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ABSTRACT

BACKGROUND AND PURPOSE: Intracranial vessel imaging by time-of-flight MR angiography (TOF-MRA) is one of the
most frequently performed investigations in clinical neuroradiology. Particularly in the acute setting, fast imaging is needed for
diagnostics, with a sequence ideally depicting even small vessels. The purpose of this study was to compare image and diagnostic
quality of a novel ultrashort TOF-MRA sequence accelerated by spiral imaging (TOF-Spiral-short) to a standard TOF-MRA sequence
accelerated by compressed sensing (TOF-CS) and to CT angiography (CTA).

METHODS: Forty-one patients (36.6% showing vessel pathologies) who had undergone TOF-CS (acquisition duration: 4 minutes
8 seconds), TOF-Spiral-short (acquisition duration: 51 seconds; spiral imaging [accelerating factor 1.3], decreased field of view
[accelerating factor 1.2], and increased voxel size [accelerating factor 3.3]), and CTA were retrospectively evaluated. Assessment
of image quality, diagnostic confidence, and quantification of stenosis or aneurysm diameter were performed by two readers.
RESULTS: Image quality at the skull base was slightly reduced with TOF-Spiral-short compared to CTA and TOF-CS (P < .05).
Delineation of small intracranial vessels was improved by TOF-Spiral-short compared to CTA (P < .0001). In TOF-Spiral-short,
diagnostic confidence was not reduced compared to TOF-CS in patients with vessel pathologies. We observed no significant
difference in quantitative pathology assessment between TOF-Spiral-short and the other two modalities. TOF-Spiral-short enabled
the correct identification of all vessel pathologies.

CONCLUSIONS: Accelerating TOF-MRA of brain-feeding arteries by a novel ultrashort spiral imaging sequence shows adequate
image quality and sufficient diagnostic performance. Thus, TOF-Spiral-short holds potential for fast and reliable diagnostics of
vessel pathologies, particularly in the acute setting.
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Introduction

Fast, reliable, and safe imaging of cerebral vasculature is
of utmost importance for diagnostics, treatment planning,
and patient counseling in diseases that affect the intra- or
extracranial brain-feeding arteries, with ischemic stroke due to
thromboembolic vessel occlusion representing the entity in this
spectrum with the highest morbidity and economic impact.!™
Digital subtraction angiography (DSA) is usually regarded as
the gold-standard method in arterial intracranial vessel imag-
ing especially in complex pathologies where high-resolution
imaging is warranted, but this technique holds important lim-
itations, namely, the necessity of applying iodinated contrast
agents, exposure to radiation, restricted availability, and pos-
sible procedural complications due to the invasiveness of the
approach.*® CT angiography (CTA) is the standard modality
when acute onset neurological deficits warrant rapid imaging

of the brain-feeding arteries.® However, vessel evaluation
can be impaired in calcified atherosclerotic vasculature.®™
Furthermore, CTA also employs iodinated contrast agents and
radiation, thereby limiting its usage or at least requiring careful
evaluation of indication.’

Time-of-flight MR angiography (TOF-MRA) is based on a
3-dimensional multiple volume acquisition for an optimal in-
flow effect and has evolved as an important alternative imaging
modality, rendering intravenous contrast agents and exposure
to radiation unnecessary.'"* However, the technique is com-
paratively slow, and generating a spatial resolution below 1 mil-
limeter with an acceptable signal-to-noise ratio (SNR) within
an acceptable scan time can be challenging and is commonly
achieved by limiting the field of view (FOV).!* Different tech-
niques to accelerate TOF-MRA have evolved over the recent
years, one of which is compressed sensing, an undersampling

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.

© 2020 The Authors. Journal of Neuroimaging published by Wiley Periodicals LLC on behalf of 1

American Society of Neuroimaging


https://orcid.org/0000-0003-2973-5687
https://orcid.org/0000-0002-8120-2223
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjon.12791&domain=pdf&date_stamp=2020-10-29

algorithm of the k-space that is increasingly used in various
MRI applications.!

Spiral imaging is another method that has recently been in-
troduced to clinical imaging applications. TOF-MRA using spi-
ral imaging, as employed in this study, utilizes a stack of spirals
with an in-plane spiral-out trajectory that has the advantage of
short echo times (TEs) and an intrinsic compensation for higher
gradient moments.”>?* Blurring due to off-resonance is usually
corrected during reconstruction based on a magnetic field map
acquired prior to the spiral scan.?* Studies have shown the
usability of spiral imaging in T1-weighted spin echo
sequences.”” Recently, it has been demonstrated that spi-
ral imaging can be used to generate TOF-MRA sequences in
a comparable amount of time when compared to TOF-MRA
accelerated by compressed sensing.?®

Due to the inherent advantages of spiral imaging mentioned
above, we hypothesize that it can markedly accelerate TOF-
MRA, thereby outperforming other acceleration algorithms
such as TOF-MRA accelerated by compressed sensing, with
only minor drawbacks regarding coverage, spatial resolution,
or diagnostic quality. For this purpose, we qualitatively and
quantitatively compared a newly implemented ultrashort and
optimized TOF-MRA sequence using spiral imaging to our
hospital-intern standard TOF-MRA sequence employing com-
pressed sensing and the gold-standard method of CTA.

Methods
Ethics

This retrospective single-center study was approved by the local
institutional review board of our hospital (registration number:
1/19 S). Informed consent was waived due to the retrospective
design of the study.

Study Setup and Purpose

In December 2018 and January 2019, 119 patients with indi-
cation for MRI-based imaging of brain-feeding arteries under-
went TOF-MRA, employing one Compressed SENSE (CS) se-
quence (TOF-CS; acquisition duration: 4 minutes 8 seconds)
and one ultrashort sequence using spiral imaging (TOF-Spiral-
short; acquisition duration: 51 seconds). Acquisition of these se-
quences took place in the context of the 8-week initiation phase
of a new MRI scanner software being capable of applying spi-
ral imaging. Patients who underwent TOF-MRA in this initia-
tion phase were retrospectively identified in our hospital’s insti-
tutional digital Picture Archiving and Communication System
(PACS).

For this study, the following inclusion criteria were defined:
(1) age above 18 years, (2) referral for MRI with an indica-
tion for imaging of brain-feeding arteries, (3) acquisition of two
TOF-MRA sequences: TOF-CS and TOF-Spiral-short, and (4)
previous or later acquisition of CTA of brain-feeding arteries
as the gold-standard method (maximum interval of 1 week be-
tween TOF-MRA and CTA). Furthermore, the following ex-
clusion criteria were determined: (1) motion artifacts in CTA
and/or TOF-MRA imaging data to a degree hampering un-
equivocal evaluation of vessel walls or pathology (10 patients; 6
patients with motion artifacts in both TOF-CS and TOF-Spiral-
short and 4 patients with motion artifacts in TOF-CS only), (2)
artifacts in CTA and/or TOF-MRA imaging data due to for-
eign objects, and (3) revascularization of a previously occluded
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Table 1. Acquisition Parameters of Time-of-Flight Magnetic Reso-
nance Angiography

Sequence TOF-CS TOF-Spiral-short

Acquisition type 3-dimensional 3-dimensional

TR/TE (ms) 25/3.5 25/3.5
Min TE (ms) 3.1 1.31
TE characteristics Out-phase, 3.45 ms Out-phase, 3.45 ms
Acquired voxel 0.8 x 0.7 x 0.4 1.1 x 0.82 x 0.82
size (mm)
Field of view (mm) 200 x 200 x 88 200 x 200 x 70
Flip angle (degree) 20 20
Partial echo Yes No
CS factor 5 -
Denoising Strong -
Readout duration - 10
(ms)
Spiral interleaves - 22
Acquisition 4 minutes 8 seconds 51 seconds

duration

CS = Compressed SENSE; TE = echo time; TOF = time-of-flight; TR = repeti-
tion time.

vessel or stenting, clipping, or coiling performed during the in-
terval between CTA and TOF-MRA imaging (in patient cases
with thromboembolic vessel occlusion, stenosis, or aneurysms).

The final diagnosis of vessel pathology during clinical rou-
tine was based on CTA and our conventionally acquired TOF-
CS sequence in combination with previous or later DSA exam-
inations, if performed, thus considering all available imaging
data. In this study, the TOF-Spiral-short sequence is system-
atically compared to CTA and to TOF-CS as our institution’s
internal reference sequence for MRI-based imaging of brain-
feeding arteries.

Imaging of Brain-Feeding Arteries
Computed Tomography Angiography

The CTA data used in this study were derived from scanning
on a multidetector CT (MDCT) scanner (Ingenuity Core 128,
Philips Healthcare, Best, The Netherlands). Standard bolus trig-
gering was used during CTA acquisition, with the region of
interest (ROI) being located in the descending aorta. The ex-
aminations were performed after administration of intravenous
contrast agent (Iomeprol, Imeron 400, Bracco Imaging, Mi-
lano, Italy), with injections being administered at a flow rate
of 4 mL/seconds (total volume of contrast agent of 50 mL, fol-
lowed by injection of 10 mL of saline solution). The acquisi-
tion started with a delay of 6 seconds after mean attenuation in
the ROI reached 120 Hounsfield Units. The tube voltage was
120 kVp, and the tube current was implicitly modulated by the
scanner software during the gantry’s rotation. CTA data were
reconstructed using iterative reconstruction as provided by the
MDCT system.

Magnetic Resonance Angiography

All TOF-MRA imaging was performed on the same 3-Tesla
MRI scanner (Achieva dStream, Philips Healthcare) using
product software R5.6, enabling CS and spiral imaging. Scan-
ning was performed head first in supine position using a
32-channel head coil.

The TOF-CS and TOF-Spiral-short sequences were ac-
quired as part of multisequence imaging protocols that were
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Fig 1. Female patient with vertigo and ataxia undergoing MRI including time-of-flight MR angiography (TOF-MRA) to rule out ischemia
of the brain stem. The planning of the field of view (FOV) is depicted for the TOF-MRA sequence acquired with Compressed SENSE
(TOF-CS; A) and spiral imaging (TOF-Spiral-short; B). The FOV of TOF-Spiral-short was reduced in its craniocaudal dimensions to further

decrease acquisition time.

individually adapted according to the clinical indication.
Because TOF-CS is the dedicated MRA technique in our
institution in clinical practice, it was acquired first in all pa-
tients, whereas TOF-Spiral-short was acquired subsequently.
In case that contrast agent was applied, the TOF-CS and TOF-
Spiral-short sequences were acquired prior to administration
by default. Relevant acquisition parameters of the sequences
are displayed in Table 1. A 3-dimensonal magnetic field map
to correct for off-resonance was acquired in the first 10 seconds
of the TOF-Spiral-short (included in the acquisition time of
51 seconds for the TOF-Spiral-short sequence).

Acquisition planning was identical for both TOF-MRA se-
quences and was performed in an individual survey scan. The
FOV was manually centered on the supposed location of the
Circle of Willis, and the plane between the foramen magnum
and nasion was chosen as a reference for determining the an-
gulation. The exact size of the FOV was predetermined for
both TOF-MRA sequences and was the same in all enrolled
patients. Specifically, the FOV of TOF-CS was 18 mm larger
in craniocaudal dimensions and the voxel size of TOF-Spiral-
short was .52 mm?® larger compared to TOF-CS (Table 1).
TOF-Spiral-short was faster than TOF-CS by a factor of ~5.

This was achieved by (1) spiral imaging, accelerating by a fac-
tor of 1.3, (2) decreased FOV, accelerating by a factor of 1.2,
and (3) increased voxel size, accelerating by a factor of 3.3.

Despite the smaller FOV in TOF-Spiral-short, each se-
quence’s FOV allowed for depiction of at least the distal
extracranial, intraosseous, and intradural internal carotid artery
(ICA), the anterior cerebral artery (ACA; Al and A2 segments),
middle cerebral artery (MCA; M1 to M3 segments), posterior
cerebral artery (PCA; P1 to P2 segments), distal vertebral artery
(VA), and basilar artery (BA). A saturation band was placed
above the FOV and the auto-shim function was applied (Fig 1).
Furthermore, two reconstruction samples were deposited for
both TOF-MRA sequences, respectively, generating maxi-
mum intensity projections (MIPs) with left-right and up-down
rotations.

Evaluation of Imaging Data

Evaluation of CTA and TOF-MRA imaging data was indepen-
dently performed by two readers (two neuroradiologists with 7
and 4 years of experience in neuroradiological imaging, reader
1 [R1] and reader 2 [R2]). Both qualitative and quantitative
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Table 2. Scoring System for Qualitative Image Evaluation

Image Quality: Large Vessels

Score
1 2 3 4 5
Extracranial Evaluation of vessel Evaluation of vessel Evaluation of vessel Evaluation of vessel wall No artifacts
ICA occlusion not possible stenosis not possible  stenosis possible possible — only small
artifacts present
Intraosseous
ICA
Intradural Unacceptable diagnostic ~ Unacceptable Acceptable No compromise of No compromise of
ICA quality diagnostic quality diagnostic quality diagnostic quality diagnostic quality
VA and BA
Detectability: Medium Vessels
Score
0 1 2 3
ACA Unclear/not Only Al segment Al and A2 segments -
distinguishable distinguishable distinguishable
MCA Only M1 segment M1 and M2 segments M1, M2, and M3
distinguishable distinguishable segments
distinguishable
PCA Only P1 segment P1 and P2 segments -
distinguishable distinguishable
Detectability: Small Vessels
Score
0 1 2
AChA Unclear/not Distinguishable to level Distinguishable to level of
distinguishable of brainstem ventricle (temporal horn)
SUCA Distinguishable to level Distinguishable to
of cerebellar peduncle cerebellar parenchyma
PCOM left Distinguishable in its -
entire course
PCOM right Distinguishable in its -

entire course

ACA = anterior cerebral artery; AChA = anterior choroidal artery; BA = basilar artery; ICA = internal carotid artery; MCA = middle cerebral artery; PCA = posterior
cerebral artery; PCOM = posterior communicating artery; SUCA = superior cerebellar artery; VA = vertebral artery.

evaluations were performed in the PACS viewer (IDS7, Sectra
AB, Linkoping, Sweden).

Prior to assessments, image layouts showing the CTA, TOF-
CS, and TOF-Spiral-short sequences (including MIP recon-
structions) were generated, with the patient and TOF-MRA se-
quence details hidden. Furthermore, readers were not allowed
to access the reports created during clinical routine or any other
imaging data of the enrolled patients. The order of image assess-
ments for qualitative evaluations was randomized (eg, analysis
started with the CTA, TOF-CS, or TOF-Spiral-short imaging
data). In case that the CTA covered a larger area (eg, FOV cov-
ering at least the aortic arch to the vertex) when compared to
the TOF-MRA sequences, the evaluation of CTA was restricted
to the area that both CTA and TOF-MRA imaging data had in
common.

Qualitative Analysis and Diagnostic Confidence

Qualitative analyses were separately performed for the CTA,
TOF-CS, and TOF-Spiral-short imaging data using a standard-
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ized scoring scheme (Table 2). Similar scoring systems have
been used in previous publications on evaluations of CTA or
TOF-MRA images.?%?’

Scoring included the assessment of image quality and image
artifacts of large vessels (extracranial ICA, intraosseous ICA, in-
tradural ICA, VA, and BA) and detectability of medium vessels
(ACA, MCA, and PCA with their proximal to distal segments)
as well as small vessels (anterior choroidal artery [AChA], su-
perior cerebellar artery [SUCA], and posterior communicating
artery [PCOM]). Except for evaluations of the PCOM (separate
assessment of the left and right PCOM), scorings were based on
evaluations of the vessels of both hemispheres together in case
of bilateral existence. Furthermore, readers counted the num-
ber of vessel pathologies per patient, the affected vessel and seg-
ment, side, and type of abnormality, if any (stenosis, occlusion,
or aneurysm).

Diagnostic confidence was determined according to a three-
point grading scheme (1 = low, 2 = intermediate, and 3 = high
diagnostic confidence) in each sequence. In patients without
registered vessel pathologies or with only one vessel pathology,



ACTA

Circle of Willis tra. Basilar artery cor.

B TOF-CsS
Circle of Willis tra.

C TOF-Spiral-short
Circle of Willis tra.

Fig 2. Male patient with painless paresis of the left lower extremity.
Imaging revealed a short-path stenosis of the basilar artery (arrows)
and subacute ischemia in the primary motor cortex (not shown). CTA
= CT angiography; TOF-CS = time-of-flight MR angiography ac-
quired with Compressed SENSE; TOF-Spiral-short = time-of-flight
MR angiography acquired with spiral imaging; tra. = transversal; cor.
= coronal; MIP = maximum intensity projection; Recon = image re-
construction.

one score for diagnostic confidence was assigned. In patients
with more than one vessel pathology, one distinct score for
diagnostic confidence was determined for each detected vessel
pathology.

Quantitative Analysis

In patients with at least one detected vessel pathology (steno-
sis, occlusion, or aneurysm), quantitative analyses were per-
formed in addition to qualitative evaluations based on the
CTA, TOF-CS, and TOF-Spiral-short imaging data. All mea-
surements were performed with standard tools implemented in
the PACS viewer.

Concerning aneurysms, the maximum diameter was mea-
sured while considering all available plains. For stenoses, the
North American Symptomatic Carotid Endarterectomy Trial
(NASCET) criteria were considered to determine the degree
of lumen stenosis for both extra- and intracranial arterial

ACTA
Circle of Willis tra.

Basilar artery cor.

B ToF-cs
Circle of Willis tra.

3D MIP Recon

C TOF-Spiral-short

Circle of Willis tra. 3D MIP Recon

Fig 3. Male patient with sudden onset of visual field defects and a
vessel occlusion at the P1/P2 junction of the right posterior cerebral
artery (arrows). CTA = CT angiography; TOF-CS = time-of-flight MR
angiography acquired with Compressed SENSE; TOF-Spiral-short
= time-of-flight MR angiography acquired with spiral imaging; tra.
= transversal; cor. = coronal; MIP = maximum intensity projection;
Recon = image reconstruction.

vessels.30 In patients with complete vessel occlusions, no
quantitative parameters were extracted from the image data.
In case of more than one detected vessel pathology per patient,
each pathology was measured separately.

Statistical Analysis

Statistical analysis was performed with GraphPad Prism (ver-
sion 7.0; GraphPad Software Inc) and SPSS (version 26.0; IBM
SPSS Statistics for Windows), with a P-value < .05 indicating
statistical significance. Descriptive statistics were calculated for
patient characteristics and demographics and, furthermore, for
the scores of qualitative analyses and diagnostic confidence as
well as for quantitative analyses. Scores for diagnostic confi-
dence were analyzed separately for patients with and without
vessel pathologies, and quantitative analyses were considered
in patients with aneurysms and patients with stenosis, respec-
tively.
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ACTA
ICA at carotid canal tra.

ICA extracranial cor.

<«

"?“:

hatts

B toF-cs

ICA at carotid canal tra. 3D MIP Recon

c TOF-Spiral-short

ICA at carotid canal tra.

Fig 4. Male patient with transient ischemic attack (amaurosis fu-
gax). Imaging revealed an occlusion of the internal carotid artery
(ICA; arrows) at the right side without signs of acute ischemia. CTA
= CT angiography; TOF-CS = time-of-fight MR angiography ac-
quired with Compressed SENSE; TOF-Spiral-short = time-of-flight
MR angiography acquired with spiral imaging; tra. = transversal; cor.
= coronal; MIP = maximum intensity projection; Recon = image re-
construction.

To compare scores assigned for image quality, detectabil-
ity of medium vessels, detectability of small vessels, and
diagnostic confidence among evaluations of CTA, TOF-CS,
and TOF-Spiral-short imaging data, Wilcoxon signed-rank
tests were conducted based on the evaluations of both read-
ers, respectively. To evaluate interreader agreement between
the evaluations of R1 and R2, weighted Cohen’s kappa was
calculated. For measurements of maximum aneurysm diam-
eter or degree of stenosis, Wilcoxon signed-rank tests were
performed among values derived from CTA, TOF-CS, and
TOF-Spiral-short imaging data, again discriminating between
the evaluations of both readers. Furthermore, correlations in
quantitative analyses between readers were assessed by means
of the intraclass correlation coefficient (ICC). Furthermore, the
rate of pathology detection was compared to the final clinical
diagnosis using the combined consensus reading of CTA,
TOF-CS, and DSA, if available.
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ACTA

Circle of Willis tra. Cirple of Willis tra.

B torcs

PCA at P2 segment tra. 3D MIP Recon

TOF-Spiral-short

PCA at P2 segment tra. 3D MIP Recon

Fig 5. Female patient with sudden onset of hypesthesia. Imaging
revealed a short occlusion of the P2 segment of the posterior cere-
bral artery (PCA; arrows) at the left side with signs of acute ischemia
in the left thalamus (not shown). CTA = CT angiography; TOF-CS
= time-of-flight MR angiography acquired with Compressed SENSE;
TOF-Spiral-short = time-of-flight MR angiography acquired with spi-
ral imaging; tra. = transversal; MIP = maximum intensity projection;
Recon = image reconstruction.

Results
Study Cohort

Forty-one patients (mean age: 65.8 & 17.9 years, age range: 18.2-
93.7 years; 36.6% females) fulfilled the inclusion criteria and
were enrolled in this study. The average time interval between
the beginning of the MRI examination and the completion of
acquisition of the TOF-CS and TOF-Spiral-short sequences was
16.1 £ 2.2 minutes (time range: 10.0-24.0 minutes).

The concluding clinical diagnosis using a combined consen-
sus reading with CTA, TOF-CS, and DSA (if available) ruled
out vessel pathologies in 26 patients (63.4%), whereas 15 pa-
tients (36.6%) showed at least one vessel pathology. Among
these 15 patients, 25 vessel pathologies of different entity (steno-
sis, occlusion, or aneurysm) were recorded in total. In detail,
11 vessel pathologies were stenoses (44.0%; Fig 2), occlusions
accounted for nine vessel pathologies (36.0%; Figs 3-5), and



ACTA
Circle of Willis tra.

Basilar artery cor.

- ‘;‘ ” “
B ToF-cs

Circle of Willis tra. 3D MIP Recon

c TOF-Spiral-short

Circle of Willis tra. 3D MIP Recon

Fig 6. Female patient with sudden onset of headache and cervical
neck pain. Imaging revealed an aneurysm of the anterior cerebral
artery (arrows) without signs of related subarachnoid hemorrhage.
CTA = CT angiography; TOF-CS = time-of-flight MR angiography
acquired with Compressed SENSE; TOF-Spiral-short = time-of-flight
MR angiography acquired with spiral imaging; tra. = transversal; cor.
= coronal; MIP = maximum intensity projection; Recon = image re-
construction.

aneurysms were noted for the remaining five vessel patholo-
gies (20.0%; Figs 6 and 7). These vessel pathologies affected the
ICA (28.0%), M1 segment (20.0%) or M2 segment (12.0%), BA
(12.0%) or V4 segment (12.0%), P1 segment (8.0%) or P2 seg-
ment (4.0%), and A2 segment (4.0%).

Qualitative Analysis

Table 3 shows the results for large vessel image quality and
medium and small vessel detectability. Worse scores were as-
signed in TOF-Spiral-short when compared to CTA or TOF-
CS for large vessel image quality (P < .05); however, the image
quality for VA, BA, and extracranial ICA was still high with
only minor image artifacts. A more prominent drawback was
found for TOF-Spiral-short at the intradural and intraosseous
ICA, where image quality was only rated as acceptable (Fig 8).

Regarding detectability of the ACA, MCA, and PCA and
their segments, differences were not detectable when compar-

ACTA
Left MCA tra.

Left MCA cor.

B torcs
Left MCA tra.

TOF-Spiral-short
Left MCA tra.

Fig 7. Female patient with sudden headache. Imaging revealed an
aneurysm of the left middle cerebral artery (MCA; arrows) without
signs of related subarachnoid hemorrhage. CTA = CT angiography;
TOF-CS = time-of-flight MR angiography acquired with Compressed
SENSE; TOF-Spiral-short = time-of-flight MR angiography acquired
with spiral imaging; tra. = transversal; cor. = coronal; MIP = maxi-
mum intensity projection; Recon = image reconstruction.

ing CTA or TOF-CS to TOF-Spiral-short imaging data (P >
.05). Detectability of small vessels such as the AChA or SUCA
was better in TOF-Spiral-short sequences when compared to
CTA imaging data (P < .0001), whereas differences were not
detectable between the left- and right-sided PCOM (P > .05;
Fig 8).

Diagnostic Confidence

Table 4 displays the results for diagnostic confidence. In pa-
tients without suspected vessel pathologies, average diagnostic
confidence was high for CTA, TOF-CS, and TOF-Spiral-
short imaging data (except for the evaluation of R2 for the
TOF-Spiral-short imaging data, which was of intermediate di-
agnostic confidence). Similarly, diagnostic confidence was also
intermediate to high in patients with vessel pathologies, with
no significant differences between scores assigned in CTA or
TOF-CS compared to TOF-Spiral-short (P > .05). Interreader
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Table 3. Large Vessel Image Quality and Medium and Small Vessel Detectability

p(CTA vs. p (TOF-CS vs.
Vessel/Segment Reader CTA TOF-CS TOF-Spiral-short TOF-Spiral-short) TOF-Spiral-short)
Extracranial ICA R1 4.8 + 4 4.8 + 4 3.8 +£.5 <.0001 <.0001
R2 4.6 + .5 4.8 + .5 3.8 +.7 <.0001 <.0001
Intraosseous ICA R1 4.5 + .6 4.6 £ .5 3.0 +£.7 <.0001 <.0001
R2 4.4 + .7 4.8 + 4 3.1+ .8 <.0001 <.0001
Intradural ICA R1 4.4 + .7 42 + .7 31 +.7 <.0001 <.0001
R2 4.4 + .7 4.3 + .7 32+ .8 <.0001 <.0001
VA and BA R1 43 £ .7 4.1 + .8 3.6 £ .7 <.0001 .0003
R2 4.3 + .7 41+ .9 3.6 £ .8 .0001 .0096
ACA R1 2.0 £ .0 1.9 + .3 2.0 £ .0 n.s. n.s.
R2 2.0 £ .0 19 +£ .3 2.0 + .0 n.s. n.s.
MCA R1 3.0 £ .0 29 + 4 29 + 4 n.s. n.s.
R2 3.0 £ .0 29 + 4 2.9 + 4 n.s. n.s.
PCA R1 2.0 £ .0 2.0 + .2 20+ .3 n.s. n.s.
R2 2.0 £ .0 2.0 £ .2 2.0 + .3 n.s. n.s.
AChA R1 2+ 4 1.2 +£.7 1.3 +£.7 <.0001 n.s.
R2 24+ 4 1.2 +£ .7 1.3 +£.7 <.0001 n.s.
SUCA R1 1.6 + .6 2.0 + .2 2.0 £ 2 <.0001 n.s.
R2 1.6 + .6 2.0 £ 2 2.0 £+ 2 <.0001 n.s.
PCOM left R1 b5+ 5 b5+ 5 6+ .5 n.s. n.s.
R2 b5+ 5 b5+ 5 6.5 n.s. n.s.
PCOM right R1 4+ 5 S E5 SE5 ns. ns.
R2 4+ 5 b5+ 5 bS5+ 5 n.s. n.s.

This table shows the results of the readers’ evaluations of large vessel image quality and medium and small vessel detectability according to the scoring system presented
in Table 2. Cells provide mean scores + standard deviation; P-values indicate statistical significance for the comparisons of scores (n.s. = not significant considering a

level of statistical significance of P < .05).

ACA = anterior cerebral artery; AChA = anterior choroidal artery; BA = basilar artery; CS = Compressed SENSE; CTA = CT angiography; ICA = internal carotid
artery; MCA = middle cerebral artery; PCA = posterior cerebral artery; PCOM = posterior communicating artery; R1 = reader 1; R2 = reader 2; SUCA = superior

cerebellar artery; TOF = time-of-flight; VA = vertebral artery.

agreement for diagnostic confidence was substantial to almost
perfect for CTA, TOF-CS, and TOF-Spiral-short imaging data
(range of weighted Cohen’s kappa: .62-.93).

Diagnostic Performance

All vessel pathologies were correctly identified by both readers
in TOF-Spiral-short imaging data compared to the clinical con-
sensus reading without any missed pathology or misclassifica-
tion of the pathology entity (stenosis, occlusion, or aneurysm).

Quantitative Analysis

Table 4 depicts the results of quantitative assessment of vessel
pathology. The maximum diameter of aneurysms showed no
significant difference when comparing the measurements ob-
tained in CTA and TOF-CS or TOF-Spiral-short imaging data
(P> .05), with excellent agreement between the assessments of
both readers (range of ICC: .99-1.00). Furthermore, in patients
with stenoses, no significant difference was revealed between
grading in CTA and TOF-CS or TOF-Spiral-short imaging data
(P> .05), again obtaining excellent agreement between readers
(range of ICC: .94-.99).

Discussion

In this study, we showed that TOF-MRA using spiral imag-
ing can be exploited to generate images of brain-feeding vas-
culature in a very short time span of only 51 seconds. The
TOF-Spiral-short sequence was conceptualized with a slightly
smaller FOV than TOF-CS and it exhibited an increased num-
ber of artifacts at the skull base. However, it allowed image
acquisition with sufficient image quality and high diagnostic
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confidence when compared to conventional CTA as the gold-
standard method and to TOF-MRA accelerated by CS as the
hospital-intern reference for TOF-MRA.

Of note, comparing assigned pathologies to the gold-
standard assessment of CTA as defined in this study, no false-
negative or false-positive classifications were noted, thereby
yielding a diagnostic accuracy of 100% in this small patient
population. Furthermore, the assessed grade of stenosis and
aneurysm diameter according to quantitative measurements
showed high accordance among the three imaging modalities,
underscoring the high clinical applicability and usability of the
images generated by an ultrashort TOF-MRA sequence apply-
ing spiral imaging. A high sensitivity and specificity for detec-
tion of intracranial pathologies despite small drawbacks in sub-
jective image quality at the skull base might in part be explained
by the high accordance in quantitative, non-subjective measure-
ments between imaging using TOF-Spiral-short and TOF-CS.
Reliable quantitative measurements are a feature that a radi-
ologist can resort to for a final decision on the assignment of
pathologies.

Assessing possible reasons for the critical imaging quality
of spiral imaging at the skull base, the most likely explana-
tion is represented by off-resonance effects, which are usually
caused by B0 field inhomogeneities that induce blurring when
not corrected for. BO field inhomogeneities are particularly pro-
nounced at air-tissue or bone-tissue interfaces as observed at the
skull base, for instance.?'** Additionally, some effects of vessel
orientation on image quality have been observed for other TOF
sequences®; hence, such implications might play a role in the
context of this study as well. Despite this drawback, spiral imag-
ing seems to offer crucial advantages that could be exploited to



A CTA

Skull Base tra. Circle of Willis tra.

B TOF-CS

Skull Base tra. Circle of Willis tra.

C TOF-Spiral-short

Skull Base tra. Circle of Willis tra.

Skull Base sag.

Basilar Artery cor.

3D MIP Recon c.c.

Fig 8. Female patient with vertigo and ataxia undergoing MRI to rule out ischemia of the brain stem. At the junction between extracranial and
intraosseous segments of the internal carotid artery (arrows) and between intraosseous and intradural segments of the internal carotid artery
(arrows with blunt ends), TOF-Spiral-short shows increased artifacts that reduce image quality. TOF-Spiral-short allows for better depiction
of small intracranial vessels like the posterior communicating artery (double arrowhead) and anterior choroidal artery (round arrowhead).
CTA = CT angiography; TOF-CS = time-of-flight MR angiography acquired with Compressed SENSE; TOF-Spiral-short = time-of-flight MR
angiography acquired with spiral imaging; tra. = transversal; cor. = coronal; sag. = sagittal; MIP = maximum intensity projection; Recon =

reconstruction; a.p. = anterior-posterior; c.c. = craniocaudal.

further accelerate image acquisition and to increase the SNR
in routine application of TOF-MRA. These consist of scanning
with short TEs, thereby limiting the necessity for partial Fourier
methods,** and an intrinsic compensation of higher gradi-
ent moments, thereby making imaging less sensitive to flow
artifacts,”>?® which are usually a large caveat in TOF-MRA
when blood flow is slow or turbulent.®® Further potential ac-
celeration could be achieved by 3-dimensional, multislice exci-
tation and parallel imaging.**® Importantly, a 2-dimensional
character makes spiral imaging an optimal candidate for
undersampling algorithms, as has been achieved in abdom-
inal phase contrast cardiac-gated volume flow measurement
by combining it with k-space undersampling via compressed
sensing.

Possible clinical applications of this ultrashort TOF-MRA
sequence are numerous. The intrinsic compensation of higher
gradient moments could in part contribute to the observed ad-
vantage in delineation of small intracranial vasculature such
as the AChA and SUCA. This, in turn, could particularly
facilitate imaging of complex vessel pathologies such as ar-
teriovenous malformations or dural arteriovenous fistulas. In-
creased delineation of small vasculature was observed in a pre-
vious publication on spiral-accelerated TOF-MRA at 1.5 Tesla,
but was mostly attributed to high spatial resolution.' In con-

trast to that finding, our study showed retention of this benefit
even in the setting of an ultrashort sequence with a lower spatial
resolution. Furthermore, with only 51 seconds, the acquisition
time is much faster compared to the already accelerated TOF-
CS and is roughly comparable to standard CTA protocols, with
the benefit of absence of radiation exposure and iodinated con-
trast agents. Despite its decreased FOV and challenging condi-
tions at the skull base regarding diagnostic confidence, patholo-
gies are readily and reliably detected, and their quantification
is not inferior to CTA or conventionally used TOF-MRA with
CS. With these benefits and radiologists trained to use this se-
quence for vessel evaluation, TOF-Spiral-short might not only
be a good candidate for fast vessel screening purposes but might
also augment CTA imaging for stroke diagnostics in selected
cases. Specifically, acceleration of TOF-MRA for imaging of
brain-feeding arteries is highly important in patients with acute
onset neurological deficits, particularly when occurring due to
thromboembolic vessel occlusion where reliable but fast imag-
ing is mandatory. Further, short acquisition times also offer ben-
efits when movement artifacts need to be minimized in agitated
patients who cannot lie still for a longer time period.

The ultrashort TOF-MRA sequence using spiral imaging
was about five times faster than TOF-CS. The improved ac-
quisition time is not completely attributed to the introduction
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Table 4. Diagnostic Confidence and Quantitative Assessment of Vessel Pathology

p(CTAvs p (TOF-CS vs
Reader CTA TOF-CS TOF-Spiral-short TOF-Spiral-short) TOF-Spiral-short)
Diagnostic Confidence
Patients without vessel pathology R1 28+ 4 28+ 4 26+.5 n.s. 0313
(26 patients) R2 2.6 + .6 28+.5 2.4 +.7 n.s. .0098
Kappa .62 74 - -
Patients with vessel pathology R1 26 +.5 25+.7 24+.7 n.s. n.s.
(15 patients) R2 2.6 + .6 244+ .8 2.4+ .8 n.s. n.s.
Kappa .88 93 - -
Quantitative Assessment
Diameter of aneurysm (in mm, R1 10.9 £ 10.4 10.7 £ 10.0 10.9 £ 104 n.s. n.s.
evaluated in 5 patients) R2 10.6 £9.9 10.7 £ 10.0 10.5 £9.7 n.s. n.s.
ICC 99 1.00 .99 - -
Degree of stenosis (in %, evaluated R1 51.3 £ 13.1 529 £ 125 54.4 +10.6 n.s. n.s.
in 11 patients) R2 50.5 £ 13.0 51.1 £ 13.1 525+ 119 n.s. n.s.
ICC .99 94 - -
This table shows the results of the readers’ evaluations of diagnostic confidence (separately for patients without and patients with vessel pathology; 1 = low, 2 =

intermediate, and 3 = high diagnostic confidence) and quantitative assessments of vessel pathology (maximum diameter of aneurysm, degree of stenosis according
to the North American Symptomatic Carotid Endarterectomy Trial [NASCET] criteria). Cells provide mean scores =+ standard deviation; P-values indicate statistical
significance for the comparisons of scores (n.s. = not significant considering a level of statistical significance of P < .05). Furthermore, for the assessment of interreader
agreement of diagnostic confidence, weighted Cohen’s kappa is presented, and interreader correlations for quantitative assessments are depicted by the intraclass

correlation coefficient.

CS = Compressed SENSE; CTA = CT angiography; ICC = intraclass correlation coefficient; R1 = reader 1; R2 = reader 2; TOF = time-of-flight.

of spiral imaging. In conservative calculations, we attributed a
factor of 1.3 to the acceleration of a given TOF-MRA sequence
with spiral imaging. The increase in voxel size constituted a
larger increase by a factor of 3.3 compared to TOF-CS, and
the reduction in the craniocaudal dimension added an accel-
eration factor of about 1.2. Nevertheless, increasing the voxel
size only is an option if adapted acceleration protocols such
as spiral imaging are available. Otherwise, drastic increase in
voxel size in conventional TOF-MRA would result in heavy im-
age blurring and decreased precision of interpretation of vessel
anatomy. In that regard, the nextlogical step would be to further
exploit spiral imaging by adding undersampling of the k-space
through compressed sensing and thus being able to further ac-
celerate a given TOF-MRA sequence protocol. Indeed, taking
advantage of k-space undersampling of the high spatial frequen-
cies by using a non-Archimedean spiral trajectory has long been
proposed.*?*3 Furthermore, it has already been implemented in
blood oxygenation level-dependent functional MRIL.**

We report no false-negative or false-positive cases, which
might appear contradictory to the rather inhomogeneous lu-
men signal in large vessels at the skull base for imaging by TOF-
Spiral-short. However, this issue manifested itself in a decreased
rating of vessel quality according to both readers. Furthermore,
although all cases were correctly classified as pathologic/non-
pathologic, both readers did so with notably decreased diagnos-
tic confidence in TOF-Spiral-short. To support results on detec-
tion of vessel pathology in the light of reduced lumen signal
quality for TOF-Spiral-short, we additionally performed quan-
titative assessments of detected vessel pathologies, namely by
evaluation of the degree of stenosis. This parameter should be
directly linked to vessel signal homogeneity and was found not
to be significantly different between CTA, TOF-CS, and TOF-
Spiral-short.

This study has several limitations. First, due to the retro-
spective character of this study and the implementation of
TOF-Spiral-short during clinical routine for testing purposes,
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the routinely used TOF-CS sequence was always acquired first
in order, whereas TOT-Spiral-short was acquired directly there-
after. Prospective trials with an alternating or random order of
sequences are warranted. Second, the relatively small patient
cohort has to be considered a relevant limitation, especially
with regard to patients with vessel pathologies as most of the
included patients of this study did not present with pathologi-
cal findings of intracranial vasculature. Third, the small FOV
of the TOF-Spiral-short sequence, especially when compared
to CTA imaging, excludes assessment of extracranial proxi-
mal brain-feeding arteries. Due to the retrospective character
of the study, the smaller voxel size and the larger FOV of
TOF-CS was not adapted to correlate with the parameters of
TOF-Spiral-short. This limits the comparability of both TOF-
MRA sequences regarding spatial coverage. Fourth, vessel ho-
mogeneity was not independently assessed but included into
the qualitative vessel scoring scheme we applied to the extracra-
nial ICA, intraosseous ICA, intradural ICA, VA, and BA. The
qualitative assessment of large vessels indeed was able to differ-
entiate between higher quality in CTA and TOF-CS imaging
and lower quality for TOF-Spiral-short.

In conclusion, TOF-Spiral-short, an ultrashort TOF-MRA
sequence using spiral imaging with an acquisition time of 51
seconds, is considerably faster than routinely acquired TOF-
MRA sequences with acceleration by compressed sensing and
has not been evaluated in imaging of brain-feeding arteries yet.
The TOF-Spiral-short sequence implemented in this study was
accelerated through spiral imaging by a factor of approxi-
mately 1.3 as well as by slightly reducing the FOV (accel-
erating the sequence by a factor of 1.2) as well as increas-
ing voxel size (accelerating the sequence by a factor of 3.3).
It showed minor drawbacks in image quality of large ves-
sels at the skull base compared to TOF-CS but still may of-
fer sufficient diagnostic performance and confidence in de-
tection and quantitative evaluation of vascular pathologies, if
sufficiently resolved by the chosen image resolution. Thus,



this new ultrashort TOF-MRA sequence using spiral imaging
may represent a prime alternative in diagnostics of intracra-
nial vessel pathology in the future, most notably in acute stroke
diagnostics.
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