aliasing group. The goal is to maximize the degrees of freedom of the
solution by removing all non-vascular voxels from the system of equations.

The concepts above can be expressed mathematically. Local SNR of an accelerated
acquisition, SNRaccel, is related to the SNR of a fully sampled acquisition, SNRfull, by
Equation 1.

[1]

where R is the reduction in the number of k-space samples, and g is the geometry factor (g-
factor), defined as,
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[2]

where S is the coil sensitivity encoding matrix, SH is its conjugate transpose, and ψ is the
noise covariance matrix. As stated previously, masking allows removal of columns of S,
yielding a submatrix of SHψ−1

S with reduced order.

That masking improves the mean square error (MSE) of SENSE reconstruction can be
readily proven using standard linear algebraic tools. For brevity, this proof is not included.
However, unlike SNR, MSE only assesses global reconstruction performance. Pruessmann
et al. (1) conjectured that the exclusion of non-signal-producing voxels from the SENSE
unfolding process improved local SNR.

Numerical simulations were performed to show that as the sensitivity encoding matrix S is
reduced in size, the associated g-factor is not increased. Figure 2 shows the results of
creating 213 random 8 × 8 real-valued coil sensitivity matrices and calculating the g-factor
(assuming ψ is equal to the identity matrix) for (i) no mask (S has size 8 × 8) (ii) a
conventional mask (In this example, S was chosen to have size 8 × 5), and (iii) a vascular
mask (Here, S was chosen to have size 8 × 1). The resulting g-factors were then sorted
according to those found without a mask and plotted. The g-factors calculated from the
reduced sensitivity matrix are never seen to be greater than those of the full sensitivity
matrix. Thus, provided masking does not cause inaccuracies of its own, it can reduce the
mean square error, g-factor, and improve SNRaccel in Equation 1.

Reconstruction Framework
SENSE unfolding with conventional masking typically distinguishes tissue from air by
thresholding a sum-of-squares of the fully sampled coil sensitivity images to exclude the
voxels within air (1). A flowchart of one possible variation of SENSE-accelerated CE-MRA
reconstruction with conventional masking is shown in Figure 3a. The raw coil sensitivity
data is Fourier transformed from k-space to image space to obtain coil sensitivity images
and an anatomical voxel exclusion mask. A complex subtraction is performed (26, 27) to
subtract the accelerated static tissue raw data from each accelerated CE-MRA time frame
data set in k-space and the subtracted data is then transformed to image space to obtain each
aliased, subtracted image. The subtraction step can occur at any stage during the
reconstruction, whether in k-space, image space, or after the SENSE unfolding. Finally, each
of these images, along with the coil sensitivity images and the voxel exclusion mask are
used in the SENSE unfolding process to obtain the unfolded, subtracted angiogram.

Reconstruction with a vascular mask is performed by applying two additional steps, shown
in Figure 3b, to the conventional SENSE unfolding just described. First, a vascular mask is
generated from the subtracted, unfolded image reconstructed using conventional masking.
Second, using the same raw k-space data and coil sensitivities as for conventional SENSE
unfolding, the SENSE unfolding is repeated using the more restrictive vascular mask.

Vascular Mask Selection Algorithm
In contrast with vascular tree segmentation where a skeleton structure is of interest, the goal
of the vascular mask algorithm is to remove subtracted static tissue voxels from the SENSE
unfolding while avoiding the exclusion of true vessels. Any vessels that are incorrectly
removed (i) will not be present in the final angiogram, and (ii) may falsely deposit their
signal to an unmasked voxel within the same aliased voxel group. To this effect, two
preventive methods were used in this work:
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1. When possible, the next-future time frame (n + 1) from a time-resolved study was
used for masking frame n. The future time frame was generally further enhanced,
and thus included more vessels than were present in the time frame to be
reconstructed. Additionally, the enhanced vessels were usually more intense in the
next-future time frame, simplifying vessel masking.

2. The mask was dilated after creation. This step had the dual effect of connecting any
disjoint vessels and widening and extending existing vessels – both important to
avoid excluding any enhanced voxels. In this work, the structuring element was a
cube measuring five pixels per side. It should be noted that this step does not dilate
the vessels themselves, but simply allows more voxels to be included in the SENSE
unfolding.

Vessel segmentation in SENSE-reconstructed angiograms is challenging due to the non-
uniform distribution of noise in the image. Typically, expectation maximization (28), region
growing (29), or level set (30–32) algorithms are used to separate vessels from the
background. In this work the following semi-automatic technique was used because it
showed robust performance in the presence of non-uniform noise. First, an appropriate
starting axial partition was manually chosen in which the strongly-enhanced vascular signal
could be easily differentiated from background signal. In the thighs, for example, this axial
slice was at the superior aspect of the external iliac arteries. Second, the selected axial slice
was manually thresholded to segment the arteries. Third, the segmentation was extended to
the full volume one axial slice at a time based on three criteria:

1. Absolute proximity to previously segmented voxels

2. Normalized intensity within the slice

3. Ratio of normalized proximity to mean intensity within the slice

When the proximity of a voxel was found to be within a user-defined radius, the normalized
intensity was greater than a user-defined limit, and the ratio of normalized proximity to
mean intensity was less than a user-defined limit, that voxel was classified as a vascular
voxel. The user-defined limits were chosen individually for each study. Criteria 1 and 2
were chosen under the assumptions that voxels that are close to known vessels and
comparatively intense within the slice are likely to be vascular voxels. Criterion 3 was
included to account for signal falloff in superior and inferior slices at the edges of the
longitudinal field of view (FOV), where low signal and amplified noise confounded Criteria
1 and 2.

The vascular-masked image eliminates considerable background material, and so to provide
an anatomical reference for radiological evaluation, a composite image was formed by
combining the static tissue signal from the conventionally masked reconstruction with the
vascular signal from the angiogram reconstructed with the vascular mask. This is achieved
by creating a difference mask between the conventional and vascular masks, multiplying the
conventionally reconstructed volume by this difference mask, and adding that result to the
angiogram reconstructed with the vascular mask. This step has the additional benefit of
replacing any vessels that may have been inadvertently excluded by vascular masking,
although in their conventionally masked reconstruction form.

Phantom Experiments
A bovine gelatin phantom designed to simulate a longitudinal vessel within static
background tissue was used to study the effect of vascular masking under controlled
conditions. The phantom had left/right (L/R) and anterior/posterior (A/P) dimensions of 19 ×
19 cm2 and was 10 cm long in the superior/inferior (S/I) direction. Within it, the phantom
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had a 1.9 cm diameter cylindrical void along the S/I direction into which a 1.7 cm diameter
vial of plain gelatin or Gadolinium-doped gelatin was inserted to simulate a vessel in its
unenhanced or enhanced state, respectively. Fully sampled and SENSE-accelerated 3D T1-
weighted images were acquired in the coronal format with phase and slice encoding in the
axial plane. The FOV and resolution, shown in Table 1, were chosen to mimic the typical
filling of the FOV by an abdomen (25). Two acquisitions were performed to simulate the
unenhanced and contrast-enhanced frames – one with the unenhanced vial present and one
with the Gadolinium-doped vial present. Seven sets of acceleration factors were used for
each data set: RY × RZ = 1 × 1, 2 × 1, 3 × 1, 4 × 1, 2 × 2, 3 × 2, 4 × 2. Image reconstructions
were performed at each acceleration with: (i) no mask, (ii) conventional anatomical mask,
(iii) newly-proposed vascular mask. The vascular mask was chosen to loosely fit the
simulated vessel such that a region of interest (ROI) large enough to measure background
noise could be drawn outside of the enhanced vial but still within the unmasked background.
Signal, noise, and g-factor were measured in ROIs in a single central axial slice of the
phantom. The signal and noise ROIs encompassed 144 and 4683 pixels, respectively. The g-
factor maps were calculated from the coil sensitivity images using each type of masking, and
mean values were measured as an average over both the signal and noise ROIs. The SNR
was measured in the fully sampled, unaccelerated volume and then adjusted according to
Equation 1 using the known R and measured mean g-factor values to estimate the reduced
SNR of each accelerated scan.

In Vivo Experiments
To test the effect of vascular masking in vivo, 21 thigh studies and 13 calf studies, all
acquired using R = 8 2D SENSE-accelerated CE-MRA with the CAPR method (17, 19, 33),
were retrospectively reconstructed with the proposed method. All studies were IRB
approved. These particular studies were chosen such that, by casual visual inspection the
full-FOV maximum intensity projections (MIPs) from a conventional mask reconstruction
showed few artifacts from misregistration between the pre-contrast reference image and the
contrast-enhanced image and thus were near-ideal subtractions, fitting a key assumption of
the vascular masking technique. Typical scan parameters and demographic data for each
anatomic region are shown in Table 1. Additionally, 2D homodyne undersampling was used
in these studies, giving an additional scan time reduction by the homodyne factors shown in
Table 1. Each study was reconstructed with both the conventional and vascular masking
techniques. This type of retrospective study was possible because in all studies the original
data and coil sensitivity images had been archived.

Empirical SNR and g-factor analyses were performed for each in vivo study by drawing
signal and noise ROIs containing ten consecutive 1.0 mm or 1.5 mm thick axial partitions in
the femoral artery of the thighs (n = 20 right and n = 1 left) and the anterior tibial artery (n =
8 right and n = 5 left) in the calves. Sections of the arteries were chosen such that there was
adequate unmasked background signal around the vessel in the vascular mask for a sizable
noise ROI without including branching arteries. Paired Student’s t-tests (34) were used to
determine the significance of any empirical SNR improvement for vascular vs. conventional
masking, where the percent change in SNR between masking techniques was calculated for
each study individually.

To further aid our understanding of the vascular masking technique, the percent of FOV
filling and number of aliases were evaluated with both conventional and the new vascular
masking. For each slice, the alias count for each voxel was determined, where the alias
count is defined as the number of voxels from throughout the full-FOV superimposed onto a
voxel in the aliased image. An alias count of zero for a voxel means that the voxel has been
masked out. An alias count of one means that a voxel has not been masked out and has no
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other voxels aliased onto it. The number of voxels with alias counts greater than zero gives
the number of unmasked voxels in a slice.

Radiologic Evaluation
Image results from the in vivo studies were used to test the hypothesis that reconstruction
with a vascular mask provides improved image quality compared to reconstruction with a
conventional mask. Images reconstructed with each of the masks were evaluated with
respect to the categories specified in Table 2 by the collaborating radiologist (P.M.Y.).
Specifically, the conventionally masked images were compared to the composite of the
vascularly masked reconstruction and conventionally masked background as described
above. Due to the obvious differences in the images produced by the different
reconstructions, no attempt was made to make the study blind. The radiologist was provided
with the original coronal partitions for all studies and had the ability to reformat and create
MIPs as needed for evaluation.

The “no improvement” state was chosen as the null hypothesis for each evaluation category.
That is, in Category I, the null hypothesis encompasses scores of −2 , −1, and 0, and the
alternate hypothesis encompasses 1 and 2. In Category II, the null hypothesis is a score of 1,
and the alternate is a score of 0. And in Category III, the null hypothesis is a score of −1 or
0, and the alternate is a score of 1. Therefore, a one-sided Wilcoxon signed rank test (35)
was used to test for significance in Categories I and III, and a two-sided Wilcoxon signed
rank test was used for Category II. Significance was taken as P < 0.05.

RESULTS
Phase-encode plane partitions of reconstruction masks, image slices, and g-factor maps for
an R = 4 × 2 accelerated scan of the bovine gelatin phantom are shown in Figure 4. Using
more restrictive masks, the same raw data is reconstructed into images with reduced noise.
The reduced noise amplification is also apparent in the g-factor maps which show greatly
reduced g-factors when more restrictive masks are used. Note that the vascular mask in the
phantom experiment is larger than was used in vivo to allow for noise analysis.

Figure 5 shows mean g-factor measurements and estimated SNR of the phantom images for
the range of investigated accelerations for each of the reconstructions with no mask, the
conventional mask, and the vascular mask. The SNR of the images reconstructed with the
vascular mask improved at all accelerations compared to those reconstructed without
masking or with the conventional mask. When using the vascular mask, for all but the
highest RY, the measured g-factor approaches unity, and the estimated SNR approaches the
theoretical SNR predicted from Equation 1 with a g-factor of unity.

Histograms of the scores given to the in vivo images during radiological review are shown
in Figure 6. For Categories I (major vessel depiction) and III (overall assessment) vascular
masking provided statistically significant improvement over conventional masking, and
there was no significant loss of small vessels due to masking (Category II).

Full-FOV and targeted MIPs of representative thigh and calf studies are shown in Figure 7
and Figure 8. Note the overall reduction of noise amplification and the resultant
improvements in luminal signal smoothness (arrowheads) and small vessel conspicuity
(arrows). Figure 7 also shows representative axial slices showing the reduction of unmasked
voxels used in the SENSE reconstruction (c, f).

Paired plots of SNR and g-factor measurements for the in vivo thigh and calf studies are
shown in Figure 9. Compared to conventional masking, the SNR for 21 thigh studies and 13
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calf studies reconstructed using the vascular mask significantly increased by 35±6% (P <
0.001) and 25±11% (P < 0.05), respectively. The measured g-factors in the region of interest
were also significantly reduced by using the vascular mask. Over all of the studies, g-factor
was reduced by an average of 47±4% (from 2.30 to 1.11, P < 0.001) in thighs and 25±6%
(from 1.52 to 1.03, P < 0.01) in the calves.

The plots of Figure 10 compare the alias counts per axial slice using conventional (a) and
vascular (b) masking for the thigh study of Figure 7. Note that the largest number of aliases
with the vascular masking technique is only 6, compared to 8 with the conventional mask.
Additionally, the number of highly aliased pixels (alias count ≥ 5) has been greatly reduced.
Figures 10c–d show similar results for a calf study.

DISCUSSION
This work demonstrates a reconstruction scheme to improve SNR in SENSE-accelerated
subtracted CE-MRA. Specifically, the vascular masking technique described here reduces g-
factor and improves local SNR by removing subtracted static tissue voxels from the SENSE-
unfolding process in addition to the non-signal-producing voxels in air removed with
conventional masking. As seen in the phantom studies, reduction in the number of aliased
points improved the g-factor and increased local SNR. In the radiological evaluation of 34
CE-MRA studies of the thighs and calves, the improvement was manifest as reduced
background noise, improved luminal signal smoothness, and better small vessel conspicuity.

The phantom studies show that vascular masking improves SNR and drives g-factor towards
unity. At lower RY accelerations the g-factor approaches and achieves unity; however, at
high RY accelerations (RY > 4) the g-factor is reduced, but not to g = 1. This is due to an
alias count greater than 1 in the highly accelerated case – even when using the vascular
mask. While the g-factors at high RY acceleration factors do not reach unity, they do
improve with any amount of masking. For example, in the case of 4 × 1 SENSE acceleration
the mean g-factor improves from 3.86 for reconstruction with no mask to 3.68 for
conventional masking and 1.39 for the vascular mask.

Vascular masking was shown to provide significant radiological improvement in both thigh
and calf studies, although the improvement was more apparent in the thighs. Conventional
masking already accounts for the relatively limited filling of the FOV typical in calf CE-
MRA, and any further reduction from vascular masking is comparatively small. The thighs
fill a large fraction of the FOV and contain a greater ratio of static tissue to vascular tissue,
even with conventional masking; it is therefore more beneficial to further mask subtracted
static tissue within the thighs. This can be seen in Figure 10a vs. 10c, in which the alias
count of the calf study (Figure 10c) is already limited by using conventional masking
compared to the thigh study (Figure 10a).

Vascular masking was implemented for 3DFT/SENSE reconstruction, but similar
motivations have driven previous work in backprojection and compressed sensing-based
reconstructions (36–38). The method may potentially be adopted to highly accelerated CE-
MRA with GRAPPA (27). HighlY constrained back PRojection with Local Reconstruction
(HYPR LR) reconstructs each frame of a time series of contrast-enhanced angiograms using
a masked backprojection procedure (36), only in a local area of interest (37). k-t Iterative
Support Detection (k-t ISD) aims to improve a compressed sensing reconstruction by
detecting the locations of nonzero signal (in x-f space) during the reconstruction (38).
Reference (39) employs a vessel adapted regularization term to improve a compressed-
sensing reconstruction. Like vascular masking, each of these methods uses prior or online-
learned knowledge of the location of nonzero signal to improve upon a reconstruction
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scheme. Like k-t ISD, vascular masking also lends itself to iteration, and can be repeated
until appropriate stopping criteria are met. In practice, however, reconstruction performance
improves significantly even if only one iteration is executed, and only this base case was
considered in this work.

Contrast-enhanced angiograms of the thighs and calves were targeted in this study because
they often provide near-ideal subtractions, with few artifacts from motion between the
reference and contrast-enhanced scans. Appropriate studies are easily identified by the
absence of large regions of bright signal in non-vascular regions of the difference images.
This assumption is required for any technique involving masking for improved SENSE
unfolding. If the assumption of a near-ideal subtraction (near zero movement) is broken and
the poor subtraction regions are erroneously excluded in the mask, the unfolding process
could cause an artifact by incorrectly depositing the energy from the excluded voxel to
another voxel. Therefore, the effectiveness of vascular masking in its current form is limited
in regions such as the thorax and abdomen, where motion is likely. In the abdomen
specifically, poor breath holds and bowel motion preclude the use of this technique.
Solutions to allow application to these more difficult anatomies could accommodate motion
artifacts in the reduced mask, and partially benefit from the vascular masking technique
without the risk of introducing unfolding artifacts.

The current masking algorithm may incorrectly exclude truly enhancing, perfusing tissue if
used during later time frames of a contrast-enhanced study. Reconstruction in such a
situation would have the dual deleterious effect of excluding perfusing tissue that is actually
enhancing and introducing artifacts elsewhere in the image. Therefore, in its current form
the vascular masking method is most appropriate for first-pass arterial imaging. By
somehow modifying the masking technique to include perfusing tissue as well as vascular
anatomy, these limitations might possibly be avoided, although the efficacy of the vascular
masking reconstruction would likely be reduced.

In its current form, the vascular masking algorithm is semi-automatic and requires some user
intervention. To gain clinical acceptance, the masking will likely need to be automated. This
is the subject of future research.

In conclusion, improved SENSE unfolding has been demonstrated in accelerated subtraction
3D CE-MRA in the thighs and the calves using the technique of vascular masking. Images
reconstructed with this technique show reduced noise amplification, improved luminal
signal smoothness, and better small vessel conspicuity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Diagrams of a conventionally masked (a) and vascular-masked (b) abdomen cross-section
with enhanced right and left renal arteries (RRA, LRA), perfused right and left kidneys (RK,
LK), and enhanced abdominal aorta (Ao). With 4 × 2 Cartesian SENSE acceleration, a voxel
within the aorta is aliased with seven other voxels (gray). Three of the aliased voxels are in
air and contain no signal in the unsubtracted case, while in the subtracted case an additional
four voxels contain subtracted static tissue. Conventional masking removes the three non-
signal-producing aliased voxels in air. In this example, vascular masking removes all seven
of the non-signal-producing aliased voxels.
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Figure 2.
The g-factors calculated from 213 random sensitivity matrices and sorted according to the g-
factor from the reconstruction with no mask. Note that in all cases, reducing the size of the
sensitivity matrix by masking reduces the g-factor.
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Figure 3.
Flowchart showing the reconstruction process for SENSE unfolding with conventional
masking (a) and vascular masking (b). Under the assumption of a near-ideal subtraction,
vascular masking uses the result from the conventionally masked reconstruction to create a
more restrictive vascular mask to use in the SENSE unfolding.
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Figure 4.
A phase-encode plane axial partition of an RY × RZ = 4 × 2 accelerated image of the bovine
gelatin phantom shows the difference in masks (a-c), unfolded subtracted images (d-f) and
g-factor maps (g-i) for different voxel exclusion masks. Images reconstructed with no mask
(a, d, g), the conventional mask (b, e, h), and the vascular mask (c, f, i) are shown.
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Figure 5.
Relative SNR (a) and mean g-factor (b) in phantom images reconstructed with no mask, the
conventional mask, and the vascular mask. The theoretical values in (a) are for g = 1 and

.

Stinson et al. Page 15

J Magn Reson Imaging. Author manuscript; available in PMC 2015 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Histograms of the results of the radiological evaluation for the thigh and calf studies.
Categories I – III are defined in Table 2. In Categories I and III, the null hypothesis of “no
improvement” was rejected in a statistically significant way, showing that images
reconstructed with vascular masking have a radiological improvement compared to images
reconstructed with conventional masking. In Category II, there was no significant loss of
vessels due to masking.
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Figure 7.
Full-FOV and rotated targeted MIPs of R = 8 2D SENSE-accelerated 3D CE-MRA thigh
angiograms reconstructed with the conventional masking technique (a-b) and the new
vascular masking technique (d-e). Representative axial slices of the datasets are shown in (c)
and (f). The position of the axial slices is shown by the dotted line on the full-FOV MIPs.
The image reconstructed with the vascular mask (e) shows improved luminal signal
smoothness (arrow heads) and better small vessel conspicuity (arrow) vs. conventional
masking (b).
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Figure 8.
Full-FOV and targeted MIPs from an R=8 2D SENSE-accelerated 3D CE-MRA calf study
reconstructed with the new vascular mask (a, c) and the conventional masking technique (b).
Note the improved small vessel conspicuity (arrows) in the image reconstructed using the
vascular mask.
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Figure 9.
In vivo relative SNR (a-b) and g-factor (c-d) plots of paired measurements from images
reconstructed with the conventional mask and the vascular mask. Thigh results (n = 21) are
shown in (a, c), and calf results (n = 13) are shown in (b, d).

Stinson et al. Page 19

J Magn Reson Imaging. Author manuscript; available in PMC 2015 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 10.
Alias counts per axial slice for the thigh study shown in Figure 7 (a-b) and a calf study (c-d).
Note that the vascular masking reduces the alias count per slice greatly and eliminates 7- and
8-fold aliasing.
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Table 1

Typical CE-MRA Imaging Parameters

Phantom Thighs Calves

Field of view (cm3) 22.0 × 22.0 × 22.4 42.0 × 42.0 × 13.2 40.0 × 32.0 × 13.2

Sampling Matrix 224 × 224 × 224 280 × 280 × 88 400 × 320 × 132

Resolution (mm3) 0.98 × 0.98 × 1.00 1.50 × 1.50 × 1.50 1.00 × 1.00 × 1.00

2D SENSE Acceleration
(RY × RZ) Varied 4 × 2 4 × 2

Homodyne Factor 1 1.9 1.8

Number and
Arrangement

of Receive Coil
Elements

8 circumferential 12 circumferential 8 circumferential

TE (ms) / TR (ms) / FA (°) 2.1 / 6.5 / 30 2.0 / 4.7 / 30 2.7 / 5.7 / 30

Frame Time (s) - 2.5 4.9

Temporal Footprint (s) - 6.7 17.5

Subject Distribution
(M/F) - 4/17 6/7

Subject Age (years)
(mean±s.d.) - 47.0±18.0 53.6±11.2

Subject Weight (kg)
(mean±s.d.) - 77.5±16.4 84.4±17.8

Imaging parameters are included for phantom and in vivo studies. Field of view, sampling matrix, and resolution are reported as S/I × L/R × A/P.
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Table 2

Review Criteria and Definition of Scores for Radiological Evaluation of in vivo Studies

Review Categories

I. Depiction of Major Vessels

Compared to conventional masking, the depiction of major vessels in the composite
image reconstructed with the vascular mask provides:

  −2: Reduced diagnostic confidence

  −1: Cosmetic/aesthetic degradation

    0: No improvement

    1: Cosmetic/aesthetic improvement

    2: Improved diagnostic confidence

II. Depiction of Small Vessels

Is there a loss of small vessels due to vascular masking in the composite image?

    0: No, no loss due to masking

    1: Yes, loss due to masking

III. Overall Assessment

Which image is preferred?

  −1: Prefer conventional image

    0: No preference

    1: Prefer composite image
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