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Background: We aimed to compare the performance of three contrast-enhanced T1-weighted three-
dimensional (3D) magnetic resonance (MR) sequences to detect brain tumors at 3 Tesla. The three sequences
were: (I) delay alternating with nutation for tailored excitation sampling perfection with application-
optimized contrasts using different flip angle evolution (DANTE-SPACE), (II) pointwise encoding time
reduction with radial acquisition (PETRA), and (IIT) magnetization-prepared rapid acquisition with gradient
echo (MPRAGE).

Methods: This study involved 77 consecutive patients, including 34 patients with known primary brain
tumors and 43 patients suspected of intracranial metastases. All patients underwent each of the three
sequences with comparable spatial resolution and acquisition time post-injection. Signal-to-noise ratios (SNRs)
for gray matter (GM) and white matter (WM), contrast-to-noise ratios (CNRs) for lesion/GM, lesion/WM,
and GM/WM were quantitatively compared. Two radiologists determined the total number of enhancing
lesions by consensus. Intraclass correlation coefficients (ICCs) between the two radiologists for metastases
presence, qualitative ratings for image quality, and acoustic noise level of each sequence were assessed.
Results: Among the three sequences, SNRs and CNRs between lesions and surrounding parenchyma were
highest using DANTE-SPACE, but CNRy,ycm was the lowest with DANTE-SPACE. SNRs for PETRA
images were significantly higher than those for MPRAGE (P<0.001). CNRs between lesions and surrounding
parenchyma were similar for PETRA and MPRAGE (P>0.05). Significantly more brain metastases were
detected with DANTE-SPACE (n=94) compared with MPRAGE (n=71) and PETRA (n=72). The ICCs
were 0.964 for MPRAGE, 0.975 for PETRA, and 0.973 for DANTE-SPACE. Qualitative scores for lesion
imaging using DANTE-SPACE were significantly higher than those obtained with PETRA and MPRAGE
(P=0.002 and P=0.004, respectively). The acoustic noise level for PETRA (64.45 dB) was significantly lower
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than that for MPRAGE (78.27 dB, P<0.01) and DANTE-SPACE (80.18 dB, P<0.01).
Conclusions: PETRA achieves comparable detection of brain tumors with MPRAGE and is preferred for

depicting osseous metastases and meningeal enhancement. DANTE-SPACE with blood vessel suppression

showed improved detection of cerebral metastases compared with MPRAGE and PETRA, which could be

helpful for the differential diagnosis of tumors.
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Introduction

Primary and metastatic brain tumors are life-threatening
due to their infiltrative and invasive nature and are
associated with high patient morbidity and mortality (1).
For some brain tumors, the identification of genetic features
influences the diagnosis, treatment, and prognosis (2). In
clinical settings, the optimal therapeutic strategies for brain
tumors generally depend on the number, size, location,
and grading of the tumors; therefore, early and accurate
diagnosis is of utmost importance (3).

Magnetic resonance imaging (MRI) has been widely
accepted as the most sensitive imaging modality. It is
preferred for assessing the lesion type, size, location,
extent, enhancement characteristics, and malignancy
of brain tumors (4) by depicting the anatomical and
functional features of tumors with high tissue contrast. The
administration of gadolinium-based contrast material assists
with early and accurate differential diagnosis and tumor
grading by depicting margins and enhancing morphological
information within lesions. This information is essential
for informing clinical decisions about surgical resection,
radiotherapy, or chemotherapy, including delineating
appropriate target volumes and managing follow-up
regarding disease recurrence and treatment outcomes (5,6).

Contrast-enhanced T1-weighted imaging (T1WI) MRI,
which is widely used in the standard clinical assessment
of brain tumors, can be conducted using either three-
dimensional (3D) or two-dimensional (2D) magnetic
resonance (MR) sequences. With thinner-section
thicknesses in 3D datasets for reconstructing arbitrary
orientation slice images of the 3D volumetric acquisition
datasets, 3D MR sequences are recommended for cerebral
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tumor detection (7). They have been demonstrated to be
superior to 2D sequences to detect and visualize small brain
metastases with reduced partial volume effect and fewer
blood flow artifacts (8-11).

Magnetization-prepared rapid acquisition with gradient
echo (MPRAGE) is a 3D sequence used for neuroimaging
that provides excellent tissue contrast between gray matter
(GW) and white matter (WM), has high spatial resolution
with isotropic imaging (12), and is less sensitive to pulsation
artifacts (13). Thus, it is commonly used for contrast-
enhancement evaluation of intracranial tumors (14).
However, contrast-enhanced T1-weighted MPRAGE shows
hyperintensity in both arterial and venous vessels, similar
to small contrast-enhanced focal lesions; this hinders the
accurate detection of lesions, especially for small metastatic
tumors located in regions near the cerebral cortex or sulci
(15-17). This disadvantage limits its use for the diagnosis
of small metastatic tumors. Moreover, MPRAGE has a
limited role in depicting lesions with slight enhancement
concentration (13). In a recent investigation (18),
MPRAGE demonstrated inferior visualization of brain
tumor enhancement compared to sampling perfection
with application-optimized contrasts using different flip
angle evolution (SPACE) and volumetric interpolated brain
examination (VIBE).

Pointwise encoding time reduction with radial acquisition
(PETRA), a quiet 3D sequence alternative to MPRAGE,
combines half-projection radial acquisition in outer k-space
and single pointwise measurement on a Cartesian trajectory
in center k-space, and it has an ultra-short echo time (TE)
of 0.07 ms (19). The PETRA sequence applies an inversion
recovery pulse to yield TIWI and has shown performance
comparable with the MPRAGE sequence in pediatric
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brain imaging (20) and postcontrast intracranial tumors
with a much lower acoustic noise level compared with
conventional MPRAGE (21). However, after administering
the contrast material, vessels are enhanced to hyperintensity
in PETRA; this may cause difficulty in differentiating focal
lesions from small vessels when using this sequence.

Black-blood techniques can suppress signal intensity
in arterial and venous vessels by nulling the inflowing
blood (22) through various strategies, including
delay alternating with nutation for tailored excitation
(DANTE) (23), spatial presaturation (24), double inversion
recovery (25), and motion-sensitizing magnetization
preparation (26). The DANTE preparation module
institutes nonselective low flip angle pulse trains
interspersed with gradient pulses with short interpulse
spacing. This enables static tissues to preserve most of their
transverse coherence while flowing spins are substantially
attenuated with short interpulse repeat times combined
with gradient fields along the flow direction during the
DANTE pulse trains, achieving substantial attenuation of
moving spins while retaining static signals (23). According
to the basic rationale of the DANTE preparation module,
the signal suppression of DANTE is insensitive to
velocities, which provides excellent blood signal suppression
for arteries and veins with slow blood flow. Combining
the blood signal suppression of DANTE with SPACE,
3D DANTE-SPACE has been used clinically for vessel
wall imaging of carotid and intracranial arteries (23,27);
diagnosing deep venous thrombosis (28); and has been
shown to detect small metastatic lesions effectively (23).

To the best of the authors’ knowledge, no previous
studies have compared the three 3D T1WI sequences
DANTE-SPACE, PETRA, and MPRAGE to diagnose
brain tumors. This study aimed to compare the diagnostic
performance and image quality of these three 3D contrast-
enhanced T1WI sequences to detect metastatic and primary
brain tumors at 3 Tesla (T). By comparing the different
properties of the three sequences, we hypothesized the
following: (I) due to the black-blood intrinsic characteristic
of DANTE-SPACE, this sequence might provide
superior tumor conspicuity and may be more useful for
differentiation of perivascular tumors compared with
MPRAGE and PETRA; and (II) PETRA might provide
comparable image quality with MPRAGE and have superior
performance in depicting cranial bones and meningeal
enhancement compared to the other two sequences, which
could be attributed to its special ultra-short TE.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Methods
Patient population

The study was conducted following the Declaration of
Helsinki (as revised in 2013). The study was approved by
the Medical Ethics Committee of Huazhong University of
Science and Technology, and written informed consent was
taken from all individual participants.

Between February 2019 and August 2020, a total of 77
consecutive patients (43 males and 34 females; mean age,
51.6 years; age range, 20-73 years) were enrolled in the study.
Of these patients, 43 (25 males and 18 females; mean age,
55.3 years; age range, 32-73 years) with known malignancy
underwent cranial contrast-enhanced MR scanning for
evaluation of intracranial metastases. The diagnosis of the
primary malignant tumors was lung cancer (n=37) and breast
cancer (n=6), and each patient with metastases had at least
1 follow-up MRI after radiation therapy with or without
chemotherapy. The remaining 34 patients (18 males and
16 females; mean age, 47.0 years; age range, 20-71 years)
had identified primary brain tumors, including meningioma
(n=9), glioma (n=22), hemangiopericytoma (n=2), and
lymphoma (n=1). All enrolled patients underwent contrast-
enhanced MR examinations according to clinical standards.

MRI protocol

All MR examinations were performed on a 3T MR scanner
system (Magnetom Skyra, Siemens Healthineers, Erlangen,
Germany) equipped with 45 mT/m achievable gradient
strength and 200 T/m/s maximum slew rate, using a
20-channel head-neck coil. Foam pads were placed at the
bilateral sides of the head within the head coil to fix the
patient's position and help decrease the acoustic noise heard
by patients. All patients were instructed to remain still
during the MR image acquisition. Pre-contrast sequences
were scanned in 2D mode, including T1-weighted, T2-
weighted, fluid-suppressed T2-weighted, and diffusion-
weighted images. The contrast-enhanced MR sequence
used in our department was T1-weighted MPRAGE, and
contrast-enhanced DANTE-SPACE and PETRA T1-
weighted sequences were added in this study. The three
contrast-enhanced T1-weighted MR sequences were used
with the same spatial resolution and comparable acquisition
time in 3D mode. One minute after administration of
gadobutrol (Gadovist; Bayer Schering Pharma, Berlin,
Germany) at a standard dose (0.1 mL/kg body weight) at
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Table 1 MR parameters for the three T1WI sequences
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Parameters MPRAGE PETRA DANTE-SPACE
Sequence type T1 GRE T1 PETRA T1TSE
3D or 2D mode 3D 3D 3D
Coverage Whole brain Whole brain Whole brain
Orientation Sagittal Axial Sagittal
TR (ms) 2,300 3.32/2,250 850

TE (ms) 2.29 0.07 4.6
FOV (mm?) 240 300 280
Bandwidth (Hz/pixel) 200 401 524
Number of slices 176 320 192
Matrix size 256x256 320x320 298x298
Acceleration factor in parallel imaging (GRAPPA mode) 2 - 2

Flip angle (°) 8 6 Variable

Voxel size (mm?)

TA

0.94x0.94x0.94

5min21s

0.94x0.94x0.94 0.94x0.94x0.94

5min57 s 5min 33 s

MR, magnetic resonance; T1WI, T1-weighted imaging; MPRAGE, magnetization-prepared rapid acquisition with gradient echo; PETRA,
pointwise encoding time reduction with radial acquisition; DANTE-SPACE, delay alternating with nutation for tailored excitation sampling
perfection with application-optimized contrasts using different flip angle evolution; GRE, gradient recalled echo; TSE, turbo spin echo; 3D
or 2D mode, three-dimensional or two-dimensional mode; TR, repetition time; TE, echo time; FOV, field of view; GRAPPA, generalized auto

calibrating partially parallel acquisition; TA, acquisition time.

a rate of 1.5 mL/s, the three sequences were scanned in a
random order to avoid timing bias which might be caused
by different concentrations of gadolinium-based contrast
material over time after injection. The detailed parameters
for each of the sequences are shown in Table 1.

MR image analysis

For the 43 patients with suspected brain metastases, the
diagnostic criteria for brain metastases were determined
as follows (29): (I) enhancing structures with a diameter of
more than 0.5 mm that appeared as a lesion instead of being
an artifact or normal enhanced anatomical structure; and (II)
contrast-enhancing lesions that were visualized in only one
of the contrast-enhanced T1-weighted sequences.

The images were evaluated in two sessions. In the first
session, two experienced radiologists (with 10 and 15 years
of experience in neuroimaging) independently assessed
the sequences on a picture archiving and communication
system (PACS). The two reviewers read and analyzed only
one type of sequence each time, and a 1-week interval
was used to avoid memory bias for the image review of
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the three different 3D sequences. The reading order was
arranged randomly. The reviewers were permitted to
make multiplanar reconstructions using MR Workstation
3D software (Siemens). The reviewers were not blinded
to the clinical purposes of each enrolled patient for MRI,
but other patient information was removed from PACS
to ensure the blind-reading mode. For each reviewer, the
presence, absence, and number of enhancing lesions were
determined. In the second session, 1 month after the initial
analyses, the two radiologists together read and compared
the images generated for each sequence to determine the
presence or absence of an enhancing lesion. The time
allotted for the two radiologists to review the images was
not limited. A decision was made to determine the final
result by consensus as a reference standard in the case of
disagreement, and the reasons for false-positive and false-
negative lesions were also analyzed by comparing their
initial findings with the reference standard. The final
number and maximum diameter of lesions were recorded.
Intraclass correlation coefficients (ICCs) between the
two radiologists for diagnosing the presence of metastatic
lesions were analyzed for interobserver agreement.
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Subjective evaluation for all the enrolled patients

In the second session of image quality analyses, the two
radiologists together scored the overall image quality of
the three sequences using a 4-point scale (4: excellent,
no artifacts; 3: good, minor artifacts; 2: adequate, major
artifacts; and 1: insufficient for diagnosis) to evaluate the
suitability of MR images for adequate diagnosis (30).
Additionally, the images of enhancing lesions were also
evaluated by consensus using a 4-point scale (4: excellent;
3: good; 2: fair; and 1: poor) based on the following
diagnostic information: (I) lesion border delineation, (II)
definition of lesion extent, (III) visualization of internal
lesion morphology, and (IV) lesion contrast enhancement
compared with the surrounding normal tissues (31).

Objective evaluation for all the enrolled patients

Region-of-interest (ROI) analyses were performed for all
three sequences. Signal intensities (SI) of GM, WM, and
lesions were measured for calculating signal-to-noise ratios
(SNRs) and contrast-to-noise ratios (CNRs) for all three
sequences. SNRs for GW and WM, and CNRs for lesion/
WM, lesion/GM, and WM/GM were calculated using the
following formulas (30):

SNR,,, =Sl /SDyy [1]
SNR ¢y = Slgy /SDgy, 2]
CNR gioniwm = (Sllesion —Slyy )/SDWM (3]
CNR gn6m = (Shision ~Slew)/SDou (4]
CNR g6 = (STyns =Sl )/SDyng [5]

SD represents the standard deviation of the signal in the
respective ROI. To evaluate CNR\onwan and CNR 0w
lesions with homogeneous solid enhancement, clear
margins, and a diameter of 5 mm or larger were selected.
Lesions less than 5 mm in diameter were excluded from the
quantitative assessment because of the difficulty in placing a
ROI within those lesions. The circular ROIs of enhancing
lesions were placed in the center of the lesions without
involving the lesion margins. The ROIs of WM were placed
at the genu of the corpus callosum, and the ROIs of GM
with a size of 20 mm’ were placed at the head of the normal
caudate nucleus (29). All measurements of WM and GM
were made, avoiding vessels, artifacts, and any contrast-
enhancing lesions.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Measurement of acoustic noise level

The acoustic levels of the three sequences were recorded
using a decibel meter placed laterally 1 meter from the
lateral panel of the MR scanner core. For each patient,
real-time noise levels were measured and recorded every
20 seconds and repeated 15 times during the scanning of
each sequence. The average noise levels for each sequence
were then calculated for further comparisons.

Statistical analysis

All statistical analyses were performed using SPSS (IBM
Corp., Armonk, NY, USA). The variables were presented
as mean * SD. Kruskal-Wallis one-way ANOVA and
Bonferroni correction were used for statistical analysis.
ICC estimates between the two reviewers were calculated
based on absolute agreement; a two-way random model was
used for reliability analysis (poor reliability: <0.5; moderate
reliability, 0.5-0.75; good reliability: 0.75-0.9; excellent
reliability: >0.9). P<0.05 was considered statistically
significant.

Results
Patient population, lesion number, and diameters

One minute after contrast material injection, the three
sequences were scanned in random order. Details of the
scan orders for the enrolled patients are listed in Table 2.
Two female patients (52 and 45 years, both with identified
lung cancers) were excluded from the study due to difficulty
counting the numerous metastatic lesions. As illustrated
in Figure 1, more enhancing lesions were observed using
DANTE-SPACE than with MPRAGE and PETRA. A
significantly greater number of brain metastases were
detected with DANTE-SPACE (94 lesions) than with
MPRAGE (71 lesions) and PETRA (72 lesions). Figure 2
shows normal representative images obtained using
MPRAGE, PETRA, and DANTE-SPACE. Arterial and
venous vessels were enhanced to hyperintensity with both
MPRAGE and PETRA. For DANTE-SPACE images, the
signal suppression was complete for arterial vessels but was
incomplete for some venous vessels (Figure 2).

The maximum diameters of enhancing metastatic lesions
were seen using PETRA (7.46+7.70 mm), MPRAGE
(7.50+7.72 mm), and DANTE-SPACE (7.51+7.71 mm)
showed no significant statistical difference (P=0.993).
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Table 2 Details of scan orders of post-contrast T1WI sequences for all patients

Scan orders Patient number Interval time between contrast injection and the beginning of each sequence acquisition
A—B-C 12 1min—6 min 21 s—12min 18 s
A—C—B 13 1min—6 min 21 s—11 min 54 s
B—C—A 14 1 min—6 min 57 s—12min 30 s
B—A—-C 12 1 min—6 min 57 s—12min 18 s
C—A—B 14 1min—6 min 33s—11 min54 s
C—B—-A 12 1 min—6 min 33 s—12 min 30 s

A represents post-contrast MPRAGE sequence; B represents post-contrast PETRA sequence; C represents post-contrast DANTE-SPACE
sequence. T1WI, T1-weighted imaging; DANTE-SPACE, delay alternating with nutation for tailored excitation sampling perfection with
application-optimized contrasts using different flip angle evolution; MPRAGE, magnetization-prepared rapid acquisition with gradient
echo; PETRA, pointwise encoding time reduction with radial acquisition.

Figure 1 Images for a 52-year-old female patient with numerous enhancing lesions using MPRAGE (A,D), PETRA (B,E), and DANTE-
SPACE (C,F). The enhancing lesions obtained with DANTE-SPACE (C,F) show better-defined margins and contrast between lesions and
surrounding parenchyma compared with those obtained with MPRAGE (A,D) and PETRA (B,E). More enhancing lesions were detected
with DANTE-SPACE [arrows in (C,F)] than with MPRAGE and PETRA. MPRAGE, magnetization-prepared rapid acquisition with
gradient echo; PETRA, pointwise encoding time reduction with radial acquisition; DANTE-SPACE, delay alternating with nutation for

tailored excitation sampling perfection with application-optimized contrasts using different flip angle evolution.
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Figure 2 Representative images obtained using MPRAGE (A), PETRA (B), and DANTE-SPACE (C) in a normal brain, and representative
images of DANTE-SPACE at different levels from skull base to head vertex (D,E,FEG,H,I). (A,B) Arterial vessels (short arrows) and small
vessels located in brain surface (long arrows) showed signal hyperintensity; (C) the vessels were completely suppressed (short arrows). (E,FH,I)
suppression of some venous vessels was incomplete (long arrows); (D,G) suppression of contrast-enhanced choroid plexus was incomplete
(arrowheads). MPRAGE, magnetization-prepared rapid acquisition with gradient echo; PETRA, pointwise encoding time reduction with
radial acquisition; DANTE-SPACE, delay alternating with nutation for tailored excitation sampling perfection with application-optimized

contrasts using different flip angle evolution.
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Figure 3 Representative images of MPRAGE (A,D), PETRA (B,E), and DANTE-SPACE (C,F) of a 57-year-old male patient with cerebral
metastases of small-cell lung cancer. In the axial images (A,B,C), the contrast between WM and GM decreased from A to C. A well-

enhanced lesion near the cerebral falx in the right frontal lobe can be seen using all three sequences (arrowheads); the lesion appeared to be
more visible and slightly larger with DANTE-SPACE than in the MPRAGE and PETRA images. This patient also had a small meningioma
in the left temporal lobe (D,E,F); the homogeneously enhanced lesion was displayed clearly with well-defined margins using all three

sequences (arrows). MPRAGE, magnetization-prepared rapid acquisition with gradient echo; PETRA, pointwise encoding time reduction

with radial acquisition; DANTE-SPACE, delay alternating with nutation for tailored excitation sampling perfection with application-

optimized contrasts using different flip angle evolution; WM, white matter; GM, gray matter.

The ICCs between the two radiologists for the presence
of metastatic lesions was 0.964 for MPRAGE, 0.975 for
PETRA, and 0.973 for DANTE-SPACE.

By comparing the respective initial findings of the two
radiologists with the consensus results for the presence or
absence of enhancing lesions, the number of false-negative
results for metastatic lesions missing in the initial diagnosis
for MPRAGE, PETRA, and DANTE-SPACE, were 19,
19, and 12, respectively. These lesions were mostly in the
vicinity of the cerebral falx or the peripheral and surface

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

areas of the brain with diameters of 0.5-3 mm (Figure 3).
The number of false positives for metastatic lesions was two
for DANTE-SPACE and one for PETRA.

In the identification of primary tumors, there was no
significant difference among MPRAGE, PETRA, and
DANTE-SPACE and the number (n=22, n=22, n=22,
respectively; P=1.000) or maximum diameter of primary
brain tumors (3.45+1.87, 3.49+1.85, 3.49+1.85 cm,
respectively; P=0.998). However, the homogeneity of
signal intensity within some tumors differed among the
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three sequences (Figure 4), with DANTE-SPACE showing
heterogeneous signal intensities while MPRAGE and
PETRA showed homogenous imaging.

The diagnosis of intracranial and skull metastases in
a 71-year-old breast cancer patient (Figure 5), which was
validated by single-photon emission computed tomography
(SPECT), had been missed in the initial diagnosis.
Additionally, a 57-year-old male patient had a suspicious
venous malformation in the diploe of the skull that was
detected with all sequences. The conterminous vein flowed
back into the left internal jugular vein, and the signal
intensity of this small vein was enhanced in both MPRAGE
and PETRA but suppressed in DANTE-SPACE.

Subjective evaluation

All the MR images met the standard of diagnostic image
quality, and no significant differences were found in the
overall image quality score among the three sequences
(P=0.415). The image scores for lesion depiction for
each sequence are listed as follows: PETRA, 3.76+0.43;
MPRAGE, 3.75+0.44; DANTE-SPACE, 3.96+0.20. There
was no significant difference between the scores obtained
using PETRA and MPRAGE (P=0.999); however, the score
obtained using DANTE-SPACE was significantly higher
than those obtained with PETRA and MPRAGE (P=0.002,
P=0.004, respectively).

Objective evaluation

The mean values of objective parameters for each
sequence were listed in 7able 3, including SNRyy, SNRgy,
CNR]esion/GNh CNR]esion/VVZ\l) and CNRVVZW/GZW'

SNRyy and SNRy, values obtained using DANTE-
SPACE were significantly higher than those obtained with
PETRA (P<0.001, P<0.001, respectively), while the same
values using PETRA were significantly higher than those
obtained with MPRAGE (P<0.001, P<0.001, respectively).

There was a strong contrast between enhancing lesions
and parenchyma tissue when the DANTE-SPACE
sequence was used. The CNR oo and CNR 0w
values obtained using DANTE-SPACE were significantly
higher than those obtained with MPRAGE and PETRA
(P<0.001, P<0.001, respectively), while the values obtained
with MPRAGE were similar to that of PETRA (P=0.268,
P=0.999, respectively).

The tissue contrast between GM and WM was highest
in MPRAGE images and lowest in DANTE-SPACE
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images. The CNRyy6y value obtained using MPRAGE
was significantly higher than that obtained using PETRA
(P=0.008), while the CNRyyqy value obtained using
PETRA was significantly higher than that obtained with
DANTE-SPACE (P<0.001).

Acoustic noise level

The acoustic noise level of the PETRA sequence
(64.45£1.52 dB) was significantly lower than that of
MPRAGE (78.27+2.18 dB, P<0.01). The noise level of the
MPRAGE sequence was significantly lower than that of
DANTE-SPACE (80.18+1.10 dB, P<0.01).

Discussion

We compared the diagnostic performance of three 3D post-
contrast T'1-weighted sequences (MPRAGE, PETRA, and
DANTE-SPACE) for imaging brain tumors in the present
study. The results suggest that DANTE-SPACE provided
better CNR between lesions and surrounding tissues and
was superior for visualizing enhancing lesions, especially for
small metastatic lesions. The PETRA sequence provided
significantly quieter acoustic noise levels and comparable
diagnostic value when compared with MPRAGE.

Compared to MPRAGE, PETRA may be able to achieve
similar image quality for brain tumors. In the current study,
the SNR of GM and WM in PETRA was significantly
higher than that of MPRAGE, while no significant
difference between PETRA and MPRAGE was detected
in the CNR of lesions and parenchyma. This result is
consistent with a previous study (21) which reported that
PETRA was an alternative to MPRAGE for contrast-
enhanced intracranial tumors. Flow-related artifacts and
susceptibility artifacts have previously been reported to be
reduced or absent using PETRA (32,33), which has been
studied in the imaging of paranasal sinuses and inferior
temporal areas (21).

In the current study, the ability of PETRA to visualize
detailed structures of some short T2 components, such as
cranial and laminar bones and meningeal enhancement, was
superior to that of MPRAGE and DANTE-SPACE. This
may have been because the TE of PETRA (TE =0.07 ms)
is much shorter than that of MPRAGE (TE =2.29 ms) and
DANTE-SPACE (TE =4.6 ms). In a comparison study
between PETRA and MPRAGE for brain tumors by Ida
et al. (21), the cranial bones and dura enhancement were
observed more clearly on PETRA than MPRAGE, but
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Figure 4 Post-contrast MPRAGE (A,D), PETRA (B,E), and DANTE-SPACE (C,F) images and pre-contrast TIWTI and T2WI (G,H)
images of a myopericytoma in the right temporal lobe of a 37-year-old female patient. The signal intensity within this tumor was relatively
homogeneous in MPRAGE (A,D) and PETRA (B,E), but was heterogeneous with DANTE-SPACE (C,F). The enhancing effect of adjacent
meninges (arrows) was more continuous and more obvious in PETRA (E) compared with MPRAGE (D) and DANTE-SPACE (F). The
internal tumor imaging seen in DANTE-SPACE (C,F) was in line with the heterogeneous imaging of pre-contrast images (G,H); this
tumor was identified as a myopericytoma by surgical pathology (I, hematoxylin-eosin stain, x100). MPRAGE, magnetization-prepared rapid
acquisition with gradient echo; PETRA, pointwise encoding time reduction with radial acquisition; DANTE-SPACE, delay alternating with
nutation for tailored excitation sampling perfection with application-optimized contrasts using different flip angle evolution; TIWI, T1-
weighted imaging; T2WI, T2-weighted imaging.
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R---Anterior---L. L---Posterior---R

Figure 5 Post-contrast axial (A,B,C) and coronal (D,E,F) TIWI of a 71-year-old female patient with identified breast cancer obtained
using MPRAGE (A,D), PETRA (B,E), and DANTE-SPACE (C,F). The enhancing lesion in the intracranial parenchyma [arrowheads in
(A,B,C)] and skull [white arrows in (A,B,C,D,E,F)] were visualized using all three sequences. The detailed structures of the skull diploe were
depicted more clearly by PETRA than by MPRAGE and DANTE-SPACE. Anterior and posterior images of whole-body scan by SPECT
(G) showed hyperactive metabolism in the spine, ribs, and left frontal-parietal skull (black arrows), suggesting multiple bone metastases.
T1WI, T1-weighted imaging; MPRAGE, magnetization-prepared rapid acquisition with gradient echo; PETRA, pointwise encoding
time reduction with radial acquisition; DANTE-SPACE, delay alternating with nutation for tailored excitation sampling perfection with

application-optimized contrasts using different flip angle evolution; SPECT, single-photon emission computed tomography.

Table 3 Quantitative analyses of the three sequences for imaging intracranial tumors greater than 5 mm in diameter

Parameters MPRAGE PETRA DANTE-SPACE
SNRym 33.04+12.16 49.00+32.71 67.13+26.87
SNRgu 26.15+9.88 34.61+9.83 63.65+23.02
CNRcsion/am 25.93+20.86 19.52+13.97 61.80+115.69
CNResionwm 19.63+24.84 15.85+13.82 89.11+£194.83
CNRywam 8.18+21.50 7.53+2.82 -4.56+4.51%

?, signal intensities of WM were lower than those of GM in DANTE-SPACE, so this value is shown as a negative number. MPRAGE,
magnetization-prepared rapid acquisition with gradient echo; PETRA, pointwise encoding time reduction with radial acquisition;
DANTE-SPACE, delay alternating with nutation for tailored excitation sampling perfection with application-optimized contrasts using
different flip angle evolution; SNR, signal-to-noise ratio; CNR, contrast-to-noise ratio; WM, white matter; GM, gray matter.

the performance of PETRA for bone metastases was not illustrated in Figures 4,5. Moreover, our study showed that
compared. We also found that PETRA could supplement the CNR between GM and WM was significantly higher
new options for depicting osseous metastases and provide using PETRA compared with DANTE-SPACE. This may
more uniform enhancement of the involved meninges make it difficult to localize certain lesions accurately using

than DANTE-SPACE and MPRAGE, which is clearly DANTE-SPACE.
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Additionally, PETRA provided a lower acoustic noise
level than either MPRAGE or DANTE-SPACE. Almost
all MRI sequences cause considerable acoustic noise during
MR scanning, which is generally produced by fast switching
and vibration of the magnetic field gradient coils. Previous
reports have shown PETRA to be a quieter sequence.
Because the gradient remains constant throughout the
entire repetition with very slight changes at the end of
each repetition without being ramped down, the result is
very slight vibrations from the gradient coil switching (21).
This could provide a more comfortable environment for
patients, decreasing their inner anxiety and increasing the
success rate of MR examination, which may be particularly
helpful for children and patients with mental disorders (34).
MPRAGE and DANTE-SPACE each have a higher
acoustic noise level than PETRA, which may be related to
the vibrations of gradient fields and magnetization-prepared
or DANTE-prepared pulses, respectively.

Our study showed that the DANTE-SPACE sequence
detected more enhancing lesions than PETRA and
MPRAGE, especially for small metastases. This may be
explained by the higher SNR of the spin-echo nature of
SPACE and the blood vessel suppression of combining
the DANTE module with SPACE. This finding of the
present study is consistent with a prior study (29), in which
DANTE-SPACE significantly improved detection of brain
metastases over MPRAGE.

We also found that, compared with MPRAGE and
PETRA, DANTE-SPACE might be more useful for
the differential diagnosis of perivascular tumors, and to
the best of our knowledge, this finding has not yet been
reported. As shown in Figure 4, the signal intensity within
this tumor was homogeneous when using either MPRAGE
or PETRA, while it was extremely heterogeneous when
displayed in DANTE-SPACE with several blackened
small vessels. While this tumor was initially suspected of
glioma, it was later determined to be a myopericytoma
by postoperative histopathology. Myopericytoma is a rare
tumor mostly found in subcutaneous and superficial soft
tissues and is characterized by numerous thin-walled blood
vessels (35). Due to the enhancement of blood vessels and
solid components within these tumors, the tissue contrast
between them may be relatively difficult to differentiate,
resulting in a homogeneous enhancement on MPRAGE
and PETRA. However, due to the blood signal suppression
of DANTE-SPACE, blood vessels within this tumor
are blackened to hypo-intensity, thus revealing the non-
homogeneity within this tumor, which is in line with the
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precontrast TIWI and T2-weighted imaging (T2WI)
images as well as the surgical pathology. This finding
suggests that DANTE-SPACE might be more accurate for
differential diagnosis of perivascular tumors compared with
MPRAGE and PETRA.

Signal suppression of arterial vessels was observed to
be excellent in DANTE-SPACE but was incomplete for
some slow venous flows, such as the peripheral venous
sinuses or small veins on the brain surface. Although the
DANTE module is used for signal suppression of moving
spins while largely preserving the signals from static spins,
the combination of DANTE with SPACE can significantly
increase arterial and venous blood suppression compared
with the SPACE sequence alone (27). This may result in
misdiagnosis (15). In a report by Kim ez al. 29), DANTE-
SPACE produced more false-positive cases (n=18) than
MPRAGE (n=10) due to incomplete vessel suppression
(n=15) and flow-related artifacts (n=3).

In contrast, our results showed only 1-2 false-positive
metastatic lesions in DANTE-SPACE and PETRA, while
12-19 false-negative metastatic lesions were detected. This
may have been due to the following reasons.

First, the two radiologists in the current study were
familiar with the imaging features of DANTE-SPACE,
PETRA, and MPRAGE, and thus the residual blood signals
in DANTE-SPACE were generally recognized. Although
contrast-enhanced small vessels may mimic the imaging of
small metastatic lesions, they may be differentiated by using
multiplanar reconstruction techniques in combination with
the detailed location, with small vessels continuing across
multiple adjacent slices. Therefore, the number of false-
positive lesions in the present study was very low.

Second, by using a combination of three sequences as
reference standards in the current study, we found that
19 lesions were missed in the initial diagnoses for both
MPRAGE alone and PETRA alone, and 12 for DANTE-
SPACE alone. Those false-negative lesions could be found
by comparing the corresponding locations by multiplanar
reconstructions but were misinterpreted as normal
contrast-enhanced vessels on the brain surface. Although
the radiologists were highly experienced in differentiating
lesions from enhancing anatomical structures, it was
challenging to identify every small metastatic lesion by
examining the axial, sagittal, coronal, and oblique planes,
especially when they were located near small vessels.
Moreover, there were 170-320 slices for each sequence due
to the 0.94 slice thickness used with the 3D model. The
number of slices would have gone up to 510-940 if axial,
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coronal, and sagittal images were all used for observation.

While previous similar studies have focused on PETRA,
DANTE-SPACE, and MPRAGE (21,29), the additional
findings of the current study could help clinicians and
radiologists to choose the best option for different clinical
scenarios: (I) DANTE-SPACE would be recommended for
demonstrating small brain metastases with the best lesion
conspicuity; moreover, it is more useful for differentiating
perivascular tumors than MPRAGE and PETRA. (I) The
quieter PETRA sequence is more suitable for patients who
cannot tolerate loud acoustic noise, and it is recommended
if cranial bone and/or meninges are suspected to be involved
in brain tumors as it has comparable image qualities with
MPRAGE.

There were several limitations to this study. First, the
number of enrolled patients was relatively small. Further,
as it typically requires about 5-6 minutes to scan the three
sequences used in the study, there are likely to be motion
artifacts. Although all patients in the study were cooperative
during the MR scanning, and PETRA may be immune to
slight movement due to the radial acquisition part of the
sequence, there is still a need to decrease the scan time
of the 3D volumetric acquisitions to improve workflow
and reduce the possibility of patient motion. Therefore,
accelerated techniques, such as the compressed sensing
technique (36), could be considered in future studies.

Second, PETRA scanned in the axial plane due to its
combination feature, while MPRAGE and DANTE-
SPACE images were acquired with both sagittal planes.
However, although the section orientation differed among
the three 3D sequences, the same isotropic voxel size of
0.94 mm’ was applied for all three sequences with similar
acquisition times.

Third, the diagnosis of brain metastases lacked
pathological confirmation in our study. However, instead
of surgical resection, stereotactic radiosurgery and whole-
brain radiation therapy are commonly used with multiple
brain metastases (37,38). Therefore, it was reasonable for
the clinical diagnostic results to be determined by contrast-
enhanced T1-weighed imaging.

Fourth, in the interest of remaining conservative,
enhancing lesions that were considered too small (<0.5 mm)
were excluded from the study. Therefore, the true number
of enhancing metastatic brain lesions may be more than the
number reported here. Nonetheless, we consider the results
of the comparison among the three T1WI sequences to be
credible as we have used clinical criteria for brain metastases
that are widely accepted.
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Fifth, various primary tumors were included in the
current study. Future studies should focus on vascular-
related tumors to validate the usefulness of differential
diagnoses among the three sequences, especially for
DANTE-SPACE.

Sixth, the three T1WI sequences evaluated in the
current study were scanned in a random order to avoid the
timing bias that might occur due to the time-dependency
of brain tumor enhancement; however, we believe that this
did not affect our accuracy results. The completion of the
last sequence occurred nearly 20 minutes post-injection,
and it has been previously found that excellent brain tumor
visualization was obtained between 8.5-38.5 minutes post-
injection (39).

Lastly, the 1-minute delay from contrast injection to
the first post-contrast image acquisition may have led to
potential bias in the current study.

Conclusions

PETRA imaging may achieve comparable detection for
brain tumors with lower acoustic noise levels compared
with MPRAGE, and it is preferred for depicting osseous
metastases and meningeal enhancement. Compared with
MPRAGE and PETRA, DANTE-SPACE imaging with
blood vessel suppression demonstrated improved detection
of small cerebral metastases and increased CNRs between
lesions and surrounding parenchyma, and therefore could
be effective for determining the differential diagnosis of
tumors.
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