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Background: Standard Cartesian time-of-flight (TOF) head magnetic resonance angiography (MRA) is routinely used to
evaluate the intracranial arteries, but does not provide quantitative hemodynamic information that is useful for patient risk
stratification as well as for monitoring treatment and tracking changes in blood flow over time. Quantitative TOF (qTOF)
MRA represents a new and efficient method for simultaneous evaluating the intracranial arteries and quantifying blood
flow velocity, but it has not yet been evaluated in patients with cerebrovascular disease.
Purpose: To evaluate qTOF for simultaneously evaluating the intracranial arteries and quantifying intracranial blood flow
velocity in patients with cerebrovascular disease, without the need for a phase contrast (PC) scan.
Study Type: Prospective.
Subjects: Twenty-four patients (18 female, 6 male) with cerebrovascular disease.
Field Strength/Sequences: Head MRA at 3 T using gradient-echo 3D qTOF, standard Cartesian TOF, and PC protocols.
Assessment: Three independent readers assessed arterial image quality using a 4-point scale (1: non-diagnostic, 4: excel-
lent) and artifact presence. Total and component flow velocities obtained with qTOF and PC were measured.
Statistical Tests: Wilcoxon signed-rank tests, Gwet’s AC2, intraclass correlation coefficients (ICC) for absolute agreement,
Bland–Altman analyses, tests of equal proportions. P values <0.05 were considered statistically significant.
Results: Averaged across readers and compared to standard Cartesian TOF, qTOF significantly improved overall arterial
image quality (3.8 � 0.2 vs. 3.6 � 0.5), image quality at locations of pathology (3.7 � 0.5 vs. 3.4 � 0.7), and increased the
proportion of evaluations rated without artifacts (63.9% [46/72] vs. 37.5% [27/72]). qTOF significantly agreed with PC for
total flow velocity (ICC = 0.71) and component flow velocity (ICC = 0.89).
Data Conclusion: qTOF angiography of the head matched or improved upon the image quality of standard Cartesian
TOF, reduced image artifacts, and provided quantitative hemodynamic data, without the need for a PC scan.
Evidence Level: 2
Technical Efficacy: Stage 2

J. MAGN. RESON. IMAGING 2024.

Cerebrovascular disease is an arterial disease of the head
and neck, and is a common cause of mortality and mor-

bidity that afflicts many millions of people annually world-
wide.1,2 Cerebrovascular disease is often imaged using the
non-invasive cross-sectional imaging modalities of computed

tomography and magnetic resonance imaging. Large arterial
imaging with these modalities is typically performed using
computed tomography angiography and magnetic resonance
angiography (MRA). MRA, performed using the widely avail-
able time-of-flight (TOF) technique, provides relatively high
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spatial resolution and avoids the use of contrast agents and ion-
izing radiation.3 However, TOF MRA does not provide quan-
titative hemodynamic information,4 which is predictive of
stroke5,6 and enables quantitative monitoring of cerebral blood
flow and the impact of treatment.7,8

Quantitative hemodynamic data within the intracranial
arteries can be obtained with phase contrast (PC) MRA.4,9

However, PC is not routinely included in most clinical head
MRA protocols due to lengthy additional acquisition times,
lower spatial resolution and lesional sensitivity than TOF, and
because vessel depiction depends on patient blood velocity and
the applied PC velocity encoding sensitivity.10–14 Recent work
has suggested that quantitative hemodynamic information can
be added to head MRA using a quantitative variant of
TOF referred to as “quantitative TOF” (qTOF).15,16 Anal-
ogous to a high-speed camera, the qTOF method collects
two or more echo time images (TEs) (i.e., “snapshots”)
that are used to quantify intracranial arterial flow velocity
based on small flow-dependent displacements across
acquired TEs. The qTOF method also provides the potential
for improved structural display of the intracranial arteries
through reduction of flow-related displacement artifacts.15

Nonetheless, initial studies with qTOF have only been done
in healthy human subjects. Consequently, it remains unclear
how qTOF performs for both structural and hemodynamic

evaluation of cerebral arteries in patients with cerebrovascular
disease.

The purpose of this study was to evaluate how qTOF
performs in patients with cerebrovascular disease.

Materials and Methods
This study was approved by our institutional review board and all
participants provided written informed consent.

Human Subjects
Twenty-five adults with cerebrovascular disease participated in the study.
One case was excluded due to an MRI system technical issue and
24 cases (mean age 54 � 15 years, 18 female/6 male) were included in
the final analysis. Indications for imaging included intracranial arterial
stenosis or atherosclerosis (N = 14), aneurysm (N = 7; 5 treated,
2 untreated), extracranial arterial stenosis or occlusion (N = 2), and ver-
tebral artery dissection (N = 1). Of these patients, eight had a history of
ischemic stroke, seven had a history of transient ischemic attack, and
one had a history of aneurysmal subarachnoid hemorrhage. Five patients
had intracranial aneurysms previously treated with flow diverters or coils.

Imaging Parameters
MRI was done on a 3 Tesla system (Skyrafit, Siemens Healthineers,
Erlangen, Germany) equipped with a 16-channel head coil. MRI
was done using the 3D gradient-echo protocols of TOF, prototype
qTOF, and PC. Typical imaging parameters are listed in Table 1

TABLE 1. Imaging Parameters

Parameter TOF qTOF PC

Acquisition type 3D cartesian 3D stack-of-stars 3D cartesian

TR (msec) 21.0 21.0 39.9

TE (msec) 3.4 3.4, 7.8, 15.0 5.9

Flip angle (�) 15 15 10

Field of view (mm) 205 � 221 258 � 258 218 � 218

Matrix 356 � 384 448 � 448 256 � 256

Spatial resolution (mm3) 0.58 � 0.58 � 1.00
(0.29 � 0.29 � 0.50)

0.58 � 0.58 � 1.00
(0.29 � 0.29 � 0.50)

0.85 � 0.85 � 1.30
(0.43 � 0.43 � 0.65)

GRAPPA factor 2 – 2

Slices 104 104 80

Slabs 3 3 1

Ramped RF pulses Yes Yes No

Bandwidth (Hz/px) 186 587 444

VENC – – 60–90 cm/s

Scan time 4 min 3 s 4 min 3 s 4 min 4 s

Spatial resolution given in form: acquired (interpolated). GRAPPA = generalized autocalibrating partial parallel acquisition;
RF = radiofrequency; PC = phase contrast; TOF = time-of-flight; qTOF = quantitative time-of-flight; VENC = velocity encoding sensitivity.
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and for qTOF and TOF were as follows: spatial resolution of
0.58 � 0.58 � 1.0 mm3 (interpolated to 0.29 � 0.29 � 0.5 mm3),
flow compensation, scan time of 4 minutes and 3 seconds,
flip angles of 15�, TE of 3.4 msec. Imaging parameters for PC were:
spatial resolution of 0.85 � 0.85 � 1.3 mm3 (interpolated to
0.43 � 0.43 � 0.65 mm3), scan time of 4 minutes and 4 seconds,
flip angle of 10�, TE of 5.4 msec. PC was acquired with baseline
velocity encoding sensitivities of 60–75 cm/s and was reacquired
with a larger velocity encoding sensitivity (typically 90 cm/s) in cases
of velocity aliasing. For qTOF, a second flow-compensated TE of
7.8 msec was used for hemodynamic quantitation, whereas an addi-
tionally acquired dark-blood TE of 15.0 msec was filtered and sub-
tracted from the shortest first TE to improve arterial-to-background
contrast and arterial conspicuity.

Image Review: Qualitative Scoring and Pathology
Detection
TOF and qTOF were evaluated independently by three readers: two
fellowship-trained subspecialty-certified neuroradiologists (MW and
WA; readers 1 and 2) with 25 and 28 years of experience, and one
fellowship-trained radiologist (OO; reader 3) with 5 years of experi-
ence. Readers were blinded to scan type and patient clinical history.
qTOF source images were reviewed first, followed by at least a four-
week hiatus, after which TOF source images were reviewed. TOF
source images were flipped horizontally to further minimize recall
bias. Images were reviewed using a professional digital imaging and
communications in medicine (DICOM) viewer (InteleViewer, ver-
sion 5-3-1-P333, Intelerad Medical Systems, Montreal, Canada).

For each imaging volume, each reader scored overall large ves-
sel image quality (covering the internal carotid arteries, basilar artery,
and first and second order segments of the middle, posterior, and
anterior cerebral arteries), overall small vessel image quality (covering
the third and fourth order branches of the middle cerebral arteries),
and the presence of artifacts affecting arterial evaluation. Image qual-
ity was rated using a 4-point scale: 1—“non-diagnostic,” image
quality inadequate for diagnosis; 2—“fair,” image quality marginally
acceptable for diagnosis; 3—“good,” image quality adequate for con-
fident diagnosis; and 4—“excellent,” image quality providing highly
confident diagnosis. Large and small vessel image quality scores were
averaged to generate an “overall image quality” score.

Image artifacts were assessed using a 4-point scale: 1—“severe”
artifact affecting diagnosis; 2—“moderate” artifact not affecting diag-
nosis; 3—“minor” artifact not affecting diagnosis; and 4—“no arti-
fact” affecting diagnosis. If artifacts were present, readers attributed
them to either “ghosting,” “motion,” “flow,” or “susceptibility”;
multiple artifact types could be selected for a single data set.
“Motion,” “ghosting,” and “flow” artifacts were retrospectively
aggregated into a single artifact category “motion/flow.”

Arterial pathology at locations without metallic flow diverters
or coils were evaluated for image quality (using the aforementioned
4-point scale). Stenoses were graded visually using the following
scale: 1—normal patency or <50% stenosis; 2—50%–69% stenosis;
3—70%–99% stenosis; 4—occlusion; and 5—non-diagnostic/inde-
terminate. Aneurysm size was measured at the location of maximal
dome diameter.

After initial reads were completed in a blinded manner, retro-
spective unblinded side-by-side review of qTOF and TOF was done

independently by each reader at locations of vascular pathology pro-
spectively found (according to that reader) by one method and not
the other. Readers evaluated whether there was retrospective agree-
ment of noted pathology.

Quantitative Hemodynamic Evaluation
3D PC data were spatially interpolated and rigidly registered to the
higher spatial resolution qTOF volumes. Arterial segmentation for
qTOF and PC was done using region growing to generate masks
for both volumes. qTOF data were analyzed to quantify intracranial
arterial flow velocity using in-house software15 incorporating
16 rotated planes of directional analysis.16

qTOF arterial mask data were skeletonized to identify vessel
centerline locations. Component and total flow velocity measure-
ments were obtained every 3 mm along all vessel centerline loca-
tions within 27 mm3-sized cubes containing at least 0.5 mm3 of
arterial mask overlap between qTOF and PC; component and total
velocities within these small regions were averaged. Local region
growing (seeded at qTOF centerline locations and constrained to
these small cubic regions) was done to ensure arterial signal com-
pared originated from the same vessel/location. Locations of veloc-
ity aliasing on PC—identified if the intraregional velocity span
exceeded the velocity encoding sensitivity—prompted use of PC
data acquired with a larger velocity encoding if available; if such
PC data were not available, measurements at these locations were
excluded from analysis. Typical vessel regions analyzed and
included in the final analysis spanned the bilateral distal internal
carotid arteries, M1, M2, and M3 segments of the middle cerebral
arteries, P1, P2, and P3 segments of the posterior cerebral arteries,
A1 and A2 segments of the anterior cerebral arteries, and the distal
basilar artery.

Mean total flow velocities in the most proximal downstream
intracranial arteries were measured and compared to contralateral
arteries in subjects with a history of unilateral stroke, ≥50% stenosis,
or flow diverter in-stent stenosis or arterial bridging.

Statistical Analysis
Due to non-normality, image quality scores and stenosis grades
obtained with qTOF and TOF were compared using Wilcoxon
signed-rank tests. Inter-reader agreement was assessed using quadrati-
cally weighted Gwet’s AC2 statistic17; agreement values of 0.01–
0.20, 0.21–0.40; 0.41–0.60, 0.61–0.80, and 0.81–0.99 were consid-
ered as “slight,” “fair,” “moderate,” “substantial,” and “almost per-
fect.”18 Hemodynamic data obtained with PC and qTOF were
compared using linear regression analysis for computation of Pearson
correlation coefficient (r), two-way single measures intraclass correla-
tion coefficient (ICC) for absolute agreement, and Bland Altman
analysis. Pearson r values of ≤0.30, 0.31–0.69, and ≥0.70 were inter-
preted to indicate “weak,” “moderate,” and “strong” correlation,
respectively.19 ICC values of <0.40, 0.40–0.59, 0.60–0.74, and
≥0.75 were considered as “poor,” “fair,” “good,” and “excellent”
agreement, respectively.20 Artifact incidence data were compared
using tests of equal proportions. Data were presented as mean � SD
unless otherwise noted. P values <0.05 were considered statistically
significant. Analyses were done using R software (version 4.2.2, The
R Foundation for Statistical Computing, Vienna, Austria).
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Results
Image Quality and Pathology Detection
Figures 1 and 2 show examples of qTOF and TOF data
acquired in patients with arterial stenosis and aneurysm,
respectively. Figure 3 shows examples of artifacts observed in
the study.

IMAGE QUALITY. Large arterial, small arterial, and overall
image quality scores are presented in Table 2. On average
across readers, large arterial image quality was generally rated
as excellent and significantly differed between qTOF and
TOF (3.8 � 0.3 vs. 3.5 � 0.5). Respective small arterial
image quality scores significantly differed and were 3.8 � 0.2
and 3.6 � 0.5. Averaged across readers, overall image quality
scores significantly differed and were 3.8 � 0.2 for qTOF

and 3.6 � 0.5 for TOF. Reader 3 significantly preferred
qTOF for large arterial image quality, small arterial image
quality, and overall image quality, whereas no significant dif-
ferences for these measures were observed for readers 1 and
2. For qTOF, inter-reader agreement was significant for
large arterial image quality (AC2 = 0.87, 95% confidence
interval [CI]: 0.73–1.00) and small arterial image quality
(AC2 = 0.89, 95% CI: 0.79–0.99). For TOF, inter-reader
agreement was significant for both large (AC2 = 0.77, 95%
CI: 0.62–0.92) and small arterial image quality (AC2 = 0.80,
95% CI: 0.70–0.90).

Image artifact scoring data are summarized in Table 3.
Averaged across readers, respective artifact scores obtained
with qTOF and TOF were 3.5 � 0.6 and 3.2 � 0.6
(P = 0.23), corresponding to “mild” or “no” artifact. Image

FIGURE 1: Maximum intensity projections of quantitative time-of-flight (qTOF) and standard Cartesian time-of-flight (TOF) magnetic
resonance angiography in a patient with a severe stenosis of the left M1 segment (solid arrows) and other intracranial stenoses
(dashed arrows). Insets show magnified views of the left M1 stenosis.

FIGURE 2: Maximum intensity projections of quantitative time-of-flight (qTOF) and standard Cartesian time-of-flight (TOF) magnetic
resonance angiography in a patient with a small aneurysm (arrows) at the left MCA bifurcation. Insets show magnified views of the
aneurysm.
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artifact incidence data are presented in Table 4. In 72 ratings
made by the readers (3 readers � 24 cases), qTOF and TOF
were rated without artifact in 63.9% (46/72) and 37.5%
(27/72) of cases, which significantly differed. No differences
between qTOF and TOF were found for susceptibility arti-
facts (34.7% vs. 22.2%; P = 0.14), whereas motion/flow
artifacts were significantly less prevalent in qTOF than in
TOF (4.2% vs. 43.1%).

EVALUATION OF PATHOLOGY. The total number of arte-
rial pathology detected by readers 1, 2, and 3 upon review of

qTOF was 35, 26, and 40; respective numbers identified with
TOF were 25, 33, and 28. The number of stenoses identified
with qTOF (TOF) was 31 (22), 24 (31), and 36 (24) for
readers 1, 2, and 3, respectively. The number of aneurysms
identified with qTOF (TOF) was 4 (3), 2 (2), and 4 (4) for
readers 1, 2, and 3, respectively.

Averaged across readers, image quality at locations of
pathology significantly differed between qTOF and TOF
(3.7 � 0.5 vs. 3.4 � 0.7). No significant differences between
qTOF and TOF were found for stenosis grades (2.8 � 0.7
vs. 2.6 � 0.9, respectively; P = 0.16). Aneurysm sizes

FIGURE 3: Examples of image artifacts encountered. Top row: source images showing ghost artifacts (arrows) from arterial pulsation
(attributed to the “motion/flow” category) seen on standard Cartesian time-of-flight (TOF) magnetic resonance angiography. Bottom
row: maximum intensity projection images showing magnetic susceptibility artifact seen on quantitative time-of-flight (qTOF) (solid
arrow) in a subject with severe left M2 stenosis (dashed arrows).

TABLE 2. Image Quality Data

Reader

Large Artery Small Artery Overall

qTOF TOF P-Value* qTOF TOF P-Value* qTOF TOF P-Value*

1 3.9 � 0.4 3.6 � 0.6 0.197 3.9 � 0.4 3.8 � 0.7 0.571 3.9 � 0.4 3.7 � 0.6 0.205

2 3.7 � 0.6 3.5 � 0.7 0.482 3.7 � 0.5 3.8 � 0.6 0.608 3.7 � 0.5 3.6 � 0.6 1.00

3 4.0 � 0.2 3.5 � 0.7 0.006 4.0 � 0.0 3.3 � 0.6 <0.001 4.0 � 0.1 3.4 � 0.5 <0.001

Reader average 3.8 � 0.3 3.5 � 0.5 0.014 3.8 � 0.2 3.6 � 0.5 0.034 3.8 � 0.2 3.6 � 0.5 0.007

Presented as mean � SD; higher numbers are better. qTOF = quantitative time-of-flight; TOF = time-of-flight.
*Wilcoxon signed-rank tests; bold text indicates statistical significance (P < 0.05).
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measured by qTOF and TOF were 2.1 � 1.1 mm and
2.4 � 0.6 mm, respectively. At locations of pathology identi-
fied on both sequences and by the same reader, no differences
in image quality scores between qTOF and TOF were found
for reader 1 (N = 20, 3.7 � 0.7 vs. 3.7 � 0.7; P = 0.83)
and reader 2 (N = 23, 3.5 � 0.7 vs. 3.3 � 0.6; P = 0.30),
whereas image quality significantly differed for reader
3 (N = 22, 3.9 � 0.4 vs. 3.2 � 0.7). In these locations, no
differences in stenosis grades were detected for reader
1 (N = 17, 3.0 � 0.9 vs. 2.7 � 1.2; P = 0.12), reader
2 (N = 21, 2.6 � 0.6 vs. 2.5 � 0.8; P = 0.45), and
reader 3 (N = 19, 2.9 � 0.9 vs. 2.8 � 1.1; P = 0.84). Inter-
reader agreement for lesion-specific image quality scores was
significant for qTOF (AC2 = 0.78, 95% CI: 0.53–1.00) and
TOF (AC2 = 0.71, 95% CI: 0.61–0.80). Inter-reader agree-
ment for stenosis grading was significant for qTOF (N = 16,
AC2 = 0.68, 95% CI: 0.43–0.94) and TOF (N = 11,
AC2 = 0.82, 95% CI: 0.64–0.99).

Retrospective side-by-side reviews of qTOF and TOF at
locations of pathology noted by one method and not the
other found agreement between methods in all but four
instances across the three readers. In these four instances,
pathology was deemed by readers to be at most mild or too
subtle to be called on standard TOF.

Hemodynamic Data
Figures 4 and 5 show scatter and Bland–Altman plots of
component flow velocity and total flow velocity obtained
with qTOF and PC. Compared with PC, qTOF demon-
strated significant agreement (ICC = 0.89, 95% CI: 0.89–
0.89) and significant positive correlation (r = 0.89, 95% CI:
0.89–0.89) for component flow velocity, as well as significant
agreement (ICC = 0.71, 95% CI: 0.67–0.75) and significant
positive correlation (r = 0.73, 95% CI: 0.72–0.74) for total
flow velocity. Bland Altman 95% limits of agreement between
qTOF and PC (qTOF � PC) were (�9.5 cm/s, +9.8 cm/s)
for component flow velocity with a bias of 0.1 cm/s, and were
(�12.2 cm/s, +9.2 cm/s) for total flow velocity with a mean
bias of �1.5 cm/s.

IPSILATERAL VS. CONTRALATERAL HEMODYNAMIC
ANALYSIS. qTOF mean total flow velocities were signifi-
cantly slower in downstream ipsilateral arterial segments
than in contralateral arterial segments (12.8 � 5.0 cm/s
vs. 22.0 � 7.2 cm/s; P < 0.001) in 14 patients with unilat-
eral stroke history, ≥50% stenosis, or focal flow alterations
(eg, in-stent stenosis, bridged arterial ostia) due to flow
diverter placement. Respective ipsilateral and contralateral
velocities obtained with PC significantly differed
(15.1 � 3.8 cm/s and 21.5 � 6.7 cm/s). Arterial flow
velocities obtained with qTOF and PC significantly agreed
ipsilaterally (ICC = 0.60, 95% CI: 0.12–0.85) and con-
tralaterally (ICC = 0.83, 95% CI: 0.50–0.94).

Discussion
Standard Cartesian head MRA does not provide quantitative
hemodynamic data which is predictive of future stroke risk.5,6

We investigated whether qTOF, a novel multi-echo radial
stack-of-stars technique, could be used to simultaneously eval-
uate the intracranial arteries and quantify intracranial flow
without the need for a PC scan. We found that the qTOF
method provided excellent image quality that matched or
exceeded that of standard Cartesian TOF head MRA, reduced

TABLE 4. Artifact Incidence

Artifact Type

Artifact Count

P-Value*

qTOF TOF

n/N % n/N %

None 46/72 63.9 27/72 37.5 0.003

Susceptibility 25/72 34.7 16/72 22.2 0.140

Motion/Flow 3/72 4.2 31/72 43.1 <0.001

qTOF = quantitative time-of-flight; TOF = time-of-flight; n/N = counts/total number of ratings.
*Two-sample test for equality of proportions. Bold indicates statistical significance (P < 0.05).

TABLE 3. Artifact Scoring Data

Reader qTOF TOF P-Value*

1 3.7 � 0.6 3.3 � 0.8 0.081

2 3.3 � 1.0 3.3 � 0.7 0.976

3 3.4 � 0.6 3.1 � 0.8 0.166

Reader average 3.5 � 0.6 3.2 � 0.6 0.230

Presented as mean � SD; higher numbers are better.
qTOF = quantitative time-of-flight; TOF = time-of-flight.
*Wilcoxon signed-rank tests.
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the incidence of image artifacts, and provided hemodynamic
data that agreed with the well-validated PC approach.

Structural evaluation of the intracranial vessels is essen-
tial for detecting arterial pathology such as stenoses, occlu-
sions, and arterial aneurysms. Standard TOF head MRA is a
useful non-invasive method for evaluating the structural
integrity of the intracranial arteries without the use of contrast
agents or ionizing radiation.12,21,22 However, TOF MRA is
sensitive to flow-related artifacts that can distort arterial
shape, result in focal signal loss, and obscure evaluation of
intracranial arterial pathology.23 Consequently, improvements
to image quality would be desirable. We found that qTOF

matched or exceeded the image quality of standard TOF head
MRA for evaluating intracranial arterial anatomy and loca-
tions of pathology. We ascribe the improved image quality of
the qTOF method to the use of a radial-based stack-of-stars
data acquisition which is less sensitive to flow artifacts than
the standard Cartesian TOF method, and the use of signal
subtraction to suppress background signal and improve
arterial-to-background contrast.

Differences in image artifact incidence and type were
found between qTOF and standard TOF head MRA.
qTOF provided a significantly higher proportion of evalua-
tions without artifacts (63.9% vs. 37.5%). In particular,

FIGURE 5: Scatter plot (left) and Bland–Altman plot (right) of total flow velocity obtained with qTOF and PC. Total flow velocity
measures showed good absolute agreement (ICC = 0.71; P < 0.001) and small Bland–Altman bias. Blue line is the linear regression
line. ICC = intraclass correlation coefficient; qTOF = quantitative time-of-flight; PC = phase contrast.

FIGURE 4: Scatter plot (left) and Bland–Altman plot (right) of component flow velocity obtained with qTOF and PC. Component flow
velocity measures showed excellent absolute agreement (ICC = 0.89; P < 0.001) and small Bland–Altman bias. Blue line is the linear
regression line. ICC = intraclass correlation coefficient; qTOF = quantitative time-of-flight; PC = phase contrast.
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TOF demonstrated significantly more motion or flow-
related artifacts. This observation is consistent with MRI
physical expectations as the radial-based qTOF method is
less sensitive to motion artifacts.24 Nonetheless, artifacts
were generally mild and image quality was mostly rated as
good or excellent with both methods.

Total lesion count varied among the three readers. We
suspect this difference is due to human variability in image
interpretation, the complex intracranial arterial structure con-
sisting of numerous small and tortuous vessels, the lack of
clinical history and context provided to the readers, and the
noting of mild lesions that are not usually reported on clinical
head MRA exams. Retrospective unblinded review of pathol-
ogy found by one method and not the other during initial
blinded image review found agreement between qTOF and
standard TOF in all but a few locations where disease was at
most mild.

Image quality scores for qTOF and standard TOF var-
ied among the three readers. In particular, no significant dif-
ferences between qTOF and TOF were detected in large
vessel, small vessel, and overall image quality measures for
more-experienced neuroradiologist readers 1 and 2, whereas
differences in these measures were significant for less-
experienced reader 3. This finding may reflect a possible
greater familiarity with the standard TOF image appearance
for neuroradiologist readers 1 and 2, or the relatively high
level of image quality observed with standard TOF at 3 T
than at lower magnetic field strength systems (eg, 1.5 T), that
are also routinely interpreted by the same readers.

Intracranial hemodynamics are associated with the risk
of future stroke.5,6,25,26 However, the acquisition of such
quantitative hemodynamic data within the intracranial
arteries currently requires the use of transcranial Doppler
ultrasonography or PC MRA.9,27 Transcranial Doppler
ultrasonography is seldom performed in patients undergo-
ing head MRA due to low availability, high operator depen-
dence, and long examination times (30–60 minutes).28 On
the other hand, the acquisition of PC protocols require
additional imaging and time (5–30 minutes) beyond TOF
MRA, provide lower spatial resolution than TOF, and conse-
quently are not routinely included in standard head MRA
exams.29–31 In this initial patient study, we found that qTOF
provided the same spatial resolution and imaging efficiency
(i.e., anatomical coverage per time) of standard TOF head
MRA for structural evaluation of the intracranial arteries, while
also providing hemodynamic data within every visualized intra-
cranial arterial segment, without requiring any additional scan
time. Agreement of total flow velocity with PC was good,
whereas agreement of component flow velocity was excellent.
Consequently, qTOF shows high potential as an efficient
method for simultaneous structural and hemodynamic evalua-
tion of the intracranial arteries that takes no longer than stan-
dard head MRA to acquire.

Limitations
This research was performed at a single-center, had a modest
sample size, and lacked comparison with invasive digital sub-
traction angiography (DSA), which is considered the reference
standard for structural evaluation of the intracranial arteries.
Future work ought to evaluate this approach in a larger
patient cohort across multiple institutions, and ideally with
DSA correlation. DSA was not acquired in this research study
due to patient safety considerations. Contemporaneously
acquired computed tomography angiography, which involves
the use of iodinated contrast agents and exposure to ionizing
radiation, was not available in most subjects involved in this
study and thus was not included for comparison. Further
work must also establish the long-term and short-term repro-
ducibility of qTOF for both structural hemodynamic evalua-
tion of cerebrovascular disease. The qTOF method evaluated
here used signal subtraction to improve arterial-to-background
contrast and vessel conspicuity. Further study is needed
to determine if un-subtracted source images, which are read-
ily available, may be of added diagnostic utility. Lastly,
although outside the scope of the present study, future work
should explore deep machine learning strategies16 to poten-
tially further improve hemodynamic quantitation and agree-
ment with PC.

Conclusion
qTOF provided excellent image quality for evaluating the
intracranial arteries and locations of arterial pathology in
patients with cerebrovascular disease, matched or exceeded
the image quality of standard Cartesian head MRA, reduced
the number of studies affected by image artifacts, and yielded
quantitative arterial flow velocity data that agreed well with
PC. As qTOF shows the potential to match or improve image
quality over standard head MRA and simultaneously provide
hemodynamic data without requiring any extra imaging time,
it represents a promising new approach for efficient structural
and hemodynamic evaluation of cerebrovascular disease, as
well as for monitoring disease progression and the impact of
treatment.
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