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Background: Computed tomography angiography (CTA) and digital subtraction angiography (DSA) 
usually raise the risk of potential malignancies with cumulative radiation doses. Current time-of-flight 
magnetic resonance angiography (TOF-MRA) (dubbed as cTOF), which is based on Cartesian sampling 
mode, may show limited diagnostic conspicuity at sinuous or branching regions. It is also prone to relatively 
high false positive diagnoses and undesirable display of distal intracranial vessels. This study aimed to use 
spiral TOF-MRA (sTOF) as a noninvasive alternative to explore possible improvement, such that the 
application of magnetic resonance angiography (MRA) can be extended to facilitate clinical examination or 
cerebrovascular disease diagnosis and follow-up studies.
Methods: Initially, 37 patients with symptoms of dizziness or transient ischemic attack were consecutively 
recruited for suspected intracranial vascular disease examination from Zhongshan Hospital of Xiamen 
University between July 2020 and April 2021 in this cross-sectional prospective study. After excluding 1 
patient with severe scanning artifacts, 1 patient whose scanning scope did not meet the requirement, and 1 
patient with confounding tumor lesions, a total of 34 participants were included according to the inclusion 
and exclusion criteria. Each participant underwent intracranial vascular imaging with both sTOF and cTOF 
sequences on a 3.0 T MR scanner with a conventional head-neck coil of 16 channels. Contrast CTA or DSA 
was also performed for 15 patients showing pathology. Qualitative comparisons in terms of image quality 
and diagnostic efficacy ratings, quantitative comparisons in terms of signal-to-noise ratio (SNR), contrast-
to-noise ratio (CNR), vessel length, and sharpness were evaluated. Pair-wise Wilcoxon test was performed 
to evaluate the imaging quality derived from cTOF and sTOF acquisitions and weighted Cohen’s Kappa was 
conducted to assess the rating consistency between different physicians. 
Results: Compared to cTOF, sTOF showed better performance with fewer artifacts. It can effectively 
alleviate false positives of normal vessels being misdiagnosed as aneurysm or stenosis. Improved conspicuity 
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Introduction

The abnormal formation of intracranial vasculatures 
impedes blood-oxygen/nutrient supply and hemodynamic 
functionality, affecting brain parenchyma amid arteries 
and veins of all scales (1-3). Cerebrovascular diseases, such 
as ischemic and hemorrhagic stroke-related morbidities, 
have become the leading cause of brain impairment and 
functional loss (4-7).

Screening and characterization of cerebrovascular 
etiologies typically rely on intracranial vessel imaging. 
Computed tomography angiography (CTA) and digital 
subtraction angiography (DSA) are commonly used 
modalities, of which the former is suitable for fast imaging 
in acute brain pathology scenarios, and the latter can 
simultaneously enable sufficient spatial temporal resolution, 
whereas both modalities raise the stake of exposure to 
iodinated ion radiation (8,9). A recent follow-up study, 
involving 1 million children, adolescents, and young adults 
younger than 22 years old, revealed an association between 
cumulative computed tomography (CT) dose and risk of 
developing all hematological malignancies (10). Other 
limitations associated with the gold standard DSA include 
its invasive intervention, which increases the chance of 
thromboembolism or nephrotoxicity, and a risk of up to 
2.6% for intracranial hemorrhage alone (11-13).

In the series of magnetic resonance angiography 
(MRA), contrast-enhanced MRA (CE-MRA) illuminates 
vessel lumen via gadolinium-enhanced imaging similar to 
CTA, which requires precise tracking of bolus arrival time 
(14,15). The phase-contrast MRA (PC-MRA) encodes 
endovascular flow rate and utilizes the phase shift to derive 

image contrast, a procedure highly dependent on specific 
flow rate and direction (16,17). Arterial spin labeling MRA 
(ASL-MRA), which labels the proton spins in arterial blood 
and uses them as endogenous agents, has shown its flexibility 
to depict large and middle-sized arteries compared to that of 
dynamic CE-MRA, but it usually requires long scan duration, 
with limited signal-to-noise ratio (SNR) or spatial resolution. 
Meanwhile, 3-dimensional (3D) time-of-flight MRA (TOF-
MRA) has evolved to gain increased application, which 
utilizes inflow enhancement effect and is less affected by 
the variation of flow directions (18,19). Conventional 
Cartesian-based TOF-MRA (cTOF) that uses fast field 
echo sequence offers high SNR at a short acquisition time. 
It is however prone to signal loss and saturation effect 
caused by the stenosis of blood vessels or complex blood 
flow that inevitably fluctuates the bloodstream within the 
pixel. The susceptibility to image artifacts and motion-
induced imperfections has incurred much inconvenience for 
clinical diagnosis. In particular, cTOF has been limited by 
a high false positive rate in misdiagnosing normal vessels as 
stenosis or aneurysm (20-24).

Besides the aforementioned TOF-MRA techniques, 
another continually evolved variant has been associated 
with spiral TOF-MRA (sTOF), which acquires data with 
spiral trajectories featuring densely sampled central region 
and sparsely sampled periphery. It allows for a much 
shorter echo time and a more effective k-space trajectory 
with flexible readout window, and it is inherently robust 
to motion and flow artifacts (25). Recent studies have 
applied spiral imaging to TOF-MRA, which emphasized 
the equivalent imaging quality spiral MRA could obtain 
and showed its comparable performance to cTOF (26-32).  

was observed in cerebral distal regions with more clearly identifiable vasculature at finer scales. Quantitative 
comparisons in selected regions revealed significant improvement of sTOF in SNR (P<0.01 or P<0.001), 
CNR (P<0.001), vessel length (P<0.001), and sharpness (P<0.001) as compared to cTOF. Besides, sTOF can 
depict details of M1 and M2 segments of middle cerebral artery (MCA) at metallic implant region, showing 
its resistance to magnetic susceptibility. 
Conclusions: The sTOF shows higher imaging quality and lesion detectability with reduced artifacts and 
false positives, representing a potentially feasible surrogate in intracranial vascular imaging for future clinic 
routines. 
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The false positive challenge of cTOF and the versatile 
advantages of sTOF in cerebrovascular MRA have so far not 
been thoroughly examined. In effect, the superior imaging 
capability of sTOF in comparison to cTOF is beginning to 
emerge.

The purpose of this study was to evaluate the imaging 
quality of sTOF and its efficacy in alleviating false positive 
diagnoses of intracranial vascular diseases, exploring 
potential advantages that would not be readily achievable 
in cTOF. Furthermore, we also illustrate the feasibility of 
employing spiral cerebrovascular imaging as an alternative 
to conventional Cartesian imaging for future cerebral TOF-
MRA acquisition. It is expected to improve MRA imaging 
quality and physicians’ diagnostic confidence, in particular, 
to meet the increased demands of non-radioactive and 
noninvasive examination in clinical practice. We present 
this article in accordance with the STROBE reporting 
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-23-1533/rc).

Methods 

Study setting 

Patients with symptoms of dizziness or transient ischemic 
attack were consecutively recruited for suspected 
intracranial vascular disease examination between July 
2020 and April 2021 at Zhongshan Hospital of Xiamen 
University. All participants provided written informed 
consent. The study was carried out in accordance with 
the Declaration of Helsinki (as revised in 2013). The 
study protocol was approved by the Institutional Review 
Board of Zhongshan Hospital of Xiamen University (No. 
xmzsyyky[2019019]). 

As a prospective, single-center cross-sectional study, 
data eligible for selection fulfilled the following main 
inclusion criteria: (I) adult patients (age, ≥18 years), 
considering our prospective investigation involved an 
extended scan duration that may have become intolerable 
for children or adolescents; (II) acquisition of conventional 
T1, T2, and diffusion-weighted imaging (DWI) data 
prior to TOF-MRA imaging of both cTOF and sTOF 
sequences; (III) availability of CTA or DSA after TOF-
MRA for diagnostically confirmed patients; (IV) a complete 
diagnostic report regarding intracranial vascular disease. 
The exclusion criteria were as follows: (I) artifacts caused 
by any subjective or objective factors such as motion that 
severely degenerate the acquired image to be justifiably 

evaluated; (II) the scanning field of view (FOV) did not fully 
cover our region of interest (ROI); (III) patients with acute, 
dangerous, severe disease onsets or confounding preexisting 
conditions other than cerebrovascular diseases (such as 
tumor in brain parenchyma).

Imaging acquisition

Patients assuming a head-first supine position underwent 
TOF-MRA with standard 3.0 T MR clinical scanner 
(Ingenia CX; Philips Healthcare, Best, the Netherlands) 
using 16 channels of a conventional head/neck coil. Prior to 
acquisition, the FOV was selected by positioning the circle 
of Willis of each participant to the center, with appropriate 
angle by adjusting the plane between the nasion and foramen 
magnum. Specifically, the FOV covered the internal carotid 
artery (ICA), distal vertebral artery (VA) and basilar artery 
(BA), anterior cerebral artery (ACA), middle cerebral artery 
(MCA), and posterior cerebral artery (PCA).

The 3D TOF-MRA data were collected following 2 
imaging sequences. The cTOF refers to data acquisition 
using conventional Cartesian k-space readout, in which 
sensitivity encoding (SENSE) (33) was used with multiple 
receiver coils to accelerate the imaging procedure. 
Then, the k-space data of sTOF were obtained with the 
center-out spiral trajectory. Built-in software was used 
to calculate 2 maximum intensity projections (MIPs) to 
derive an angiogram. The cTOF parameters were selected 
directly following our institutional routine protocol; the 
sTOF parameters were chosen according to the vendor’s 
recommendation and practical trials. The main acquisition 
parameters of both sequences are summarized in Table 1.

Imaging analysis and statistical evaluation

Qualitative image assessment according to different vessel 
segments was performed independently by 2 radiologists 
(≥10 years’ experience) with 5-point Likert scales in a 
blinded manner, which were scored as 1, unacceptable 
image signals, bad vascular boundary, diagnosis very 
uncertain; 2, mild image quality, vague vascular boundary, 
diagnosis uncertain; 3, moderate image quality, weak 
lumen signals, diagnosis possible; 4, good image quality, 
good background suppression, diagnosis certain; 5, very 
good quality, good details, diagnosis strongly confirmed. 
For quantitative evaluation, the apparent SNR, apparent 
contrast-to-noise ratio (CNR), vessel length, and sharpness 
of the vessel lumen were calculated. The average signal 
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Table 1 Acquisition parameters of different sequences

Parameters cTOF sTOF

Acquisition duration 3 min 44 s 3 min 40 s

Tone Yes, starting  
angle 16.2°

Yes, starting  
angle 16.2°

Flip angle (°) 18 18

TR (ms) 19 19

TE (ms) 3.45 3.45 (out phase)

FOV 200×188×120 180×180×120

Resolution (mm3) 0.8×0.8×1.2 0.8×0.8×1.2

Slice number 200 200

SENSE factor 3 –

Chunks 4 4

Acquisition window (ms) – 4

Receiver bandwidth (Hz/pixel) 108.8 –

Spiral interleaves – 59

Flow compensation Yes Yes

The dash indicates there was no corresponding value for a given 
sequence. cTOF, Cartesian-based time of flight magnetic resonance 
imaging; sTOF, spiral-based time of flight magnetic resonance 
imaging; TR, repetition time; TE, echo time; FOV, field of view; 
SENSE, SENSitivity Encoding.

intensity (SI) was derived along the centerline of the 
vessel lumen with identically user-specified circular ROI 
(area ≥75% of the vascular cross section) on Philips 
postprocessing platform. Apparent SNRs were calculated 

as :  10SNR 10 log meanSI
SD

 = ×  
 

,  where meanSI  i s  the mean 

SI within the ROI and standard deviation (SD) is the 
standard deviation of the noise in the background region 
of the same slice. The apparent vessel to background 

CNRs were calculated as vessel backgroundSI SI
CNR

SD
−

= , where 

vesselSI  is the mean SI within the selected vessel, backgroundSI  
is the mean SI of the surrounding tissue, and SD is the 
standard deviation of the noise in the background region 
of the same slice. Vessel detection was performed on the 
original image prior to the calculation of vessel length and 
sharpness. The vessel length was obtained by skeletonizing 
the vessel and counting the pixel number using MATLAB 
(MathWorks, Natick, MA, USA). The sharpness was 
obtained by calculating the quadratic sum of the partial 
derivative of the vessel image along x and y directions and 

then dividing it by the vessel length (34). Both vessel length 
and sharpness were calculated as dimensionless quantities. 
The degree of stenosis was measured based on the North 
American Symptomatic Carotid Endarterectomy Trial 
(NASCET) (35,36). Measurement of aneurysm involved the 
calculation of aneurysmal diameter according to the MIP 
reconstructions. The CTA or DSA was also acquired within 
1 week after MRA for patients showing pathology. 

Involved qualitative metrics were expressed as median 
and interquartile ranges. Quantitative variables were 
expressed as mean ± SD and ranges. Shapiro-Wilk test 
was conducted to check the normality of data distribution. 
Interobserver agreement was calculated using weighted 
Cohen’s Kappa (37), in which values <0.4 represent poor 
agreement, values between 0.4 and 0.75 indicate fair to 
good agreement, and values >0.75 represent excellent 
agreement. Pairwise Wilcoxon test was used to evaluate 
the imaging quality derived from cTOF and sTOF 
acquisitions. The value P<0.05 indicated a statistically 
significant difference and all the tests were 2-sided. 
We used G*Power 3.1.9.7 to conduct statistical power 
analysis and determine the sample size. All other analyses 
were performed using MATLAB (version R2019a) and 
R software (version R 4.2.1; R Foundation for Statistical 
Computing, Vienna, Austria).

Results

Among the 37 initially recruited patients, 3 were excluded 
after initial selection according to our exclusion criteria  
(1 participant with severe motion artifact, 1 with inadequate 
imaging FOV, and 1 with other comorbidities). A total 
of 34 patients (55.79 years ±15.76; 18 women; 44.1% 
with pathology) who underwent cTOF followed by 
sTOF were finally recruited in our study. Figure 1 shows 
the flowchart of patient recruitment. Of the 15 patients 
with intracranial vascular pathologies, 10 cases (66.7%) 
had stenosis (including 2 cases with occlusion), 4 cases 
(26.7%) had aneurysm, and 1 case (6.7%) had arteriovenous 
malformation. Among all the 17 lesions, 4 pathologies 
(23.5%) were at the ICA (2 at C5 segments and 2 at C6 
segments), 4 pathologies (23.5%) were at the MCA (3 at 
M1 segments and 1 at M2 segment), 1 pathology (5.9%) 
at the BA, 2 pathologies (11.8%) at the V4 segments of 
VA, 2 pathologies (11.8%) at the P1 segment of PCA,  
3 pathologies (17.6%) at the ACA (1 at A1 segment, 1 at A3 
segment and 1 arteriovenous malformation), and 1 pathology 
(5.9%) at the anterior communicating artery (ACoA).
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Comparison of original image quality

The original data of sTOF depicting arteries in the 
vicinity of the circle of Willis, collateral medium-sized 
and dispersed small vessels have shown distinctly better 
visualization in comparison to cTOF (Figure 2). The higher 
contrast and edge sharpness between vessels and periphery 
tissues are evidently presented with sTOF acquisition  
(Figure 2A vs. Figure 2E with left and right arteries in the 
vicinity of Willis circle), showing better visualization at the 
skull base. Additionally, sTOF is shown to be less affected 
by pulsatile artifacts commonly seen in cTOF (Figure 2B vs. 
Figure 2F, Figure 2C vs. Figure 2G). Besides, the rightmost 
column of Figure 2 shows that when adjusting the acquisition 
resolution to the same isotropic 0.65 mm for both sequences, 
more tiny vessels would otherwise be neglected in cTOF are 
visible in sTOF (Figure 2D vs. Figure 2H).

Comparison of diagnostic efficacy

Lesion misdiagnosis
Table 2 summarizes qualitative assessment by 2 raters, which 
showed significant differences between sTOF and cTOF in 
most vessel segments and the weighted Cohen’s Kappa ranged 
from 0.675 to 1. Figure 3 depicts tough regions in presence of 
curved vessels. For the petrosal segment of the ICA (Figure 3A 

and Figure 3E, Figure 3C and Figure 3G, Figure 3D and Figure 
3H with short arrows), the ocular segment of the ICA (Figure 
3B and Figure 3F with short arrows), supra-cavernous sinus 
segment and clinoid segment of ICA (Figure 3D and Figure 
3H with long arrows), loss of signals from vascular lumen may 
occur as a result of complex blood flow fluctuation. The cTOF 
after MIP reconstruction exhibited substantial pronounced 
false interruption of vascular continuity, which is susceptible 
to misdiagnosis as stenosis, occlusion, or disruption.

The overall assessment, as listed in Table 3, revealed 
that among all the false positive diagnosis cases of cTOF, 3 
appeared at C2 segments of ICA, 1 appeared at C5 segment 
of ICA, 1 appeared at A1 segment of ACA, and 1 appeared 
at P1 segment of PCA. The cTOF was typically prone 
to overdiagnosis of the extent of stenosis, in which 1 case 
appeared at M1 segment of MCA, 1 case appeared at V4 
segment of VA, and 1 case appeared at A1 segment of ACA. 
The sTOF is shown to better maintain the fidelity and 
be less prone to artifacts. Apart from the aforementioned 
intraosseous and intradural segments of ICA, better vessel 
morphology is also observed at skull base and vertebral 
arteries (Figure 3 with circles), which would be helpful for 
patients with vertebrobasilar insufficiency.

Pathology imaging quality
For regions with pathologies, sTOF depicts lesions more 

Figure 1 Flowchart of study cohort with exclusion criteria. FOV, field of view; ROI, region of interest; TOF-MRA, time-of-flight magnetic 
resonance angiography; cTOF, Cartesian-based TOF-MRA; sTOF, spiral based TOF-MRA; CTA, computed tomography angiography; 
DSA, digital subtraction angiography. 

Final recruited patients (n=34)

Exclusion:
• Artifacts severely downgrade image 

quality (n=1)
• Image scanning FOV not fully cover the 

ROI (n=1)
• Patients with confounding preexisting 

conditions other than cerebrovascular 
disease (n=1)

Inclusion:
• Availability of complete diagnostic report
• Imaging of TOF-MRA with both cTOF 

and sTOF sequences
• Availability of CTA or DSA post to TOF-

MRA if diagnostically confirmed

Initial recruited patients (n=37)
• Adult patients (age ≥18 years)
• Show intracranial disease symptom
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Figure 2 Raw data acquired from skull base till calvarium at different scales. The left 3 columns are data from the same patient with 
resolution of 0.8×0.8×1.2 mm3, the resolution of the rightmost column is isotropic 0.65 mm. The above and bottom rows show respectively 
the original images of cTOF and sTOF. (A) and (E) depict left and right arteries in the vicinity of the circle of Willis; (B) and (F) depict 
collateral middle-sized arteries; (C,G) and (D,H) show interspersed small vessels. cTOF, Cartesian-based time-of-flight magnetic resonance 
angiography; sTOF, spiral-based time-of-flight magnetic resonance angiography.

Table 2 Qualitative vessel segment assessment

Vessel segment
cTOF sTOF

P value
Rater 1 score Rater 2 score Rater 1 score Rater 2 score

Extracranial ICA 5 (5, 5) 5 (5, 5) 5 (5, 5) 5 (5, 5) >0.99

Intraosseous ICA 4 (3.75, 4) 4 (3, 4.25) 4 (4, 5) 5 (5, 5) 0.01

Intradural ICA 4 (3.75, 4) 4 (3.75, 4) 4 (4, 5) 4 (4.25, 4) 0.02

VA 5 (4, 5) 4 (3.75, 5) 5 (5, 5) 5 (5, 5) 0.02

BA 5 (4.75, 5) 5 (5, 5) 5 (5, 5) 5 (5, 5) 0.37

ACA 4.5 (3.75, 5) 4 (3.75, 4.25) 5 (4.75, 5) 5 (4.75, 5) 0.01

MCA 5 (4.75, 5) 5 (4.75, 5) 5 (5, 5) 5 (5, 5) 0.07

PCA 4.5 (4, 5) 4 (4, 4.25) 5 (4.75, 5) 5 (5, 5) 0.003

AchA 4 (2.75, 4) 3 (2.75, 3) 4 (3.75, 5) 4 (3, 4) 0.002

SCA 4 (4, 4) 3 (3, 3.25) 5 (4, 5) 5 (5, 5) 0.001

PCoA 3.5 (3, 4) 3 (3, 3.25) 4 (3.75, 4) 4 (3.75, 4) 0.006

Data are expressed as median [interquartile ranges (Q1, Q3)], P value: cTOF vs. sTOF. cTOF, Cartesian-based time-of-flight magnetic 
resonance angiography; sTOF, spiral-based time-of-flight magnetic resonance angiography; ICA, internal carotid artery; VA, vertebral 
artery; BA, basilar artery; ACA, anterior cerebral artery; MCA, middle cerebral artery; PCA, posterior cerebral artery; AchA, anterior 
choroidal artery; SCA, Superior cerebellar artery; PCoA, posterior communicating artery. 
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Figure 3 The above and bottom rows show respectively the MIP reconstruction of cTOF and sTOF. (A) and (E), (C) and (G) show the 
segment of petrosal bone; (B) and (F) show the ophthalmic and clinoid segment; (D) and (H) show the segment of petrosal bone while the 
long arrows show cavernous sinuses. Comparison reveals artifacts as false interruption of vascular continuity at different junctions for cTOF, 
where short arrows depict intraosseous segment of ICA (C2) and long arrows depict intradural segment of ICA (C4 and C5). Regions in 
circles show better visualization at skull base and vertebral arteries. cTOF, Cartesian-based time-of-flight magnetic resonance angiography; 
sTOF, spiral based time-of-flight magnetic resonance angiography; MIP, maximal intensity projection; ICA, internal carotid artery.
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clearly without inducing much ambiguity. The first column of 
Figure 4 (Figure 4A,4D) shows microaneurysms at both sides of 
supra-cavernous sinus segments, whereas the signal of the right 

microaneurysm in cTOF is lower than that of sTOF. The 
sTOF depicts equally well and slightly better for aneurysms 
at the M1 bifurcation of the MCA, as shown in the middle 2 
columns (Figure 4B vs. Figure 4E). Further, sTOF gives better 
visualization for big arteries with chronic atherosclerosis  
(Figure 4C vs. Figure 4F), showing its higher sensitivity to blood 
flow. The reduced artifacts can ease the diagnostic difficulty in 
distinguishing imaging artifacts from vessel plaque.

Quantitative comparisons and diagnostic reliability

Figure 5 shows quantitative comparisons of cTOF and 
sTOF regarding SNR, CNR, vessel length, and sharpness. 
We selected 4 typical regions, namely, the bilateral ACA, 
bilateral MCA, bilateral ICA, and BA, to evaluate the 
imaging qualities of both sequences. The sTOF was shown 
to excel cTOF in all regions without exception. 

For images with occult vascular pathology, diagnosis 
was further validated via referral to CTA or DSA. The left 

Table 3 List of incorrect diagnosis by cTOF

Pathologic 
region

Segment Misdiagnosis type

ICA C2 3 false positives

C5 1 false positive

VA V4 1 overdiagnosis

ACA A1 1 false positive + 1 overdiagnosis

MCA M1 1 overdiagnosis 

PCA P1 1 false positive

cTOF, Cartesian-based time-of-flight magnetic resonance 
angiography; ICA, internal carotid artery; VA, vertebral artery; 
ACA, anterior cerebral artery; MCA, middle cerebral artery; PCA, 
posterior cerebral artery. 
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Figure 4 The above and bottom rows show respectively the MIP reconstruction of cTOF and sTOF. The arrows in the first column (A,D) 
show microaneurysms at both sides of supra-cavernous sinus segments. The arrows in the middle column (B,E) depict aneurysms at the M1 
bifurcation of the middle cerebral artery. The right column (C,F) presents big arteries with chronic atherosclerosis, where the leftmost arrow 
depicts clinoid segment and the right 2 arrows depict foramen lacerum segment. cTOF, Cartesian-based time-of-flight magnetic resonance 
angiography; sTOF, spiral-based time-of-flight magnetic resonance angiography; MIP, maximal intensity projection.

Figure 5 Quantitative comparisons of cTOF and sTOF regarding SNR (A), CNR (B), vessel length and sharpness (C) at selected ROIs such as 
bilateral ACA, bilateral MCA, bilateral ICA and BA. The asterisks show statistical significance between cTOF and sTOF, where  **, ***, and **** 
respectively indicates P<0.01, P<0.001 and P<0.0001. SNR, signal-to-noise ratio; ACA, anterior cerebral artery; MCA, middle cerebral artery; 
ICA, internal carotid artery; BA, basilar artery; CNR, contrast-to-noise ratio; a.u., arbitrary unit; seq, sequence; cTOF, Cartesian-based time-of-
flight magnetic resonance angiography; sTOF, spiral-based time-of-flight magnetic resonance angiography; ROI, region of interest. 
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Figure 6 The above row shows reconstructed CTA, the middle and bottom rows show respectively the images of cTOF and sTOF. The left 
column shows the reliability of stenosis diagnosis at the A1 segment of ACA (short arrow) and the M1 segment of left MCA (long arrow). 
The right column depicts shape and size evaluation of aneurysm at the right proximal of MCA. CTA, computed tomography angiography; 
cTOF, Cartesian-based time-of-flight magnetic resonance angiography; sTOF, spiral-based time-of-flight magnetic resonance angiography; 
ACA, anterior cerebral artery; MCA, middle cerebral artery.
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column of Figure 6 shows stenosis at the A1 segment of ACA 

(short arrow) and the M1 segment of left MCA (long arrow) 

in cTOF. However, the extent of stenosis was overestimated 

after verification by CTA, and sTOF was shown to achieve 

a closer result to that of CTA measurement of vascular 

lumen iodide imaging. The right column of Figure 6 depicts 

quantitative evaluation of a confirmed aneurysm at the 

right proximal of the MCA, revealing all sequences can 

obtain a consistent aneurysm size with acceptable deviation. 

The aneurysm assessment by cTOF and sTOF shows no 
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Figure 7 Distal vessel visualization. The above and bottom rows show respectively the MIP reconstruction of cTOF and sTOF. For (A) 
and (D), arrow on the top left depicts ophthalmic artery, arrow on the top right depicts middle cerebral artery branch, and the bottom two 
arrows show the inferior and superior PCA branches. For (B) and (E), arrows depict small vessels at basilar artery. For (C) and (F), circles 
depict the small vessels at P3 and P4 segments of PCA. cTOF, Cartesian-based time-of-flight magnetic resonance angiography; sTOF, 
spiral-based time-of-flight magnetic resonance angiography; MIP, maximal intensity projection; PCA, posterior cerebral artery.

significant size or shape difference (P>0.05).

Comparison of distal small vessels

Moreover, the centrally dense sampled spiral trajectories 
of sTOF can intrinsically compensate the effect of higher 
gradient moments in a more effective way as compared to 
cTOF, enabling an enhancement in CNR for small branch 
visualization. As shown in Figure 7, for Figure 7A,7D, 
the arrow on the top left depicts the ophthalmic artery, 
the arrow on the top right depicts the MCA branch, and 
the bottom 2 arrows show the inferior and superior PCA 
branches. Denser and detailed vessels of much smaller 
scales are shown at all these regions in sTOF. Both basilar 
and vertebral arteries are clearly displayed in Figure 7E, 
even tiny vessels at the BA are easily observable. Better 
visualization was obtained for small vessels at P3 and P4 
segments of PCA, which would be difficult to display for 
cTOF (Figure 7C vs. Figure 7F).

Comparison of metal implant influence

For traumatic brain injury patients implanted with titanium 
plates (Figure 8 long arrows) following cranioplasty, CTA 
and DSA examinations can be difficult as a result of X-ray 
absorption by the metal. The sTOF has been shown to 
maintain better resistance to magnetic susceptibility with 
higher SNR than that of cTOF (Figure 8). The top and 
middle arrows on the first column of Figure 8 show that 
the farthest reachable distance of cTOF for the MCA was 
the branch of the anterior temporal artery, whereas sTOF 
was able to display both M1 and M2 segments. In addition, 
the bottom arrow shows that cTOF can only depict the 
proximal segment of the PCA, and the sTOF gives a better 
vascular profile.

Discussion

This study highlights the advantages of sTOF in 
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cerebrovascular MRA imaging. Compared to cTOF, the 
sTOF achieved better imaging quality and diagnostic 
efficacy. Analysis of pathologic regions showed its better 
resistance to false positive interpretation. The overall 
evaluation demonstrated the superiority of spiral acquired 
TOF-MRA image, highlighting sTOF as a competent 
surrogate of cTOF for routine imaging of intracranial 
vasculature.

In our study, we used a head/neck coil of 16 channels, 
as it is quite common and viable in practice for most of the 
hospitals. Higher performance is expected if we adopt a 
more elaborate coil, for example, with 32 channels. During 
the acquisition procedure, 3 minutes and 40 seconds was 
taken to acquire sTOF images with as many as 120 slices 
(FOV 180×180×120). Shortening the process is possible 
if fewer layers are scanned, or other parallel imaging 
techniques are adopted. Our experiments demonstrated 
that sTOF showed better imaging quality either for 
diagnosing intracranial lesions or depicting small vessels, 
even excelled at previously reported tough regions such 

as the skull base and intraosseous/intradural segments 
of the ICA (26), which was of clinical significance. The 
already-shown imaging capabilities have brought sTOF 
within the bounds of possibility to be used independently 
instead of bothering to utilize the complementary strength 
of both cTOF and sTOF to synergically obtain benefits 
from both sequences. Given the superiority of sTOF in 
displaying distal tiny vessels, it may facilitate the early 
diagnosis of small vessel-induced brain infarction, which 
has been reported to account for 20–25% of all ischemic 
stroke (5,38,39). Moreover, sTOF exhibits more tolerance 
toward intracranial metal implants, which will further 
expand its clinical usage given that various implants, such 
as endovascular stents or cranial titanium plates, can be 
commonly encountered in MR-related brain imaging.

Previous studies have shown that false positive 
interpretation may occur as a result of turbulent blood flow, 
or at regions with overlapping/-branching vasculatures, 
particularly for aneurysm detection at regions such as 
the ophthalmic artery, ACoA, anterior choroidal artery, 

Figure 8 Patient with implanted titanium plate after cranioplasty. Short arrows depict comparisons of small vessel, and long arrows show the 
position where titanium plate was being implanted. cTOF, Cartesian-based time-of-flight magnetic resonance angiography; sTOF, spiral-
based time-of-flight magnetic resonance angiography.
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and relevant small branches of the ICA (30,40,41). Of 
note, sTOF can effectively mitigate artifacts and the 
influence of false-positive imaging prevalent in cTOF. 
For pathology detectability, aneurysms with diameters 
less than 5 mm are considered small and involve detection 
difficulties. Even though there have been studies reporting 
low rates in detecting small aneurysms, the false positives 
notably occurred due to vascular branching or vessels of 
infundibular shape; the better capability to display vascular 
details makes sTOF suitable for this task. Hence, at least 
for intracranial vessel imaging, the application of sTOF has 
brought spiral acquisition into the realm of feasibility in 
clinic routine.

TOF-MRA using spiral trajectory ensures good k-space 
sampling efficiency, and oversampling of central k-space 
makes it robust to resist artifacts even at a shorter scan 
duration. The intrinsically shorter echo time is directly 
associated with better SNR yield. The higher imaging 
quality of 3D spiral technique has expanded its multiple 
merits such as better spatiotemporal resolution and inherent 
self-calibration beyond conventional rectilinear acquisition. 
However, spiral readouts have rarely found a wide clinical 
application to date as it is typically impaired by the 
imperfection arising from inhomogeneous B0 field, causing 
off-resonance effect with accumulated phase inaccuracy. 
The broadened or ring-shaped point spread function (PSF) 
and subsequent blurring or distortion require further 
correction. Moreover, spiral angiogram is also susceptible to 
the transient gradient perturbations including bulk motion, 
dynamic susceptibility, magnet drifts, concomitant fields, 
eddy currents, and so on, which will also lead to image 
blurring and other artifacts particularly within close vicinity 
of skull or at tissue-air interfaces. Our MRA imaging is fat 
suppressed, so it can better resist chemical shift artifacts. 
The susceptibility effect can be mitigated by adjusting a 
relatively short sampling window. The blurring caused by 
off-resonance is usually corrected during the reconstruction 
process based on the magnetic field map obtained prior to 
the spiral scan. Recent solutions have involved the inversion 
of expanded encoding model including static off-resonance 
maps, concurrent field monitoring, and coil sensitivity 
information with iterative reconstruction (42). Another 
approach sought to model the behavior of the gradient 
chain via gradient impulse response function to correct 
k-space trajectory deviation. Deep learning-based correction 
schemes will also be a suitable candidate to overcome the 
above-mentioned obstacles.

Our study had limitations. Firstly, the relatively small 

cohort we have so far enrolled within 1 clinic site may 
potentially have led to bias being caused during the 
evaluation process. It is imperative to confirm the feasibility 
by recruiting larger quantities incorporation of multicenter 
datasets. Secondly, the advantages of sTOF have so far 
not been sufficiently explored, especially the foreseeable 
superiority of optimized sTOF acquisition. Although sTOF 
is flexible to be extended to imaging other parts of the 
body, we have not implemented it in regions other than 
brain vasculature. It is promising to apply sTOF to other 
tough regions to further reveal it’s advantages. More in-
depth assessment of diagnostic performance can be focused 
on specific vascular syndromes. Comparisons with other 
noninvasive acquisition methods, for example, ASL-based 
MRA or application on clipped aneurysm (43), will be well 
worth further exploration. Lastly, if optimizing sTOF to 
accelerate the imaging procedure by, for example, multi-
slice excitation or other parallel reconstruction strategies, 
we would anticipate an improved acquisition performance 
that can better freeze fluid-induced artifacts as well as 
shorten the scanning duration for patients with acute onset 
of cerebrovascular disease.

Conclusions

The sTOF acquisition offers comparatively better 
imaging quality than the standard Cartesian-based cTOF 
sequence. The majority of clinical trials have evaluated and 
emphasized the complementary benefits of spiral imaging 
as to Cartesian TOF-MRA. Based on our results, sTOF 
can be independently applied to derive an angiogram 
suitable for intracranial pathological diagnosis. The 
achieved performances shed light on its competence over 
the Cartesian-based method and the possibility to become a 
formal TOF-MRA acquisition protocol for future cerebral 
angiography. Even more noteworthy is that by integrating 
spiral intrinsic merits and other parallel imaging strategies, 
sTOF has much potential to be further optimized. 
These advantages may facilitate an expanded clinical and 
investigative application of sTOF to aid cerebrovascular 
disease management with convenient and non-invasive 
implementation.
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