High-resolution dynamic CE-MRA of the thorax
enabled by iterative TWIST reconstruction
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ABSTRACT

Purpose: To evaluate the clinical benefit of using a new iterative reconstruction technique fully
integrated on a standard clinical scanner and reconstruction system using a TWIST acquisition
for high-resolution dynamic 3D contrast-enhanced magnetic resonance angiography (CE-MRA).

Methods: Low-dose, high-resolution TWIST data sets of 11 patients were reconstructed using
both standard GRAPPA-based reconstruction for reference and iterative reconstruction, which
reduces the temporal footprint of reconstructed images. Image quality of both techniques was
assessed by two experienced readers, as well as quantitatively evaluated using a time-signal
curve analysis.

Results: Image quality scores consistently and significantly improved by using iterative
reconstruction compared to the standard approach. Most notably, the delineation of small to
mid-size vasculature improved from a mean Likert score between “non-diagnostic” and “poor”
for standard to between “good” and “excellent” for iterative reconstruction. The full width at half
maximum of the contrast agent bolus computed from the time-signal curve was also reduced by
iterative reconstruction, allowing for more precise bolus timing.

Conclusion: Iterative reconstruction can substantially improve high-resolution dynamic CE-MRA
image quality, most notably in small to mid-size vasculature. Dynamic CE-MRA with iterative
reconstruction could become an alternative to conventional static 3D CE-MRA, thus simplifying
the clinical workflow.
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INTRODUCTION

Dynamic contrast-enhanced magnetic resonance angiography (dynamic CE-MRA) is performed
by repeated data acquisitions typically following the intravenous injection of a Gd-based contrast
agent (GBCA) (1). Today, dynamic CE-MRA techniques are widely used in clinical practice for
gualitative and quantitative assessment of vascular dynamics and tissue perfusion (1).
Furthermore, dynamic CE-MRA represents an improvement to the workflow of static CE-MRA
by overcoming the need for bolus timing. However, dynamic CE-MRA still presents limitations
regarding spatial and temporal resolution. As acquisition speed is the main limiting factor for
these aspects, acceleration methods are of high interest, and parallel imaging techniques such
as GRAPPA (2) are already clinically implemented for CE-MRA.

To further circumvent these limitations, techniques such as time-resolved angiography with
stochastic trajectories (TWIST) (3-5) or time-resolved imaging of contrast kinetics (TRICKS) (6)
update the center of k-space more frequently than its periphery and apply view-sharing for the
peripheral k-space regions. Thus, they allow reconstructing data with high spatial resolution and
fast update rates. However, such techniques suffer from relatively long temporal footprints,
which may introduce temporal blurring, particularly in small vessels/edges, or might lead to
reconstruction artifacts due to signal variations over long acquisition times (3,5,7).

Techniques combining sparse, incoherent sampling and iterative reconstruction were proved to
be successful in accelerating MRI acquisitions in general (8), for dynamic MRI (9), static CE-
MRA (10) and dynamic CE-MRA (11). Sparsity in a transform domain, e.g. the wavelet domain,
allows signal recovery at sampling rates below the Nyquist sampling limit based on an ¢4
regularization of the coefficients in the transform domain during iterative reconstruction. For CE-
MRA, sparsity by complex subtraction (12) and magnitude subtraction (11,13) in k-space has
also been investigated for iterative TWIST reconstruction.

In this work, we propose an iterative reconstruction of highly accelerated, dynamic CE-MRA
TWIST data with high spatial and temporal resolution on a standard clinical system. For initial
evaluation of this technique, patients with suspicion or known pathologies of the chest
vasculature were included. Improved signal and temporal footprint due to the novel iterative
reconstruction may enable a better display of the small peripheral chest vessels with fast transit
times. Therefore, we examined the potential advantages of iterative TWIST (IT-TWIST)
compared to the standard reconstruction in this patient population.

METHODS

Patient Population

In this study, MRA data sets of 11 patients (age 44.6+10.7; 7 female, 4 male) undergoing
clinically indicated cardiovascular MRI for assessment/confirmation of thoracic aortic
pathologies (e.g. aneurysm, coarctation) were included. The study was approved by the local
Research Ethics Board and the need for written informed consent was waived.



Acquisition

All data sets were acquired on a clinical 3T whole body system (MAGNETOM Skyra fit,
Siemens Healthcare GmbH, Erlangen, Germany) using 30 channels (18 and 12 coil elements,
respectively, of a standard body and spine array). Coverage of the thoracic aorta was ensured
by a standard product TWIST technique employed in a parasagittal orientation with a slab
thickness of 105.6 mm. Acquisition was performed after bolus injection of 2 ml Gadobutrol
(Gadovist®, Bayer Schering Pharma, Berlin, Germany) diluted in 6 ml NaCl with an injection
speed of 3 ml/s. Contrast agent dilution was performed in order to match the injection
parameters of a subsequent high-resolution static 3D CE-MRA, which was timed to the thoracic
aorta based on TWIST results. Patients were instructed to hold their breath after inspiration as
long as they possibly can, followed by shallow breathing. The TWIST technique was acquired
with interleaved series of central k-space regions (A) and differently and stochastically sampled
peripheral k-space regions (B; to Bs), which jointly represent a regular undersampling for the
given acceleration factors (cf. Figure 1, left) (3-5). Detailed acquisition parameters were as
follows: repetition time: 2.89 ms; echo time: 1.05 ms; flip angle: 17°; sampling bandwidth: 570
Hz/pixel; field of view: 333 x 380 x 88 mm?®: image matrix: 269 x 384 x 73; voxel size: 1.2 x 1.0 X
1.2 mm? interpolated to 1 mm? isotropic resolution; slice oversampling: 18 %:; partial Fourier: 6/8
(phase-encoding direction, PE), 7/8 (partition direction, PA); acceleration factor: 4 (PE) x 2 (PA);
integrated reference scan region: 24 x 24 samples; size of the fully sampled central k-space
region A:15%; sampling density of the peripheral k-space region B: 20 %; number of
measurements (i.e. number of A-B pairs): 16-24. The acquisition durations T, and Tz for k-
space center and periphery regions were 1.2 s each, giving an acquisition time of 2.4 s per
measurement and a total acquisition time of 51-73s.

Data Reconstruction

The acquired data were reconstructed with two strategies, “TWIST” and “IT-TWIST”. The
TWIST reconstruction was directly performed after the acquisition. The prototype IT-TWIST
reconstruction was done retrospectively, but also with the reconstruction system of the MR
scanner.

As a reference, TWIST reconstruction with GRAPPA (2) was performed by combining each A
region with five neighboring B regions (cf. Figure 1, left). The three B regions acquired
previously to the corresponding A were used, as well as the two following it. The temporal
footprint of the TWIST reconstruction was thus 4T, + 5Tz = 10.8 s.

For IT-TWIST, consecutive A-B pairs were reconstructed, which reduces the temporal footprint
of frames to 1To+1Tg = 2.4 s, but also increases undersampling (see Figure 1, right). To recover
the frames {%;};-1... 7 for all time points T, a non-linear, iterative SENSE-type reconstruction (14)
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where C denotes the number of coils, A; is the sampling pattern for time t, F is the Fourier
transform, S; the multiplication by the sensitivity of coil ¢, y; . the measured data for time t and
coil ¢ (from an A and B region), )\, and A\, are the spatial and temporal regularization
parameters and W, and W.- are spatial and temporal redundant Haar wavelet transforms.

To solve equation [1], the FISTA optimization (15) alternated a gradient descent step for the
guadratic terms and the evaluation of the proximal operator of the ¢;terms. In contrast to (15),
the solution of the proximal step was computed using a memory-efficient algorithm proposed by
Chambolle and Pock (17). The optimization was implemented on the graphics processing unit
(GPU) to achieve clinically acceptable reconstruction times.

In order to fit all required data into limited GPU memory, the reconstruction was decoupled by
performing a Fourier transform along the fully-sampled readout direction, thus reducing to many
2D+t reconstruction problems with a smaller memory requirement, which can be computed in
parallel. Time-averaged coil sensitivity maps were used, which were computed similarly as
ESPIRIT autocalibration (18).

The reconstruction was fully integrated on a standard clinical scanner reconstruction system (8-
core 2.1 GHz Intel® Xeon® processor, 64 GB RAM, NVIDIA® Tesla™ K10 GPU with 8 GB
VRAM). Unless otherwise noted, the reconstruction parameters used were 20 FISTA iterations,
Ay = 0.002 and X\, =5\,

To determine appropriate parameters for the iterative reconstruction, one patient data set was
reconstructed with a varying number of iterations (between 1 and 80 iterations) and
regularization factors (between 0.0002 and 0.02). Convergence of the iterative process was
determined by monitoring the value of the objective function in equation [1]. Visual inspection of
the results for different regularization factors was used to pick an appropriate regularization
value.

Clinical Image Quality Assessment

In order to evaluate the clinical impression of both applied reconstruction algorithms, two
blinded readers (3 and 20 years of cardiovascular MR experience) separately evaluated the
data sets using a 5-point Likert scale (O=non-diagnostic; 1=poor; 2=fair; 3=good; 4=excellent),
which were presented in a random order (19). The following aspects were evaluated on all data:
1) Overall appearance of the aortic contrast-to-noise ratio (CNR) on subtracted maximum
intensity projection (MIP) images, 2) Aortic delineation on peak enhancement source images
(non-subtracted), 3) Overall pulmonary vasculature (mid- to small-size) delineation on
subtracted MIP images (if covered by the data acquisition). All image quality related data is
presented as mean + standard deviation (median). Image quality readings between applied
reconstruction algorithms were compared using Wilcoxon rank-sum tests. Statistical significance
was assumed for P < 0.05.

Additionally, a temporal analysis was performed on all data sets to compare the time-signal
curves of TWIST and IT-TWIST reconstructions after intensity normalization to ensure
comparability. The analysis was performed in vascular territories of different sizes. For large



vessel representation, the ascending aorta (AAo) and main pulmonary artery (MPA) were
selected. For medium and small vessel size, medial and distal aspects of the branching
pulmonary artery (PA) tree as well as small and mid-size pulmonary veins (PV) were selected,
respectively. Regions of interest (ROISs) in individual vessels were chosen as large as possible
with respect to the vessel diameters. Typical values of ROI diameters were 47, 33,8, 7, 2 and 3
mm, and lengths of ROIs in blood flow direction were 30, 36, 24, 23, 23 and 16 mm for MPA,
AAo0, medium PA, medium PV, small PA and small PV, respectively. The same ROIs were used
for TWIST and IT-TWIST. For each of the resulting time-signal curves, the full width at half
maximum (FWHM) was calculated to estimate the bolus sharpness.

RESULTS

Data acquisition and reconstruction were successful in all 11 cases. Reconstruction times for a
dataset with 16 measurements were approximately 1:15 min and 18:30 min for the TWIST and
IT-TWIST reconstruction, respectively.

The objective function value during iterative reconstruction was reduced by 99 % after 20
iterations. The remaining improvement between 20 and 80 iterations were only 0.9 %, thus
indicating good convergence after 20 iterations.

The impact of changes in regularization on MIP reconstructions as well as source images is
demonstrated in Figure 2. While a choice of A\, = 0.0002 shows good vessel delineation, noise
suppression is suboptimal. In contrast, A\, =0.02 leads to blurring of small vasculature.
Ao = 0.002 was visually determined to be the best compromise between both aspects.

Clinical Image Quality Assessment

Figures 3 and 4 qualitatively show the image quality improvements between TWIST and IT-
TWIST reconstructions in three representative patients with ascending aortic aneurysm, aortic
root aneurysm and after aortic coarctation repair.

For the quantitative evaluation, with respect to the overall appearance of the apparent aortic
contrast-to-noise, both readers rated IT-TWIST significantly higher than TWIST (Reader 1 (R1):
3.7+£0.5 (median: 4) vs. 2.6£0.5 (median: 3), P=0.001; Reader 2 (R2): 3.5+0.7 (median: 4) vs.
2.5+0.8 (median: 2), P=0.002). IT-TWIST also demonstrated significant improvement of the
large arterial vessel delineation as compared to TWIST (R1: 3.6+0.5 (median: 4) vs. 2.7+0.8
(median: 3), P=0.0039; R2: 3.6x£0.5 (median: 4) vs. 2.7+0.8 (median: 3), P=0.0039). The overall
image quality of the small to mid-size pulmonary vasculature demonstrated major improvements
as assessed (n=10; in one case, no small/mid-size pulmonary vessels were covered by the
aortic TWIST) by both readers (R1: 3.2+1.0 (median: 3.5) vs. 0.7£0.7 (median: 1), P=0.002; R2:
3.241.2 (median: 4) vs. 0.7+£0.8 (median: 0.5), P=0.002). Supporting Figure S1 shows a box plot
of the results, raw results are in Supporting Table S2.

Exemplary time-signal curves of one data set in large, medium and small vessels for both
reconstructions are shown in Figure 5. Overall, the time-signal curves of both approaches had
almost identical shapes in large vessels and similar shapes in small and mid-size vessels.



Within the large vessels (ascending aorta, main pulmonary artery), the peak signhal intensity
between standard and iterative reconstruction did not differ. However, small and mid-size
pulmonary vessels, both arteries and veins, demonstrated substantially higher peak signal
intensities with IT-TWIST as compared to TWIST. In both reconstruction approaches, the peak
signal intensity dropped with decreasing vessel size. However, this effect was substantially
more pronounced for TWIST reconstruction as compared to IT-TWIST, e.g. the remaining signal
in a distal segment of the pulmonary artery relative to the main pulmonary artery was 50 % + 23 %
for IT-TWIST, but only 24 % + 18 % for TWIST.

In addition, the full width at half maximum (FWHM) of contrast agent bolus signal for small
vessels was substantially smaller with the iterative reconstruction (FWHM = 85 + 2.9/ 105 +
4.7 s for the distal pulmonary artery/pulmonary vein) than for the standard reconstruction
(FWHM = 12.0 £ 7.1 / 13.6 + 4.5 s for the distal pulmonary artery/pulmonary vein). Supporting
Table S3 lists the FWHM for all vessels.

DISCUSSION

In this work, an iterative reconstruction technique for standard dynamic 3D CE-MRA TWIST
data was integrated on a routine clinical scanner and evaluated in 11 patients. Presented results
demonstrate the overall improvement in image quality using iterative approaches for
reconstruction of high-resolution TWIST data. The marked improvement of small pulmonary
vasculature delineation and the demonstrated improvement of vascular contrast agent kinetics
are the most important findings of this preliminary study.

Using IT-TWIST, the diagnostic value of the data sets was consistently improved. For the aorta,
the overall appearance of the MIP images as well as the vessel delineation of the source
images had a mean score between “fair” and “good” for the TWIST reconstruction, indicating
diagnostic image quality. However, using IT-TWIST with the same data, the scores increased by
about one level, to between “good” and “excellent”. For the pulmonary vasculature delineation,
the scores averaged between “non-diagnostic” and “poor” using TWIST. Using IT-TWIST, the
scores of the pulmonary vasculature significantly increased to the range “good” to “excellent”.
This remarkable improvement indicates that the pulmonary vasculature that was not visible
using the standard reconstruction is now visible using iterative reconstruction (cf. also Figures 3,
4). For pulmonary vasculature delineation, the lowest score given for IT-TWIST was “poor” in
two cases. However, these cases had a score of “non-diagnostic” using standard TWIST
reconstruction, so iterative reconstruction was still an improvement. The lower score using both
reconstruction techniques for these data sets may be due to the apparent breathing motion at
the end of the acquisition. It may be possible to improve this aspect in an iterative reconstruction
also addressing respiratory motion during optimization (20,21). Our results also agree with a
previously reported reduction in temporal footprint using iterative reconstruction (11). In one
representative data set, the FWHM of the bolus peak in a small pulmonary artery/vein was
reduced from 12.0 / 14.2 s to 10.1 / 12.0 s. This indicates a sharper apparent contrast agent
bolus, a shorter temporal footprint and less temporal blurring. It can be hypothesized that the
combination of a shorter temporal footprint together with the improvements due to iterative
reconstruction itself are responsible for the important image quality gains. This is particularly



observable in regions with short bolus transit times and small vessel diameters, such as in the
small pulmonary vasculature.

These preliminary results suggest that it might be possible to improve dynamic CE-MRA of
smaller vascular regions, such as the pulmonary vasculature.

The TWIST data in this study were acquired with a low dose of contrast agent (for the purpose
of bolus timing), because it was followed by a conventional high-resolution 3D CE-MRA
acquisition. The good to excellent depiction of the pulmonary vasculature with such a low dose
indicates the potential of the technique for low dose applications. Alternatively, it might be
possible to reach even better image quality by using a relatively higher dose of contrast agent.
However, this would require further detailed investigation. A higher dose and longer injection
times may have resulted in better image quality using the TWIST reconstruction. Nonetheless
this would result in an increased temporal overlap of arterial and venous phases.

The idea of using conventional TWIST data, which are intrinsically incoherent, with iterative
reconstruction has been suggested previously (11). Beyond differences in the iterative
reconstruction techniques, our reconstruction technique was integrated on a standard clinical
system. Using a clinically available reconstruction system with a GPU, it was possible to
substantially reduce the reconstruction times to less than 20 minutes, despite the large matrix
sizes. The inline integration together with shorter reconstruction times may contribute to a wider
clinical acceptance of iterative reconstruction techniques.

In this work, we demonstrated superior image quality at high acceleration factors using iterative
reconstruction. The resulting data thus feature higher spatial and temporal resolution in
comparison to typical TWIST protocols. Considering the high image quality with the current
acceleration level, it might be possible to achieve even higher acceleration and spatial/temporal
resolution with clinically acceptable image quality. It may eventually be possible to perform
dynamic 3D CE-MRA with the resolution of current high-resolution 3D CE-MRA. This may
improve the diagnostic value in pathologies like arteriovenous malformations, where high
temporal resolution is essential. Furthermore, high-resolution dynamic 3D CE-MRA would
present a substantially simpler workflow compared to conventional static 3D CE-MRA
acquisitions.

The regularization used in this work was based on evaluations performed in one dataset. While
the results indicate a consistent image quality over all the patients, a dependency of this
parameter on the datasets was not evaluated.

The selected TWIST imaging protocol was optimized for temporal and spatial resolution, and, as
such, a better image quality for large vessels could have been achieved with lower acceleration
for standard TWIST reconstruction. However, this would have also resulted in lower temporal
and spatial resolution, further impairing small vessel delineation.

Despite the fact that image data reading was performed in a blinded fashion with random
presentation of image data, readers may have been able to identify the underlying type of
reconstruction based on the obviously different image appearance of iterative algorithms. The



very similar, sometimes identical, scores both readers gave within each category may be due to
the discrete 5-point Likert scale which was used and the high precision of the readers.

While the use of the proposed GPU based algorithm allowed for substantial reduction in
reconstruction times, reconstruction times greater than 10 minutes remain challenging in a
clinical setting. Nevertheless, based on the scalability of the proposed algorithms, further
speedup of reconstruction performance is expected using more GPUs.

CONCLUSION

We have presented a preliminary study demonstrating the benefits of iterative reconstruction for
dynamic 3D CE-MRA. In particular, small vessel delineation was markedly improved, thus
suggesting an alternative to the currently used high-resolution static CE-MRA for imaging
smaller vasculature. Our results demonstrate that such high image quality can be achieved
even with a low dose of contrast agent. The implementation of the reconstruction algorithm on
standard scanner hardware using GPU acceleration enables the use of iterative reconstruction
in clinical practice, warrants future larger clinical studies and may eventually contribute to a
wider acceptance of CE-MRA.
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FIGURES

TWIST reconstruction from 1A + 5B Iterative TWIST reconstruction from 1A + 1B
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Figure 1. The TWIST acquisition repeats the series of sampling patterns: A-B;-A-B,-A-Bs-A-By-
A-Bs, each B region corresponding to different k-space positions (visualized as different colors
above), that, when combined, form a full regularly undersampled k-space periphery. The TWIST
reconstruction uses a single A and the five closest B regions to obtain a k-space suitable for
GRAPPA reconstruction (left). Our proposed iterative TWIST reconstruction uses only a single
A-B pair, thus minimizing its temporal footprint (right).

Ao =0.0002 A =0.002 As =0.02

MIP images

Source images

Figure 2. MIP and source images of IT-TWIST reconstructions with different regularization
parameters. The parameter A = 0.002 was chosen as the best compromise for vessel
delineation vs. noise.
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Figure 3. Subtracted MIP and corresponding slices of source images over time (columns) from
standard TWIST and IT-TWIST reconstructions in a patient with known ascending aortic
aneurysm. Comparison of the MIP images shows the substantially better delineation of small to
mid-size pulmonary vasculature, which can also be seen in the corresponding source images.
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Figure 4. Subtracted MIP images over time (columns) of patients with aortic root aneurysm (top
rows) and after aortic coarctation repair (bottom rows). Both cases show marked improvement
of the apparent CNR and pulmonary vasculature delineation, with parenchymal enhancement
displayed in the upper case.
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Figure 5. ROI time-signal curve analysis: TWIST (red line with squares) vs. IT-TWIST (blue,
dotted line with circles) reconstructions in the patient shown in Figure 3 for large, medium and
small vessels. While both methods show identical performance within large vessels (main
pulmonary artery, ascending aorta), IT-TWIST demonstrates a gain in peak signal intensity
during the GBCA first pass in mid-size and small vasculature (mid and distal pulmonary
artery/vein).
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Supporting Figure S1. Box plot of the scores given by both readers for the aspects of aortic
contrast-to-noise ratio, aortic delineation and pulmonary vasculature delineation. The red lines
represent the median values, closed boxes show the 25 % and 75 % quantiles and dashed lines
show the minimum and maximum value. The two outliers for pulmonary vasculature delineation
using IT-TWIST reconstruction are marked by circles.



Aortic CNR (MIP) Aortic delineation (source) Pulm. Vasc. Delineation (MIP)
TWIST IT-TWIST TWIST IT-TWIST TWIST IT-TWIST
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1 2 2 3 3 2 2 3 3 0 0 2 1
2 3 3 4 4 3 3 4 4 1 1 4 4
3 2 2 3 4 3 3 4 4 n/a n/a n/a n/a
4 3 3 4 4 4 3 4 4 1 1 4 3
5 1 2 2 3 2 2 3 3 0 0 1 1
6 2 3 4 4 2 2 4 4 1 0 4 4
7 4 3 4 4 4 4 4 4 2 2 3 4
8 2 2 3 4 2 2 3 3 0 0 4 4
9 3 3 4 4 3 3 4 4 1 2 4 4
10 2 2 3 3 2 2 3 3 0 0 3 3
11 3 3 4 4 3 4 4 4 1 1 3 4
Mean 25 25 3,5 3,7 2,7 2,7 3,6 3,6 0,7 0,7 3,2 3,2
Std.dev.| 0,8 0,5 0,7 0,5 0,8 0,8 0,5 0,5 0,7 0,8 1,0 1,2
Median 2 3 4 4 3 3 4 4 1 0,5 3,5 4

Supporting Table S2. Raw Likert scores of both readers regarding the aspects of aortic contrast-
to-noise ratio, aortic delineation and pulmonary vasculature delineation. In case 3, no small/mid-
size pulmonary vessels were covered by the aortic TWIST.

FWHM [s]

Vessel TWIST IT-TWIST
Main pulmonary artery 7.1+x12 7.1+1.4
Pulmonary artery (mid) 8.1+1.7 71+1.3
Pulmonary artery (distal) 12.0+7.1 85+29
Ascending aorta 10.7+2.3 102+2.4
Pulmonary vein (mid) 127+7.2 11.5+59
Pulmonary vein (distal) 13.6 +4.5 10.5+4.7

Supporting Table S3. Mean and standard deviation over all cases of full width at half maximum
(FWHM) of contrast agent bolus signal of different vessels for TWIST and IT-TWIST

reconstruction.



