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ABSTRACT

BACKGROUND AND PURPOSE: Spiral MR imaging has several advantages compared with Cartesian MR imaging that can be lever-
aged for added clinical value. A multicenter multireader study was designed to compare spiral with standard-of-care Cartesian
postcontrast structural brain MR imaging on the basis of relative performance in 10 metrics of image quality, artifact prevalence,
and diagnostic benefit.

MATERIALS AND METHODS: Seven clinical sites acquired 88 total subjects. For each subject, sites acquired 2 postcontrast MR
imaging scans: a spiral 2D T1 spin-echo, and 1 of 4 routine Cartesian 2D T1 spin-echo/TSE scans (fully sampled spin-echo at 3T, 1.5T,
partial Fourier, TSE). The spiral acquisition matched the Cartesian scan for scan time, geometry, and contrast. Nine neuroradiologists
independently reviewed each subject, with the matching pair of spiral and Cartesian scans compared side-by-side, and scored on
10 image-quality metrics (5-point Likert scale) focused on intracranial assessment. The Wilcoxon signed rank test evaluated relative
performance of spiral versus Cartesian, while the Kruskal-Wallis test assessed interprotocol differences.

RESULTS: Spiral was superior to Cartesian in 7 of 10 metrics (flow artifact mitigation, SNR, GM/WM contrast, image sharpness,
lesion conspicuity, preference for diagnosing abnormal enhancement, and overall intracranial image quality), comparable in 1 of 10
metrics (motion artifacts), and inferior in 2 of 10 metrics (susceptibility artifacts, overall extracranial image quality) related to mag-
netic susceptibility (P , .05). Interprotocol comparison confirmed relatively higher SNR and GM/WM contrast for partial Fourier
and TSE protocol groups, respectively (P , .05).

CONCLUSIONS: Spiral 2D T1 spin-echo for routine structural brain MR imaging is feasible in the clinic with conventional scanners
and was preferred by neuroradiologists for overall postcontrast intracranial evaluation.

ABBREVIATIONS: Cart 4 Cartesian; IQ 4 image quality; NA 4 not applicable; SE 4 spin-echo; TSE 4 turbo spin-echo

Structural T1-weighted sequences are a fundamental compo-
nent of routine postcontrast brain MR imaging examinations.

These contrast-enhanced images are used for the diagnostic
detection and evaluation of abnormal enhancement, including
tumors, infections, and inflammatory diseases. Cartesian 2D T1
spin-echo (SE) is widely used as the standard-of-care, though it is
relatively slow due to its single phase-encode per shot k-space

coverage, and is not compatible with parallel imaging due to
strong free-induction decay artifacts from the refocusing radio-
frequency pulse. Two routine speed-up options include Cartesian
2D T1-SE with partial-Fourier k-space coverage, but at the cost of
reduced SNR; alternatively, Cartesian 2D T1 turbo spin-echo
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(TSE) uses an echo-train to cover multiple k-space lines per shot,
but at the cost of reduced T1 contrast. A challenge common to all
Cartesian methods is flow artifacts originating from CSF/blood
flow, which manifest in images as a classic coherent ringing in
the phase-encoding direction. These artifacts can obscure lesions
and lower overall diagnostic confidence. Flow artifacts are further
exacerbated in contrast-enhanced scans due to the hyperintense
vascular signal.

Spiral MR imaging, a non-Cartesian technique that uses a spi-
ral k-space trajectory,1,2 provides several advantages over routine
Cartesian MR imaging. A primary benefit is scan efficiency due
to the longer acquisition duration (t ) per shot, which enables a
concurrent decrease in scan time and/or an increase in SNR.3

Spirals are also more robust to artifacts such as flow, foldover ali-
asing, geometric distortions, and Gibbs ringing; this is due to the
spiral trajectory’s inherently reduced gradient moments,4 center
of k-space oversampling, nondedicated phase-encoding direction,
and incoherent dispersion of unwanted signal changes between
spiral arms.5 Our spiral implementation is Dixon-based by
design;6 therefore, the generation of separate water and fat images
is another intrinsic benefit. Spiral MR imaging has demonstrated
unique advantages across a wide range of applications, including
diffusion,7 perfusion,8 fMRI,9 and real-time speech.10 These and
previous studies were predominantly performed in research set-
tings, on healthy volunteers, required specialized hardware/
reconstruction approaches that are not practical in a high-
throughput clinical environment, and/or otherwise described
functional (rather than structural) applications with lower image-
resolution requirements. Despite its benefits, spiral MR imaging
has therefore not gained widespread clinical adoption due to its
greater demand on system fidelity (eg, B0 homogeneity, gradient
accuracy/precision) and reconstruction complexity.

We present here a multicenter clinical evaluation of spiral MR
imaging as an alternative to Cartesian MR imaging for routine
structural brain examinations, based on previous sequence opti-
mization efforts and earlier clinical feasibility results.11-13 Spiral
2D T1-SE is compared with Cartesian 2D T1-SE/TSE protocols
that are representative of standard-of-care postcontrast brain MR
imaging. A multireader study assessed relative performance based
on 10 metrics of image quality, artifact prevalence, and diagnostic
benefit.

MATERIALS AND METHODS
Industrial Support
The spiral pulse sequence and reconstruction algorithm is a collab-
orative “work-in-progress,” developed by the Barrow Neurological
Institute and Mayo Clinic (Z.L., D.W., N.R.Z., R.K.R., A.G.A.,
M.B.O., J.G.P.) and funded, in part, by Philips Healthcare.

Patient Population
This prospective multicenter study was approved by the institu-
tional review board at each site and was Health Insurance
Portability and Accountability Act–compliant. Subjects were
scanned at 7 clinical sites from April 2018 to November 2018,
and informed consent was obtained from each subject (4 sites)
or waived (3 sites) as a minimum-risk study to add the

proposed sequence at the end of a routine brain MR imaging
examination.

Patients undergoing clinically indicated postcontrast routine
brain MR imaging examinations were eligible for study inclusion.
One hundred subjects were initially imaged. Of these, 12 subjects
were excluded due to technical factors, protocol deviations that
invalidated scan comparisons, and severe bulk motion. Thus, 88
subjects met the inclusion criteria (54 women, 34 men; mean age,
456 22 years) and were subsequently analyzed.

Imaging Methods
The study was performed on five 3T and three 1.5T MR imaging
scanners (Ingenia; Philips Healthcare, Best, the Netherlands) with
a standard hardware configuration, using a 15- or 32-channel
head coil as per the routine of each site. The spiral 2D T1-SE
(spiral-SE) sequence consisted of conventional 90°–180° radiofre-
quency pulses, followed by a fully sampled spiral-out readout14

with acquisition duration t � 12/22ms for 3T/1.5T. Crusher gra-
dients around the 180° refocusing radiofrequency pulse provided
additional flow signal suppression and black-blood contrast.11

The spiral implementation is Dixon-based by design, with sam-
ples acquired at 2 or 3 unique TEs to encode chemical-shift infor-
mation, in order to account for the different blurring properties
of water/fat. On-line reconstruction (� 1 second/slice) was per-
formed using a conjugate gradient algorithm for joint off-reso-
nance deblurring and Dixon-based water/fat separation,6

resulting in the intrinsic generation of separate water and fat
(along with in-phase, out-of-phase) image series. A B0 prescan
(�30 seconds) was acquired before the spiral scan for use in
reconstruction.

Spiral-SE was evaluated against 4 different Cartesian 2D T1-
SE (Cart-SE) based protocols, which reflected the standard-of-
care of each site. These 4 protocol comparison groups (G1–G4)
were G1, fully sampled Cart-SE at 3T, and G2, at 1.5T; alterna-
tively, as speed-up options, sites used G3, Cart-SE with half scan
for partial k-space coverage, and G4, Cartesian 2D T1-TSE with
an echo-train to cover multiple k-space lines per shot. Spiral-SE
protocols were designed to match each group of G1–G4 for scan
time, geometry, and contrast-related parameters as closely as pos-
sible, given the constraints of each sequence. Typical parameters
for the matching pairs of spiral-versus-Cartesian scans in G1–G4
are shown in the On-line Table.

For each subject, one of the G1–G4 protocols was acquired,
resulting in a matching pair of postcontrast spiral-versus-
Cartesian scans for subsequent evaluation. The pair of scans was
alternately acquired in forward/reverse order (i.e. spiral followed
by Cartesian, or Cartesian followed by spiral) to minimize bias
related to delayed enhancement, and added to the end of the rou-
tine brain examination to minimize disruption to the clinical
routine.

Radiologic Assessment
Nine neuroradiologists, representing the participating sites,
each performed an independent review of all 88 subjects. For
each subject, the matching pair of spiral and Cartesian scans
was compared side-by-side and scored relative to one another
on 10 image quality (IQ) metrics (M1–M10): M1, flow artifact
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mitigation; M2, subjective SNR; M3, GM/WM contrast; M4,
image sharpness or delineation of brain structures; M5, indi-
vidual lesion conspicuity, marked not applicable (NA) if no
visible lesions; M6, diagnostic preference for detecting abnor-
mal enhancement, which is the clinical use case of the
sequence, in which only diagnostically relevant differences
should be considered; M7, overall IQ, intracranial compart-
ment only; M8, motion artifact mitigation; M9, susceptibility
artifact mitigation; and M10, overall IQ, extracranial compart-
ment only.

M1–M9 were evaluated in the intracranial compartment only,
defined as the brain parenchyma, meninges, and blood vessels.
M10 was evaluated in the extracranial compartment only, defined
as the skull base and below, as well as the nasal cavity, paranasal
sinuses, temporal bone, and orbits. This evaluation was per-
formed to align with the primary clinical use case of the T1-SE/
TSE protocol for intracranial compartment evaluation, while pro-
viding a summary metric for extracranial compartment assess-
ment. Each metric was scored on an ordinal 5-point Likert scale:
14Cartesian is much better; 2 4 Cartesian is better; 3 4

Cartesian is comparable with spiral; 44 spiral is better; 54 spi-
ral is much better. Cartesian and spiral scans were anonymized as
“method A” and “method B,” though for the spiral scans, both
water-only and waterþfat Dixon image series were provided for
review.

Statistical Analysis
Statistical analysis was performed in R statistical and computing
software (Version 3.5.1; http://www.r-project.org/), and data
preparation/plotting, in Python (Version 3.6.7; https://www.
python.org/downloads/release/python-367/), with the consulta-
tion of a biostatistician (M.T.). Nonparametric statistics were
used due to the ordinal scoring data. The one-sample Wilcoxon
signed rank test was used to evaluate the relative performance of
spiral versus Cartesian. Here, we tested the null hypothesis H0:
D 4 3 versus H1: D = 3, where D is the median score over the
subject population for a given IQ metric; because a score of
34Cartesian is comparable with spiral, null hypothesis rejection
H1 suggests that the scoring distribution is not symmetric about 3
but is in favor of either spiral (D . 3) or Cartesian (D , 3). The
Kruskal-Wallis test was used to assess intergroup similarity (H0)
or difference (H1) between the distributions of G1–G4, followed
by post hoc analysis with the Dunn test for multiple pair-wise
comparisons to determine the relative performances within G1–
G4. Wilcoxon and Kruskal-Wallis tests were evaluated for each
IQ metric M1–M10 using the populations over all subjects (n 4

88) and also separated by protocol group (G1–G4, n 4 42, 20,
13, 13, respectively). The median reviewer score was used for a
given subject. A P value, .05 was chosen for statistical signifi-
cance (H1). To control for increased type I error incurred by mul-
tiple tests, we adjusted all P values for false discovery rate using
the Benjamini-Hochberg procedure. Inter-reviewer agreement
was assessed by the k statistic.

RESULTS
Figures 1–4 show images representative of the multireader scor-
ing results for all 10 metrics. Most images are from G1, which is

the most direct comparison of fully-sampled single phase-
encoded spiral versus Cartesian and the largest sample size;
images from other protocol groups are shown when appropriate.
On-line Figures 1–4 contain histograms of all scores for each of
M1–M10. Images in Figs 1–4 were selected to reflect the histo-
gram trends in On-line Figs 1–4, respectively, and provide com-
plementary information when viewed together as described
below.

Figure 1 and On-line Fig 1 illustrate flow artifact mitigation
(M1). The most prominent flow artifacts, either due to CSF or
blood flow, are often observed in the posterior cranial fossa (Fig
1). These artifacts severely corrupt Cartesian images (bottom
row), manifesting as coherent ringing artifacts in the left-right
phase-encoding direction, most commonly around the brain
stem, transverse sinuses, sagittal sinuses, carotid arteries, and
their branches. Matching spirals (top row) demonstrate signifi-
cant/consistent flow artifact reduction in these areas. This benefit
also extends to the middle cranial fossa (On-line Fig 1A). On-line
Fig 1B provides a histogram of all M1 scores and is described in
more detail in the legend.

Figure 2 and On-line Fig 2 summarize metrics related to gen-
eral image attributes: subjective SNR (M2), GM/WM contrast
(M3), and image sharpness (M4). Histogram distributions (On-
line Fig 2) are right-skewed and qualitatively favorable for spiral
across all 3 metrics. Subjective SNR (On-line Fig 2A) shows an
elevated bar for G3 with a score of 5, corresponding to a higher
relative benefit for spiral-versus-Cartesian SE with half scan,
compared with protocols G1, G2, G4. Similarly, GM/WM con-
trast (On-line Fig 2B) shows an elevated bar for G4 with a score of
5, corresponding to a higher relative benefit for spiral-versus-
Cartesian TSE, compared with protocols G1, G2, G3. Figure 2
highlights these benefits for protocol groups G1 (fully-sampled
reference), G3 (elevated SNR), and G4 (elevated contrast).

Figure 3 and On-line Fig 3 demonstrate spiral improvement
for clinically related metrics: individual lesion conspicuity (M5)
and diagnostic preference for detecting abnormal enhancement
(M6), together with a summary score for overall intracranial IQ
(M7). Histograms (On-line Fig 3) show right-skewness in favor
of spiral across all 3 metrics. Figure 3 highlights the increased
diagnostic confidence for spiral in areas with pathologies, includ-
ing areas with superior suppression of strong flow-ringing arti-
facts (column 1), removal of more subtle vascular artifacts that
may otherwise be confounded with enhancing lesions (columns 2
and 3), and improved lesion visualization due to overall higher
SNR (columns 4–6).

Figure 4 and On-line Fig 4 show metrics for motion artifacts
(M8), susceptibility artifacts (M9), and overall extracranial IQ
(M10). Histograms (On-line Fig 4) show spiral performed com-
parable with (M8) or poorer than Cartesian (M9, M10). Figure
4A shows increased susceptibility artifacts for spiral around areas
of artificially/naturally occurring magnetic susceptibility, which
can manifest as signal loss and residual blurring. Similar suscepti-
bility artifacts are observed in the extracranial space for spiral, as
reflected in the M10 scores in favor of Cartesian (On-line Fig
4C). Further inspection of On-line Fig 4C shows that�15% of all
cases were given a score of 4, predominantly by 2 reviewers (or-
ange, green). These 2 reviewers commented that despite the
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generally better extracranial IQ of Cartesian, spiral was preferred
on a case-by-case basis due to its intrinsic Dixon capability.
Figure 4B highlights this advantage, in which spiral water-only
images are beneficial for delineating pathologies in/around fat
tissue.

Figure 5 summarizes the statistical analysis. The Wilcoxon
signed rank test showed that spiral performs better than
Cartesian (green) in 7/10 metrics, M1–M7, across all protocol
groups; spiral is comparable with Cartesian (blue) in 1/10
metric, M8, across all protocol groups; spiral performs poorer
than Cartesian (red) in 2/10 metrics, M9–M10, across all pro-
tocol groups, with the exception of M9, G4 (blue). The
Kruskal-Wallis with Dunn post hoc analysis provides statisti-
cal confirmation of the interprotocol trends observed in the
histograms. M2, G3 showed relatively better performance
than all other protocols, consistent with the elevated bar in
On-line Fig 2A. Similarly, M3, G4 performed better relative to
all other protocols, matching the elevated bar in On-line Fig
2B. Inter-reviewer agreement scores based on the original
5-point scale (k5cat) are “slight” to “fair.” To further investi-
gate inter-reviewer agreement, all scores were aggregated to a
3-point scale, as either Cartesian is much better or better
(scores4 1, 2, respectively), Cartesian is comparable with spi-
ral (score 4 3, unchanged), or spiral is better or much better
(scores 4 4, 5, respectively). Inter-reviewer agreement scores
based on this 3-point scale (k 3cat) improved to “moderate” or
“substantial” for some metrics, suggesting that a source of
inter-reviewer difference is due to assessing “better” versus
“much better” conditions rather than an entirely different
preference between spiral or Cartesian. The Wilcoxon signed
rank test was repeated with scores based on the 3-point scale

(On-line Figure 5), which did not change the overall conclu-
sions of Figure 5.

DISCUSSION
This multicenter clinical evaluation of spiral MR imaging was
conducted at sites that represent a variety of MR imaging expert
levels, from luminary research institutions to hospitals with lim-
ited research support. Furthermore, spiral acquisition and recon-
struction were performed on both 3T and 1.5T scanners with
standard hardware configurations. To the best of our knowledge,
this multicenter study is the first of its scale and kind to demon-
strate the clinical feasibility of spiral MR imaging for routine
structural imaging.

Spirals were superior to standard-of-care Cartesian in 7 of 10
assessed metrics. FromM1 toM5, the strongest consensus benefit
of spiral was flow artifact mitigation, followed by subjective SNR
and GM/WM contrast. These cumulative benefits enabled clearer
visualization of brain structures and lesions, resulting in better
scores in M6–M7 for overall diagnostic preference and intracra-
nial image quality, respectively. The most prominent areas of
benefit included the middle cranial fossa, deep gray matter, and
posterior cranial fossa. In the middle cranial fossa, reduced flow
artifacts around the carotid arteries, in particular, increased diag-
nostic confidence for temporal lobe pathologies. In deep gray
matter, increased SNR, contrast, and lack of flow from the third
ventricle and small vessels improved demarcation of the basal
ganglia and adjacent white matter tracts. In the posterior cranial
fossa, significant flow artifact mitigation from the vertebrobasi-
lar arteries, venous sinuses, fourth ventricle, and foramen mag-
num dramatically improved image quality of the brain stem,
cerebellum, and cranial nerves. Improved anatomic visualization

FIG 1. Images illustrating metrics: flow artifact mitigation (M1). See On-line Fig 1 for corresponding histogram of scores. Spirals demonstrate sig-
nificant and consistent flow artifact mitigation in the inferior slices. All images are taken from G1. Columns 1–2, Strong flow artifacts around the
brain stem and sagittal sinus (brace) in Cartesian are effectively suppressed in spirals, where the previously obscured brain stem and cerebellum
are now clearly visualized. Column 3–5, Cartesians exhibit severe flow-ringing artifacts in the phase-encoding direction (left-right) originating
from the transverse sinuses and carotid arteries. Spirals produce significantly cleaner images, making visible the cerebellum, anterior temporal
lobe, and trigeminal nerves (white arrows); residual flow artifacts in spiral manifest as faint circular ripples emanating from the flow source (black
arrows). Column 6, Flow signal in the branches of the carotid, vertebral arteries, and the straight sinus (brace) is well-suppressed in spiral, pro-
viding finer structural details of the frontal basal area and cerebellum (star). In Figs 1–4, all spiral images are water-only for brevity.
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benefits brain imaging in general and, specifically, applications
requiring precise anatomic localization such as presurgical plan-
ning and image-based morphology. Also, pathologies adjacent
to fat tissue were better depicted, exploiting the intrinsic Dixon,
suggesting potential utility in head and neck imaging.

The higher scan efficiency of spirals can be leveraged for
faster scans and/or increased SNR. In this study, spirals were
scan time–matched to Cartesian, resulting in an SNR benefit
(M2). With protocol G1 as an example, spirals achieved �150%
higher SNR versus Cartesian. If speed is prioritized, a fully-
sampled spiral is approximately 4 times faster (scan time 4

54 seconds) with �75% SNR versus Cartesian. If it is SNR-
matched, spiral is approximately 2.3 times faster (scan time
4 94 seconds). Two current speed-up options for routine
Cart-SE–based protocols come with trade-offs: reduced SNR
due to partial k-space coverage (G3) and reduced GM/WM
contrast due to the longer echo-train (G4). In both cases, a
fully sampled, scan time–matched spiral was acquired with-
out these trade-offs. Interprotocol histogram and Kruskal-
Wallis analysis confirm this advantage, with spirals in G3 and
G4 demonstrating relatively higher scores for subjective SNR
(M2) and GM/WM contrast (M3), respectively, compared
with the other protocols. Spirals prioritizing speed may bene-
fit fast screening, and emergency department protocols.

Vascular applications are an area where the scan efficiency,
flow suppression, and intrinsic Dixon of the spiral may be lever-
aged for added clinical value. Vessel wall imaging using current
2D techniques is slow due to high spatial resolution and requires
CSF/blood signal suppression and fat suppression for vessels near
the scalp—attributes that have been addressed with the proposed
spiral 2D T1-SE. Flow suppression also benefits tumor imaging by
separating vascular components in tissue, enabling more precise
tumor-size assessment and differentiation of thrombosed/flowing
components in vascular tumors. Promising early results have also
been demonstrated with spiral TOF-MRA.15 For structural T1-
weighted sequences, many protocols prefer 3D over 2D scans; a
high-resolution isotropic spiral 3D sequence, with the detailed
advantages, will be a competitive alternative to current Cartesian
3D sequences and could eliminate the need for additional fat-sup-
pressed scans as demonstrated for orbit examinations.16

Spirals were comparable with Cartesian in 1 of 10 metrics,
motion artifacts. The spiral k-space trajectory itself is less sensi-
tive to motion.5,9,10 However, a confounding factor is spatial mis-
registration between the B0 prescan and the spiral scan due to
bulk head motion, which would result in residual blurring.
Further study is required to separate these effects, which may also
be mitigated with concurrent motion-tracking/B0 mapping17 or
self-B0 techniques.

18

FIG 2. Images for metrics: subjective SNR (M2), GM/WM contrast (M3), and image sharpness (M4). See On-line Fig 2 for corresponding histo-
grams of scores. Column 1, Spiral has higher SNR and GM/WM contrast as demonstrated by the sharper demarcation of the putamen (P) and
globus pallidus (G) from surrounding WM tracts. The internal capsule, claustrum, external capsule, and extreme capsule are clearly distinguish-
able on spiral (white and black arrows), with sharper margins and higher contrast compared with Cartesian. The cortex and subcortical WM
show higher contrast as well. Column 2, Grade II isocitrate dehydrogenase (IDH) mutant astrocytoma following radiation therapy is seen in the
right hemisphere, showing a more detailed appearance on the spiral (black arrow). The higher spiral SNR also enables confident detection of an
enhancing metastasis in the left parietal lobe (white arrow); this lesion is only faintly visible on the Cartesian. Column 3, Spiral shows better
defined borders of the vasogenic edema (white arrows) surrounding the contrast-enhancing metastasis. The overall appearance of the lesion is
the same on the 2 sequences. Column 4, Spiral demonstrates higher GM/WM contrast, particularly conspicuous by comparing details of the ba-
sal ganglia and delineation of the caudate head (C), lateral borders of the anterior putamen (black arrow), and claustrum (white arrow). The cer-
ebral cortex and subcortical WM are better distinguished (star). Column 5, Meningitis (white arrow) and early cerebritis. The extent of the
vasogenic edema is easier to assess on spiral due to the higher contrast and sharper boundary with the WM (black arrows). The contrast
between WM and deep GM structures (BG) and the cortex (star) is again higher with spiral. Column 6, Spiral GM/WM contrast is generally
higher, while Cartesian has less distinguishable GM/WM boundaries. Internal structure of the intraventricular meningioma shows more details,
evident by smaller areas of increased enhancement (black arrows) and vascular structures (white arrows) due to spiral flow compensation.
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FIG 3. Images for metrics: individual lesion conspicuity (M5), diagnostic preference for detecting abnormal enhancement (M6), and overall intra-
cranial IQ (M7). See On-line Fig 3 for corresponding histograms of scores. All images are taken from G1. Column 1, Enhancing lesion (white arrow)
and surrounding area are better evaluated due to spiral flow artifact reduction. Columns 2 and 3, Misleading hyperintense vascular artifacts
(black arrows) are removed in spiral, along with flow-ringing artifacts (braces). Column 4, Cavernous hemangioma in the right basal ganglia (white
arrow). The peripheral vascular component is well-separated from the central, contrast-enhancing part by spiral flow suppression. Column 5, An
enhancing demyelinating lesion (white arrow) is better depicted on spiral. The spiral was acquired before the Cartesian in this case; thus, the dif-
ference is not a result of delayed enhancement. Better delineation of the cortex and higher GM/WM contrast are seen again (circle), along with
removal of flow ringing (brace). Column 6, Postsurgical residual enhancement (white arrow) has higher signal and better delineation in spiral,
which increases diagnostic confidence.

FIG 4. Images for metrics: motion artifacts (M8), susceptibility artifacts (M9), and overall extracranial IQ (M10). See On-line Fig 4 for correspond-
ing histograms of scores. A, More pronounced susceptibility artifacts in spirals, appearing as signal voids and residual blurring. These occur in
areas where the B0 field changes rapidly, such as around metallic implants, surgical clips, and resections (black arrows), as well as air/tissue inter-
faces in the nasal cavity and sinuses (white arrows). Spiral benefits can be seen in the more detailed internal structure of the enhancing area and
flow artifact suppression (braces). B, Extracranial examples that benefit from the intrinsic Dixon water/fat separation of the spiral. Column 4,
Spiral shows increased conspicuity of left periorbital inflammatory stranding (dashed circle). Column 5, Sinus and soft-tissue pathology, where
spiral increases the visibility of asymmetric inflammatory stranding in the left masticator space (star), though susceptibility artifacts limit visual-
ization of the left maxillary sinus retention cyst (white arrow), while the right maxillary sinus fluid is seen with both techniques. Column 6, Left
glomus jugulare tumor (white circle), where spiral highlights the enhancing tumor and separates it from the adjacent fat, while also mitigating
posterior fossa flow artifacts (brace).
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Spiral performed poorer than Cartesian in 2 of 10 metrics,
both related to magnetic susceptibility in areas where the B0
map changes rapidly or is not well-defined. Signal voids and re-
sidual blurring can occur in these areas; while these susceptibil-
ity artifacts were readily recognizable and did not mimic
pathology, diagnostic confidence in artifactual regions may be
reduced. Imaging in areas of large magnetic susceptibility is a
technical challenge for spiral due to its longer acquisition dura-
tion t , which increases the sensitivity of the technique to off-
resonances. Shortening t ,10 especially when imaging near metal
implants, is one solution, though at the cost of scan efficiency.
For maintaining a longer t while mitigating susceptibility arti-
facts, solutions include improved system characterization7,19

and alternative deblurring/autofocusing algorithms.20

There were several limitations to our study. While the
reviewers were blinded to the spiral and Cartesian scan names for
scoring, the images themselves contained potentially distinguish-
able characteristics such as flow artifacts that manifested as swirls
in spiral-versus-ringing in Cartesian due to their inherently dif-
ferent k-space trajectories. Such features could make each method
identifiable to a trained neuroradiologist. Furthermore, spiral
images included additional features such as Dixon (water/fat sep-
aration) and crusher gradients (flow signal suppression), which
could represent a source of sequence identification and/or poten-
tial bias.

Regarding Dixon, we elected to distinguish this as an intrin-
sic benefit of our spiral design and so provided both spiral water–
only and waterþfat Dixon image series for review. An alternative
approach would be acquisition of Cartesian Dixon with matching
Dixon image series. However, this approach would have required
changing the standard-of-care for the Cartesian approach, and the

added duration would have been impractical for the clinical work-
flows in this multicenter study. For example, a protocol G1
Cartesian scan time of 3:35 minutes would have doubled to 7
minutes with 2-TE Dixon; paired with a spiral scan time matched
to 7 minutes, the result is an additional 14 minutes per subject.

Regarding crusher gradients, this option is not commercially
available with the vendor’s Cart-SE. The spiral-SE uses a spiral-
out readout, which enables the insertion of crusher gradients
with a minimum increase in TE. On the other hand, insertion of
crusher gradients into the Cart-SE would further increase TE
(and TR), resulting in reduced SNR and GM/WM contrast. To
avoid these trade-offs and to compare with standard-of-care, we
therefore did not add crusher gradients to the Cart-SE.

To control for these differences, this study was therefore
designed to achieve a fair comparison between spiral and
Cartesian protocols by closely matching scan time, geometry
(FOV, voxel volume), and contrast-related parameters (TR, TE,
flip angle). Standard-of-care Cart-SE/TSE parameters were used
as a fixed reference. Spiral SE protocols were then optimized,
given these parameter constraints, including the addition of
Dixon and crusher gradients within the same scan time, and so
forth. Such parameter matching was performed across all proto-
cols and scanners in this multicenter evaluation.

CONCLUSIONS
Spiral 2D T1-SE for routine structural brain MR imaging is feasi-
ble in a clinical population, can be performed at both 3T/1.5T
with conventional scanner hardware, and provides several added-
value benefits compared with standard-of-care Cartesian 2D T1-
SE/TSE. Spiral was superior to Cartesian in 7 of 10 assessed met-
rics—with strong consensus benefits to flow artifact mitigation,

FIG 5. Statistical test results for all assessed metrics (rows: M1–M10), over all protocol groups (columns: All 4 all cases, G1–G4). Colors denote
Wilcoxon signed rank test results: Green indicates that spiral is better than Cartesian (P value, .05; D . 3); blue, spiral is comparable with
Cartesian (P value. .05); and red, Cartesian is better than spiral (P value, .05; D , 3). Text within colored cells summarizes Kruskal-Wallis and
Dunn test results for interprotocol comparisons. If a row contains text, Kruskal-Wallis resulted in a difference in relative performances between
G1–G4 (P value, .05); otherwise there was no significant difference between protocols. The text itself summarizes Dunn multiple pair-wise
comparison results. For example, for M2, there was a significant difference between G1–G4, where G3 scores were relatively higher than G1, G2,
G4. Similarly for M3, G4 scores were relatively higher than G1, G2, G3. Noncolored cells in M5 are groups with insufficient samples (n# 5)
because subjects without lesions were excluded (marked NA). Inter-reviewer agreement is reported for k 5cat and k 3cat. IC indicates intracranial
compartment; EC, extracranial compartment; pref, preference; k5cat, k statistic for 5-point scale; k 3cat, k statistic for 3-point scale.
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subjective SNR, and GM/WM contrast—and was preferred by
neuroradiologists for overall postcontrast intracranial evaluation
(M6, M7). Spiral was comparable with Cartesian in 1 of 10 met-
rics and inferior in 2 of 10 metrics, most notably related to mag-
netic susceptibility. Ongoing methods development aims to
improve the robustness of spiral MR imaging in these areas, while
also exploring new clinical applications.
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