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ARTICLE INFO ABSTRACT

Keywords: Background: 3D Time-of-Flight (TOF) MR-angiography (MRA) substantially benefits from ultra-high magnetic
Time-of-flight field strengths (=7 T) due to increased Signal-to-Noise ratio and improved contrast. However, high-resolution
MR-angiography TOF-MRA usually requires long acquisition times. In addition, specific absorption rate constraints limit the
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choice of optimal pulse sequence parameters, especially if venous saturation is employed.

Purpose: To implement and evaluate an arterial TOF-MRA for accelerated high-resolution angiography at ultra-
high magnetic field strength.

Field strengths/sequence: 7 T modified gradient-echo TOF sequence including venous saturation using Variable-
Rate Selective Excitation (VERSE), Compressed Sensing (CS) and sparse application of saturation pulses, called
segmentation, were included for acceleration.

Assessment: To analyze the acceleration techniques all volunteers were examined with the same protocols. CS
with different sampling patterns and regularization factors as well as segmentation were applied for accelera-
tion. For comparison, conventional acceleration techniques were applied (GRAPPA PAT 3 and Partial Fourier (6/
8 in slice/phase encoding)). Images were co-registered and 40 mm thick transversal maximum intensity pro-
jections were created to calculate the relative number of vessels. To analyze the visibility of small vessels, the
lenticulostriate arteries (LSA) were examined. This was done via multiscale vessel enhancement filtering in a VOI
and quantification via Fiji ImageJ as well as qualitatively evaluation by two radiologists. Additionally, the
venous/arterial vessel-to-background ratios (vVBR/aVBR) were calculated for chosen protocols.

Results: For the acceleration of a high resolution TOF-MRA (0.31 mm isotropic), under-sampling of 9.6 showed
aliasing artifacts, whereas 7.2 showed no aliasing. The regularization factor R had a strong impact on the image
quality according to smoothing (R = 0.01 to R = 0.005) and noise (R = 0.0005 to R = 0.00005). With the al-
ternating sampling patterns it was shown that the k-space center should not be under-sampled too much.

Abbreviations: aVBR, arterial vessel-to-background ratio; CE-MRA, contrast enhanced MRA; Conv, conventional acceleration; CS, Compressed Sensing; CS; 2, 7106, CS
with acceleration factor 7.2, Poisson disk radius 71%; CS; 2, gos,» CS with acceleration factor 7.2, Poisson disk radius 80%; CS7 2, 800, 3 segs CS With acceleration factor
7.2, Poisson disk radius 80%, 3 Segments; CS; 5 g%, 3 seg, TR2 < TrR1, CS With acceleration factor 7.2, Poisson disk radius 80%, 3 Segments, TRy < TRy; CS7.2, 900, CS
with acceleration factor 7.2, Poisson disk radius 90%; CSo6, 0%, CS with acceleration factor 9.6, Poisson disk radius 80%; DSA, digital subtraction angiography; FOV,
field-of-view; GRAPPA, Generalized Auto-calibrating Partial Parallel Acquisition; mFISTA, Modified Fast Iterative Shrinkage-Thresholding Algorithm; MIP, maximum
intensity projection; MRA, magnetic resonance angiography; PI, parallel imaging; SAR, specific absorption rate; SENSE, Sensitivity Encoding; SNR, signal-to-noise
ratio; SSS, superior sagittal sinus; TA, acquisition time; TOF, Time-of-Flight; TR, repetition time; TR, mean repetition time; UHF, ultra-high magnetic field; VERSE,
Variable-Rate Selective Excitation; VOI, volume of interest; vVBR, venous vessel-to-background ratio
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Additionally segmentation could be verified to be feasible for stronger acceleration with sufficient venous

suppression.

Conclusion: The combination of several independent techniques (VERSE, CS with acceleration factor 7.2,
R = 0.001, Poisson disc radius of 80%, 3 segments) enables the application of high-resolution (0.31 mm iso-
tropic) TOF-MRA with venous saturation at 7 T in clinical time settings (TA = 5 min) and within the SAR limits.

1. Introduction

Time-of-Flight (TOF) magnetic resonance angiography (MRA) en-
ables non-invasive visualization of blood vessel without intravenous
contrast agent. Thus, also patients for whom the use of contrast agents
is contraindicated (e.g. due to renal insufficiency [1]) can be examined.
In addition, some MRA examinations in the brain cannot be performed
on T1-weighted contrast-enhanced images, due to a break-down of the
blood-brain barrier. For example, non-specific contrast media extra-
vasation prevents visualization of small tumor vessels in glioblastomas
[2]. Thus, the target of this study is MRA in the human brain; there
TOF-MRA has been already successfully applied for the detection of
cerebral vasculitis, aneurysms, arteriosclerosis or arteriovenous mal-
formation [3-5]. However, digital subtraction angiography (DSA) is
still the gold standard for the depiction of vessels in the human brain,
especially if high resolution imaging (< 0.5mm) is required. Never-
theless, in many cases the contrast-enhanced DSA can be replaced by
MRA [3,4]. This is important with regard to radiation exposure and
enables the inclusion of MRA protocols in MRI examinations. Likewise,
vessels that are directly attached to the bone are less visible in DSA [1].
In today's clinical setting, TOF-MRA, used at 1.5 or 3 T, suffers from low
spatial resolution (> 0.5mm) or long acquisition times (TA)
(> 10min) [5,6]. The depiction of small vessels, such as the lenticu-
lostriate arteries (LSA) [7,8], would amongst others be highly desirable
for example when examining the vascular component of neurodegen-
erative diseases such as Alzheimer's disease, Parkinson, multiple
sclerosis, migraine and depression [5,9-11].

TOF-MRA benefits multifold from ultra-high magnetic field (UHF)
strengths (B = 7 T) [12]. UHF MRI results in increased signal-to-noise
ratio (SNR) [13,14] and prolonged T1 constants of brain tissue [15,16],
which enable higher spatial resolution (< 0.5mm) and result in im-
proved image contrast, respectively.

However, higher spatial resolution in general leads to longer ac-
quisition times if the same field-of-view (FOV) is sampled [17]. Parallel
imaging (PI) techniques such as Generalized Auto-calibrating Partial
Parallel Acquisition (GRAPPA) [18] or Sensitivity Encoding (SENSE)
[19] as well as Partial Fourier can accelerate image acquisitions. Sev-
eral publications of high resolution protocols (< 0.5 mm) [7,17,20-22]
show the need of additional acceleration, due to acquisition times of
approximately 8 to 33min for the same covering as intended in this
work. Long acquisition times increase the likelihood of patient move-
ment, making high-resolution imaging prone to motion artifacts [17]
and - without motion correction - higher acceleration essential. It has
already been demonstrated at 7 T, that with the help of Compressed
Sensing (CS) the acquisition time for TOF imaging can be shortened
without loss of image quality [8,23,24]. In these works, relatively small
acceleration factors (3.2-5) were applied, which is still lower than at
3T, where 6-fold acceleration is already feasible [25]. According to the
higher SNR and larger matrix sizes at 7 T, larger acceleration factors
than at 3T [26] should be possible.

With increasing field strength also the specific absorption rate (SAR)
increases [27]. Thus, energy-intensive pulses for venous saturation limit
the choice of optimal parameter settings due to SAR limitations [28]. As
a result, TOF-sequences at 7 T are usually performed with sub-optimal
parameters only, such as longer TR, smaller flip angle as desirable or
without saturation pulses. This can lead to sub-optimal image contrast,
long acquisition times or only partly suppressed venous signal [5,15]. In
previous works, lower flip angles for saturation pulses [21],
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segmentation and corresponding sparse application of venous satura-
tion pulses [29] or Variable-Rate Selective Excitation (VERSE) pulses
[28] were used to overcome this limitation. However, lower flip angles
lead to an increasing venous vessel-to-background ratio (vVBR) and
therefore poor venous saturation [21,29].

In this work, a scan time and contrast optimized high resolution
protocol for small vessel TOF-MRA (0.31 mm isotropic voxel size) in the
human brain was developed. In contrast to earlier works [8,23,24] the
sequence provides, beside prospective CS and parallel imaging [30-32],
venous saturation under SAR constraints [28], segmented saturation
(from now on called “segmentation”) [29] and online reconstruction to
achieve high-resolution TOF-MRA images. The venous and fat satura-
tion were achieved using VERSE saturation pulses [28]. Due to the high
sensitivity of VERSE to off-resonance it was not used for excitation. At
the same time, this effect was used for fat saturation in the FOV via the
VERSE saturation pulses [28]. The performance of the sequence was
evaluated by examinations of healthy subjects. In particular, qualitative
analyses were performed by two radiologists and quantitative evalua-
tions were performed using two metrics — one tailored to all detected
vessels, one to small vessels.

2. Material and methods

All measurements were performed on a 7T MR system (MAGNE-
TOM Terra, Siemens Healthcare GmbH, Erlangen, Germany) using a 32-
channel Rx/1Tx head-coil (Nova Medical, Wilmington, Massachusetts,
USA). Ten healthy volunteers were included (mean age: 24.3 + 3.5).
All measurements were carried out in accordance with the institutional
guidelines and with approval of the local Ethics Committee (Friedrich-
Alexander University (FAU) Erlangen-Niirnberg, Germany).

2.1. Data acquisition

2.1.1. Used sequence

A 3D-gradient echo TOF sequence was modified to perform venous
saturation using VERSE pulses (Fig. 1). Therefore, an algorithm as
proposed by Schmitter et al. [28], which is based on the work of
Conolly et al. [33], was implemented. For all measurements the RF-
amplitude for the venous saturation pulses was reduced to 25% com-
pared to the original provided Sinc pulse, while the duration was kept
constant: 3584 ps (Fig. 1). It was taken advantage of the off-resonance
sensitivity of the VERSE pulses to achieve fat saturation in the image
layer [28]. Therefore, the distance of the saturation layer and the FOV
was 17 mm and the thickness of the saturation layer was 40 mm. VERSE
pulses for venous saturation is used for all sequences in this work, while
for excitation, asymmetric Sinc pulses (1536 us) were applied. Re-
garding SAR, all scans were performed within the first level mode of the
regulations of the International Electrotechnical Commission [34].
Therefore, SAR values are presented normalized to the limit of the first
level mode provided by the scanner. Consequently, a value of 50%
equals the limit of the normal level mode.

The sparse acquisition of the k-space data was performed in form of
a highly under-sampled variable-density Poisson disk with a Gaussian
density distribution (Fig. 2a) [35,36]. The radius of the Poisson disk is
given as a percentage relative to the length of the diagonal in the phase
encoding planes. As a special case, 71% correspond to elliptical scan-
ning. 32 reference scans for the auto-calibration of the coil sensitivity
maps were placed in the k-space center (Fig. 2b). In the two phase-
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Fig. 1. RF saturation pulses, normalized to 1 with slice selection Gradient G,:
Top: Original Sinc pulse of the saturation with a duration of 3584 us and con-
stant gradient. Bottom: Modified saturation pulse and gradient using VERSE. An
amplitude reduction factor of 25% was applied. The pulse duration was kept
constant.

encoding directions, linear reordering from red over gray to blue was
applied. The frequency encoding direction (anterior — posterior) was
fully sampled.

To enable additional acceleration, segmentation was applied.
Thereby, one saturation pulse followed several excitation pulses [29].
As shown by Zhang et al. [29] the deviation of the signal intensity of the
different k-space points resulting from two different repetition times
(TR, and TRy) is averaged over the entire k-space, so that an average TR
(TR) can be calculated:

T _ TRy + (number of segments — 1)*TR,

TR
number of segments

number of segments

(€Y

Also with segmentation, the data has been sampled in linear re-
ordering, as there is no favorable filling scheme for segmented TOF
protocols as shown in [29].

2.1.2. Measured and evaluated protocols

The initial protocol was an optimized sequence for high-resolution
imaging at 7 T with a resolution of (0.31 mm)?, a field of view (FOV) of
220x174x59 mm? and a distance factor of —19.64% at 4 slabs 4 56
slices with 14.3% oversampling in slice direction. Additional Tilt-
Optimized Nonsaturated Excitation (TONE) pulses [37] with a TONE
ramp of 70% were used for excitation. As a gold standard in clinical
routine, conventional acceleration (GRAPPA, Partial Fourier 6/8 in
slice and phase encoding direction) (Conv) was used for the initial
protocol as well as VERSE pulses for venous saturation as described
before (RF amplitude was reduced to 25%, duration: 3584 ps; compare
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Fig. 1). With these conventional acceleration techniques (GRAPPA and
Partial Fourier) the protocol could be accelerated by a factor of 3.7.
VERSE saturation is required to decrease SAR below the limits of the
first level mode (i.e. < 100%). Conventional saturation using Sinc
pulses would result in relative SAR values of 193.4 + 20.3%, which
means that the protocol could not be applied with the given parameters.

Subsequently, the sequence was tested with different CS accelera-
tions (CSq.¢, s0v: acceleration factor 9.6, Poisson disk radius 80%, CS; ,,
8ov%: acceleration factor 7.2, Poisson disk radius 80%) instead of
GRAPPA and Partial Fourier.

Three different k-space patterns for an acceleration factor of 7.2
were compared: CSy5 goo: Poisson disk radius of 80%, CS;.o 7104
Poisson disk radius of 71% and CSy 5, go0: Poisson disk radius of 90%.

To verify the segmentation in general, sequence CS;2 goo Was 3
times segmented as described before (called sequence CS7 5, 500, 3 seg)-
With protocol CS7.2, go%, 3 seg, TR2 < TR1 the mean TR of CS7.2, s0%, 3 Seg 1S
shortened, so that segmentation is used for acceleration.

All acquisitions have the same TE = 5.61 ms (opposed phase),
readout bandwidth = 118 Hz/Px, flip angle of the saturation
pulse = 90°. The differences in the protocols, regarding to the average
TR, mean flip angle of excitation, acceleration technique and factor,
total radius of the under sampled k-space pattern, number of segments
and the acquisition times, are shown in Table 1.

2.2. Reconstruction

The images were reconstructed by a nonlinear iterative SENSE type
reconstruction algorithm with coil sensitivity maps for calibration
consistency [32,35]. Sparsity was enforced using the L1-norm of the
redundant Haar wavelet coefficient [35,38] and the following optimi-
zation problem results as described by [35]:

N
7= argminf% > 16, = E(S: © I + IR © (W)l o
n=1

With G, the measured k-space data, F, the under-sampled mea-
surement matrix, S, the coil sensitivity, W the redundant Haar wavelet
transform, the regularization weighting factor R and f the estimated
image. This minimization problem was solved by a Modified Fast
Iterative Shrinkage-Thresholding Algorithm (mFISTA) [35] in 24
iterations (fixed for all reconstructions) using a modification of a Nes-
terov-type algorithm [35,39]. As also used in [35] a Dykstra-type al-
gorithm [40] was utilized to efficiently solve the proximal operator.
Thereby, the iterative reconstruction was not only regularized in the
phase encoding and partition direction but also in readout direction
(coupled reconstruction). The regularization factor R was varied for
sequence CS;5 gy as follows: R = 0.01, R = 0.005, R = 0.001,
R = 0.0005, R = 0.0001, R = 0.00005. For all other protocols R was
fixed to 0.001.

The whole reconstruction was implemented online within the
manufacturer's reconstruction framework. The coil sensitivity maps are
always calculated on all CPUs (Intel E5-2698 v3; 2 X 16 cores,
2.3 GHz, 256 GB RAM) in parallel, whereas the image reconstruction
can be processed on the CPUs or on a GPU (Nvidia Tesla M60; 930 MHz,
16 GB RAM). On GPU the reconstruction, for the optimized sequence
presented here, takes approximately 10 min.

2.3. Analyzing the data

All data were quantitatively analyzed with regard to the total
number of detected vessels. The LSA were examined qualitatively and
quantitatively in a volume of interest (VOI). In addition the arterial
vessel-to-background ratios (aVBR) were evaluated for the different k-
space sampling patterns and the venous vessel-to-background ratios
(vVBR) were calculated for the segmented sequences.
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Fig. 2. Applied sampling patterns with linear reordering from red over gray to blue in the phase encoding plane (k,: head-feet, ky: left-right). The frequency encoding
(ky: anterior-posterior) direction is fully sampled and goes into the plane. a) Different sampling patterns of all CS sequences. The higher the acceleration, CSg¢, go0%
compared to CS7 2, g0%> CS7.2, 80%, 3 segs CS7.2, 80%, 3 seg, TR2 < Tr1; the k-space pattern gets less dense, especially in the center. With the same acceleration but different
total radius of the Poisson disc, CS7 5, 710, and CS; 5, 909, compared to CS7 5, gow%s CS7.2, 80%, 3 segy CS7.2, 80%, 3 seg, TR2 < TR1, the outer k-space is sampled more (CS; 5,
7196)/1ess (CS7.2, 909) densely while the inner k-space density increases (CSy o, 710,)/decreases (CSy .2, 9%). b) k-space pattern with 32 reference scans used for auto-
calibration. The reference scans are included in all acquisitions but, to improve clarity, they have been omitted from the illustrations in a). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

2.3.1. Quantification for total number of vessels with a relative importance of an intrinsic signal of 30 or higher are
To determine changes in the number of detected vessels, all TOF- detected (compare Fig. 3 right side: the detected peaks are marked with
MRA data sets were co-registered to the conventionally accelerated an orange cross). This was done for any sequence in this work, as well
sequence (Conv) which refers as gold standard in this work. Out of as for the respective co-registered MIP of Conv. The total number of
those, 40 mm thick, transverse maximum intensity projections (MIPs) peaks of a sequence and the total number of peaks of Conv were
were created (Syngo MR E11). A total number of 100 cross-sections of compared and a relative ratio was calculated. This corresponds to the
the MIPs were taken, which are arranged around the center line of the relative number of vessels of a measurement in relation to sequence
MIP up to *+ 25% in 0.5% steps (Fig. 3). Then the maxima in the pro- Conv. Before the analyses, the skull bone including subcutaneous fat
files of the cross-sections were counted with a minimum peak promi- was cut off by image processing (ImageJ 1.48v) in order to prevent the
nence of 30 (MathWorks, Matlab R2017b), which means only peaks detection of fat tissue or noise in the outer area as vessels.
Table 1

Parameters of the different pulse sequences: The order of the measurements was changed for each subject to exclude correlations. All sequences have a resolution of
(0.31 mm)? with a field of view (FOV) of 220x174x59 mm°® and a distance factor of —19.64% at 4 slabs & 56 slices with 14.3% oversampling in slice direction. In
sequence (CSy .5, go0) the effect of regularization with R = 0.01, R = 0.005, R = 0.001, R = 0.0005, R = 0.0001 and R = 0.00005 was tested. All other CS-sequences
are reconstructed with R = 0.001. The radius of the Poisson disk is defined as the relative length of the diagonal in the phase encoding plane.

Sequence TR [ms] TE [ms] mean Flip angle Acceleration Poisson disk radius No. of Segments TA [min:ss]
'] [%]
Conv 23 5,61 20 GRAPPA PAT 3, Partial Fourier 6/8 (phase & slice - 1 13:41
encoding)

CSo.6, s0% 23 5,61 20 CS PAT 9.6 80 1 5:54

CS7.2, s0% 23 5,61 20 CS PAT 7.2 80 1 7:49

CS7.2, 71% 23 5,61 20 CSPAT 7.2 71 1 7:49

CS7.2, o0% 23 5,61 20 CS PAT 7.2 90 1 7:49

CS7.2, 80%, 3 Seg 23 5,61 20 CS PAT 7.2 80 3 7:49

CS7.2, 80%, 3 Seg, TRz < TR1  16.67 5,61 22 CSPAT 7.2 80 3 5:43
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Fig. 3. Quantitative analyzes of the images exemplarily shown for sequence CS; 5, go- Left: Sketched drawing of the 100 cross sections of a 40 mm MIP to count the
number of blood vessels. Right: Resulting cross sections at 2 of 100 positions ( = 10%) of the MIP with the found peaks with a prominence of 30 (marked with an

orange Cross).

2.3.2. Investigation of LSA

To evaluate the performance for imaging of small vessels, the LSA
were analyzed. Two radiologists (M.Sch., M.Sa.) rated coronal MIPs of
the LSA (as shown in Fig. 4a) with regard to overall quality and dis-
tinctness (scale from 1 = very good to 5 = very poor). In addition,
quantitative analysis was performed via multiscale vessel enhancement
filtering as described by Frangi et al. [41] (Math Works, Matlab
R2017b) and Fiji ImageJ (based on ImageJ 1.52n) as used in [2,42] in a
VOI in co-registered images (compare Fig. 4). The parameter of the
filter were optimized for small vessels: Gaussian kernel o= 0.8,
thresholds to control sensitivity a = 0.4, f = 0.3 (compare [43]) and
¢ = 40. Afterwards, in the filtered images a VOI around the LSA was
defined. Following, the VOIs of the filtered images were processed via

(1) Thresholding on a 8-bit image with a lower bound value of 4 to
detect vessels while background is suppressed

(2) Objects with a minimum size of 100 voxels were counted with the
3D Objects Counter

(3) Finally, the images were skeletonized and the number of branches
and the total branch length were determined

2.3.3. Analysis of the contrast with regard to different CS sampling patterns

To better analyze the image contrast as a function of the k-space
sampling pattern, the aVBR was calculated for three vessels (internal
carotic artery, medial occipital artery and pericallosal artery).
Therefore, the average signal in two regions of interests was divided,
one placed in one of the arteries and one in the static background tissue.
Subsequently, the resulting aVBRs per volunteer were calculated. Three
sampling pattern were compared (sequences CSy 5 gou, CS7.2, 710, and

CS7.2, 90%)~

2.3.4. Investigation of the venous suppression with segmented saturation
To analyze the quality of the venous suppression, especially with
sparse saturation pulses, the vVBR was calculated in all volunteers for
sequence Conv, CS7.2, 80%, CS7.2, 80%, 3 seg a1d CS7.2, 80%, 3 seg, TR2 < TR1-
To calculate the vVBRs, the average signal in a region of interest in the
superior sagittal sinus as well as in the sinus rectus were divided by the
average signal in a region of interest in the static background tissue next

to the venous vessel (compare Fig. 10 for the vVBR in the superior
sagittal sinus; aVBR was calculated similarly).

For all comparisons, statistical significance was tested by pairwise t-
test with a p-value below 0.05 considered as statistically significant.

3. Results
3.1. Analysis of the acceleration with CS

3.1.1. Evaluation of the acceleration factor of CS

Fig. 5 exemplarily shows the influence of sub-sampling the phase
encoding in the k-space. Compared to CS (sequences CSg¢, goo, and
CS7.0, so%), the conventional acceleration with GRAPPA PAT 3 and
Partial Fourier 6/8 (slice and phase) is shown (Conv). High under-
sampling results in aliasing artifacts in CSq¢, gos, (See red arrow in
Fig. 5). Moderate under-sampling in CS;» sgos yields similar image
quality as the conventional accelerated sequence Conv. Additionally;
the CS images show reduced pulsation artifacts (see red ellipses in
Fig. 5).

The quantitative analyses (Fig. 6) show that acceleration with CS
(CSo.6, 80%s CS7.2, so%) increases the total number of detected vessels
significantly (p = 0.0017 for CSo6, gow, p = 0.0006 for CS;o so%)
compared to the conventionally accelerated sequence (Fig. 6a).

However in the area of the LSA (Fig. 6b—d) the number of branches
does not show a significant increase between the CS sequences and
Conv. Nevertheless, the measured branch length of the LSA increases
for sequence CS;, goo: not significantly compared to Conv
(p = 0.0512) but compared to CSo, so% (P = 0.0055). In the qualita-
tive evaluation, CS; ., goo, provides better overall quality and distinct-
ness than Conv and slightly better than CSg 6, go0, (Fig. 6d).

The acquisition times shorten from TAcony = 13:41 min to TAcsgss,
80% — 5:43 min and TAcs7.2’ 80% — 7:49 min.

3.1.2. Evaluation of the regularization factor of the CS reconstruction
The regularization factor has negligible influence on the image
quality of large vessels (Fig. 7). A high regularization factor leads to
strong smoothing and thus leads to suppression of small vessels and
therefore to a reduced number of detected vessels. On the other hand,
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Fig. 4. Quantitative and qualitative evaluation of the LSA. The here shown
images are coronal MIPs (thickness 30 mm) for better visualization. However
the quantitative evaluation is done in co-registered 3D data sets. a) Example for
an original image which were used for the qualitative evaluation, b) multiscale
vessel enhancement filtered image, ¢) VOI in the filtered image, d) skeletonized
image via Fiji ImageJ with finally analyzed skeleton to obtain the number of
branches and the total branch length of the LSA.

for small regularization factors (R < 0.001), tiny vessels cannot be
identified due to high noise levels (Fig. 7).

The here used quantification analysis over all slabs shows no loss of
detected blood vessels for R < 0.001 (Fig. 8a), since noise is most
likely detected as vessels, so the relative number of vessels saturates
into a constant value. In the quantitative evaluation of the LSA (Fig. 8b,
c) the number of branches increases with decreasing regularization
while the branch length stays constant for R < 0.001. This leads to the
hypothesis that the LSA are more fragmented with higher regularization
due to noise (compare Fig. 7) and therefore the fractions are interpreted
as single branches. A too high regularization (R = 0.01 or R = 0.005)
leads to a reduced number of blood vessels due to smoothing, which is
reflected in both metrics. The qualitative evaluations of the LSA
(Fig. 8d) reflect the quantitative results and show that a regularization
factor of R = 0.001 provides the best quality and distinctness of LSA.

3.1.3. Evaluation of the sampling pattern of CS
Beside the acceleration and regularization factor, the influence of
the shape of the k-space pattern on the image quality was analyzed.
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Therefore, the radius of the Poisson disk was varied (Sequences CS; o,
s0%: 80%, CS7.2 71060 71% and CSy 2, 900t 90%). The regularization was
kept constant at the previously found R = 0.001 and the previously
proven acceleration with a sub-sampling factor of 7.2 were maintained.

Regarding the total number of blood vessels (Fig. 9a), there is no
significant difference between sequence CS;5 goo and CS;a 719
(p = 0.0533) as well as between CS7V2) 80% and CS7'2) 90% (p = 0.6566)
whereas a significantly higher number of vessels was detected in se-
quence CSy 5 719, compared to sequence CS7 o go0, (p = 0.0205).

For the evaluated sequence patterns, the analysis of the LSA shows
no differences with respect to the number of vessels (Fig. 9b) and
branch length (Fig. 9¢). Compared to Conv there is no increase in the
numbers of branches, while the detected branch lengths of the LSA are
larger for CS accelerated sequences (Fig. 9c). This is matching the
qualitative interpretations as seen in Fig. 9e where all CS sampling
patterns outperform Conv.

The aVBR also shows that a denser sampled k-space center does not
provide a better contrast (Fig. 9d). However, the contrast with Com-
pressed Sensing is significantly higher (p = 1-10~% for CS7.2, 800
p =310"2 for CS;3, 710 and p = 81075 for CS;5 goe,) than in the
GRAPPA and Partial Fourier accelerated sequence.

3.2. Analysis of the acceleration with CS and segmentation

To further accelerate image acquisition without introducing aliasing
artifacts, segmentation was applied. Fig. 10 shows the superior sagittal
sinus (SSS) of the sequences Conv (conventional acceleration), CSy .o,
so% (accelerated with CS), CS; .5 g0, 3 seg (accelerated with CS and
segmented with TR; = TRy) and CS7 .2, g0, 3 seg, TR2 < Tr1 (accelerated
with CS and segmented with shortest TR which means TR, < TR;). The
venous vessels could be saturated sufficiently, however with higher
segmentation the saturation effect decreases. Fig. 11 shows the mean
VVBR of all volunteers of those sequences. Without segmentation, in
sequence CSy 5 gow, the VVBR was significantly decreased compared to
the conventionally accelerated image acquisition (p = 0.004). Sparse
application of saturation pulses in the segmented CS sequences (CSy o,
80%, 3 seg aNd CS7 5. 5006, 3 seg, TR2 < TrR1) l€ads to an increase of the vVBR
according to a lower number of saturation pulses (Fig. 10). Compared to
the conventional accelerated sequence, sequence CS; 5 gou, 3 seg has a
comparable vVBR with no significant (p = 0.38) difference. Also in
sequence CS; .2 gow, 3 seg, TR2 < TR1, With the shortest possible TR, the
VvVBR shows the same level as Conv (p = 0.62).

Regarding to the total number of vessels, CS and segmentation ac-
celerated images show no loss of vessels compared to the con-
ventionally accelerated sequence Conv (Fig. 6). Even with TR; = TR,
(CS7., 80%, 3 seg) significantly more vessels are detected in the images
(p = 0.0006). Slightly less vessels are detected when shortening the
acquisition time via segmentation (CS; 5, g0, 3 seg, TR2 < TR1), but still
without significance (p = 0.57) (Fig. 6).

The quantitative evaluation of the LSA confirms that there are no
significant differences between sequences accelerated via CS and seg-
mentation compared to Conv (Fig. 6b, c¢). The qualitative interpreta-
tions (Fig. 6d) show that the segmented sequences also have no dif-
ference in quality and distinctness of the LSA compared to Conv.

With sparse application of saturation pulses, additional to VERSE, in
sequence CS7 o, gow, 3 seg (TR1 = TR3), SAR is reduced to 39.7 *= 3.8%.
This is 25% lower compared to 64.5 + 6.4% in sequence CS;. sou
which only uses VERSE. For sequence CS7 5, goo, 3 seg, TR2 < TR1, Where
TR is shortened, SAR increases to 54.2 + 5.8%, but is still 10% lower
than with fully applied saturation pulses.

4. Discussion
In this work, a TOF-MRA technique that combines several techni-

ques such as VERSE pulses for saturation, Compressed Sensing with
parallel imaging and segmentation was implemented on a 7 T ultra-high
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Fig. 5. Comparison between conventional acceleration with GRAPPA PAT 3 (TA = 13:41 min) and with CS with acceleration factors of 7.2 (TA = 7:49 min) and 9.6
(TA = 5:43min): CSq 6, 00, Shows slight aliasing artifacts (red arrow), while both CS sequences show better results according to pulsation artifacts (red ellipses). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

field MR system including online image reconstruction. To achieve a
high resolution TOF-MRA protocol, the parameters were optimized in
several in vivo experiments. Therefore a quantitative metric to evaluate
the overall image was introduced and a metric to analyze small vessels
(in this case LSA) was adapted [2] and cross-checked with a qualitative
analysis by two radiologists.

In previous works, the above mentioned techniques were used only

separately. In this work, the benefits of a combined application of the
above mentioned techniques could be demonstrated. The acquisition
time was reduced by an additional factor of 2.4 compared to the 3-fold
acceleration of the conventional protocol without loss of vessels or
image quality and with sufficient suppression of the venous vessels that
was feasible within SAR limits. The resulting ~5min long high re-
solution TOF-MRA protocol is much shorter and offers venous
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Fig. 6. Number of detected vessels (a), number of branches of LSA (b), the total branch length of LSA (c) and the qualitative evaluation of the LSA (d) - all
quantitative data are shown relative to the conventionally accelerated sequence Conv. a) Significantly more vessels were detected for the CS-based sequences CSo 6, 50
(p = 0.0017), CS7.5, go% (p = 0.0006) and CS7 2, g0%, 3 seg (P = 0.0006). The segmented CS sequence CS7 5, go%, 3 seg, TR2 < TrR1 Shows a slightly lower number of vessels
but no significant difference (p = 0.57) to the conventionally accelerated sequence. There is no significance difference according to the number of branches (b) and
branch length (c) of LSA compared to Conv. However there are significantly longer branches of LSA of CS; 5, g0y, compared to CSg 6, g0 (p = 0.0055) Qualitatively (d)
CS7.2, s0% shows better results in both categories compared to Conv, but only slighter improvement compared to CSq ¢, go%-
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Fig. 7. Comparison of sequence CS; 5 goo, With different regularization factors (R = 0.01, R = 0.005, R = 0.001, R = 0.0005, R = 0.0001 and R = 0.00005): If the
factor is increased too much, the image is smoothed and smaller vessels are lost. If the factor is too low, the image is noisy and small vessels disappear (here zoomed
to LSA, compare also the qualitative assessment of the LSA in Fig. 8d). Large vessels are generally very well represented. These analyses show that in this case
R = 0.001 (compare also Fig. 8) is a good compromise between the representation of small vessels and the contrast between background and vessel.
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Fig. 8. a) Relative number of detected vessels, b), ¢) d) show the LSA analysis with relative number of branches of LSA (b), relative branch length of LSA (c) and the
qualitative evaluation of the LSA (d) - all as a function of the regularization factors for sequence CS; .5 gow. @) Shows for large regularization factors (R = 0.01 to
R = 0.005) the relative number of detected vessels is lower than the number of vessels that were detected in the conventionally accelerated techniques. With smaller
regularization (R = 0.001 to R = 0.00005), the number of detected vessels changes into a constant value. In the area of the LSA the relative number of branches
continuously increases with lower regularization (b), while the branch length remains constant from R = 0.001 (c).Subfigure (d) shows that R = 0.001 has the best

quality.
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Fig. 9. a) Relative numbers of detected vessels for the different k-space sampling patterns (CS;5 sow, CS7.2, 7190 and CS;5 ogs). No significant differences
(p = 0.0533) between 80% and 71% or 90% were found, but there is a significant difference between 71% and 90% (p = 0.0205). b) Relative number of branches of
LSA without significant differences and c) relative branch length of LSA: no significant differences of CS sequences compared to Conv except for CS;.o, 900
(p = 0.0174) d) Arterial vessel-to-background (aVBR). No significant differences between the different k-space sampling patterns were observed. However, the CS
sequences show a significantly (p = 1-10~2 for CS; 5 gos, P = 31078 for CS; 5 710, and p = 8108 for CS; 5, 909,) improved contrast compared to the conventionally
accelerated sequence (Conv). e) The qualitative evaluation also shows no major differences between the quality and distinctness of the LSA in the sampling patterns

of the CS accelerated sequences.

saturation as well as online reconstruction in contrast to previous works
[7,8,17,20-24] to achieve acquisitions within a clinically feasible time
period.

4.1. Acceleration factor

In this work, an acceleration factor of 7.2 was found to be a rea-
sonable tradeoff between scan time and image quality, since a higher
acceleration factor resulted in aliasing artifacts. The maximum intensity
maps and the therein used counting of the number of vessels, as well as
the evaluation of the LSA in a VOI via filtering are not influenced by the
under-sampling artifacts, but for an optimized image quality aliasing is
undesired. This means that there is a limit in under-sampling when
using CS in TOF-MRA. This limit is higher than in previous work: 3.8 in
[8] and 4 in [23] as well as in [24] where an acceleration factor of 5
was stated as the maximum for their sampling pattern to depict small
vessels. At 3T, it was stated that 6-fold acceleration should not be ex-
ceeded for the used setup [25]. However, the larger matrix sizes and the
larger number of receive channel in our study compared to the 3T
study (32 vs. 20) might favor higher acceleration factors. Nevertheless,
the here used acceleration factor is still much lower compared to con-
trast enhanced MRA (CE-MRA), where for example an acceleration

factor of 30 has been applied successfully [35], which might be ex-
plained by a higher sparsity in the CE-MRA data, but, so far, CE-MRA
has not yet been investigated at 7 T. For even higher spatial resolutions
and corresponding larger matrix sizes the aliasing artifacts found in this
work may vanish and a higher acceleration might be possible. On the
other hand, larger matrix sizes lead to extended acquisition time, thus a
trade-off must be found. Nonetheless, such findings also mean that CS
applied to low resolution (> 0.5 mm) may offer only a limited gain in
acquisition time, since these have fewer k-space lines and the accel-
eration is therefore limited. Additionally, with CS pulsation artifacts
could be suppressed as also shown in [8]. This might be a consequence
of faster acquisition and better noise reduction through regularization.

4.2. Regularization factor of the reconstruction

As it has been shown already at 3 T, the choice of the regularization
factor has a strong influence on the representation of small vessels [35].
Thus, a tradeoff must be found to minimize noise and to avoid image
blurring. For the applied high-resolution sequence, a regularization
factor of R = 0.001 was considered as an optimal balance between
noise and smoothing for all volunteers.
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Fig. 10. Comparison of the superior sagittal sinus (SSS) of the different Sequences. The left figure shows a representative slice used to analyze the vVBR. Different
regions of interest were used (blue for the signal of the SSS, yellow for the adjacent brain tissue). In the right column zoomed images of the SSS are shown (Conv,
CS7.2, 8o not segmented; CS7 5 go%, 3 segy CS7.2, 80%, 3 seg, TR2 < TR1 have 3 segments). In all sequences the SSS is saturated sufficiently, but with segmentation the
signal of the SSS increases compared to the acquisitions without. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

4.3. Variation of the sampling pattern

The variation of the k-space sampling pattern did not show effects
on image quality. It was expected that a larger Poisson disc radius
would lead to a decreased contrast due to a lower sampling density in
the k-space center while a smaller Poisson disc radius would increase
the contrast but fewer vessels would be visible because of a higher sub-
sampling in the outer k-space (compare also [24]). However, this effect
was not observed. Instead a constant contrast was measured for all
three radii tested and even more vessels were found in the total eva-
luation for a radius of 71% compared to 90%. This effect could be

explained by the high contrast sensitivity of CS [30] and it shows the
necessity to sample the k-space center sufficiently dense, which means
in our case with a radius of at least 80%. This radius showed no dif-
ference in the number of vessels compared to the other two radii, so this
size of the Poisson disc radius was chosen for further measurements. In
the quantitative and qualitative evaluation of the LSA only slight dif-
ferences between the sampling patterns were observed, so that also
small vessels could be detected sufficiently. This is in contrast to [24],
however they used a different sampling pattern than in this study.
Compared to conventional acceleration, CS offered a significantly
higher contrast in the aVBR. This observation agrees with Yamamoto
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Fig. 11. Venous vessel-to-background (vVBR) of the different pulse sequences.
With Compressed Sensing (CS;. so%) the VVBR significantly decreases
(p = 0.004), while with Compressed Sensing and segmentation with TR1 = TR2
(CS7.5, 80%, 3 seg) the VVBR increases again due to less saturation pulses. With a
shortened TR (CS7 .2, 80%, 3 seg, TR2 < Tr1) the VVBR reaches the same level as the
conventional accelerated sequence with no significant difference between
(Conv) and (CS7.2, 80%, 3 seg, TR2 < TR1) (P = 0.62).

et al. [25] at 3T and it could also be a consequence of the high contrast
sensitivity of CS [30]. To investigate the performance of the CS se-
quences according to the effective resolution, the influence of the k-
space pattern could be further analyzed. However, the non-stationary
nature of the CS algorithms leads to a locally varying point spread
function which is hard to calculate [44].

4.4. Acceleration via segmentation of the saturation pulses

With segmentation the acquisition time was additionally shortened
by leaving out 66% of the VERSE venous saturation pulses. To examine
the level of the venous suppression the vVBR was analyzed. The CS TOF
that employs no segmentation showed lower vVBR values compared to
the conventional accelerated sequence and thus yields a better venous
saturation. This effect is linked to the high contrast dependence of
Compressed Sensing [30]. With additional segmentation less saturation
pulses are played, which leads to reduced suppression of venous vessels
as seen in sequences CSy 2, 8o, 3 seg and CS7.2, 80%, 3 seg, TR2 < TR1 Which
is also shown by [29]. However, the suppression of the venous vessels is
still sufficient and comparable to the conventional accelerated se-
quence. Compared to previous works [29] the number of segments
could be increased. For higher segmentation the vVBR increases [29]
and the increased gain in time tends towards a limit per additional
segment. Thus, an increase from three to four segments would only lead
to a decrease in scan time of 17s. Regarding to the total number of
vessels, the number of branches in the LSA and the branch length,
segmentation does not reduce the number of detected vessels compared
to the conventional acceleration. However, the shortening of TR leads
to a lower number of vessels compared to sequence with TR, = TR;.
That effect can be explained by the mixing of two contrasts and a
consequential different saturation of small vessels. In comparison to
other employed acceleration techniques, segmentation accelerates the
sequence by shortening TR, due to leaving out saturation pulses,
without additional under-sampling of the k-space. Further segmenta-
tion lowers SAR [29], however with VERSE saturation this is not ne-
cessarily required, but it is always desirable within UHF imaging.
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4.5. CS reconstruction and reconstruction time

Image reconstruction in CS is computational-intensive and thus
time-consuming. In principle, open source toolboxes such as the BART
toolbox [45] could be used to reconstruct the images offline. In this
work, the reconstruction is optimized for TOF-MRA and implemented in
the online reconstruction system of the manufacturer [35]. Here, a re-
construction time of 2:30 min/slab (0.31 mm isotropic, matrix size of
552 x 704 x 56) was needed for the applied parameters which is
considerably faster as in previous works. Natsuaki et al. [36] reported
reconstruction times of 2:50min/slab with voxel size of
0.57 x 0.57 x 1.03 mm® and a matrix size of 338 x 384 x 36; whereas
Li et al. [46] reported 40 min/slab, a voxel size of 0.7 X 0.7 X 1.4 mm®
and a matrix size of 256 X 256 x 48. Additionally, in this work the
spatial resolution of the applied protocols is 11-times higher and the
matrix size is 4.7-times larger. Furthermore, the online reconstruction
offers the possibility to already start the reconstruction while scanning
as long as one slab is fully acquired. This leads to an overall procedure
time (acquisition and reconstruction) of maximum 12 min for all CS
sequences shown here. However, reconstruction time of CS sequences is
still longer than the acquisition time, which could be optimized in fu-
ture work.

4.6. Limitations and outlook

This study has several limitations. At first, no fully sampled TOF-
MRA was acquired for comparison. The acquisition of such a dataset
requires an unacceptable long acquisition time (~1 h) - this will likely
lead to motion artifacts [17] (compare supplements Sup. 3) and also it
is not practical in the clinical time frame. However, the here used
conventional acceleration has been reported to be sufficient for diag-
nosis at 1.5 and 3 T and is used in the clinical practice [47,48].

According to the two applied metrics, both have their weakness
especially for low regularizations: The evaluation of the total number of
vessels might misinterpret noise as vessels while the VOI metric in the
LSA via filtering and ImageJ might detect too many vessels due to
fragments. However, the metrics combined with the qualitative ana-
lyses show that an overall assessment as well as a small vessel assess-
ment is possible to obtain optimized values for high resolution TOF-
MRA.

An additional limitation is given by flip angle variations over the
FOV due to B; * inhomogeneity as a result of the shorter RF wavelength
at 7 T [49,50]. This typically leads to actual flip angles that exceed the
nominal flip angle in the center of the brain while they undershoot the
nominal value in the outer brain regions. For TOF-MRA a higher flip
angle offers higher contrast, but may saturate small vessels with low
blood velocity. To control about excitation, which is subject dependent
[51], parallel excitation might be employed as shown in [50].

5. Conclusion

In conclusion, the combination of VERSE for venous saturation and
different acceleration techniques such as Compressed Sensing and
segmentation allows the full potential of 7 T TOF-MRA to be exploited
in the clinical setting. A high resolution TOF-MRA (0.31 mm isotropic)
protocol that can be applied within clinically feasible acquisition times
(=5 min) was developed, which might become a new workhorse in MR-
angiography imaging beyond 3/1.5T.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.mri.2019.08.014.
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