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Carotid wall imaging with 3D_
T2_FFE: sequence parameter

optimization and comparison
with 3D_T2_SPACE

AngYang™, Xue Hong Xiao, Zhi Long Wang, Yong Xin Zhang & Ke Yi Wang

Similar to sampling perfection with application-optimized contrast using different flip angle evolutions
(SPACE), T2-weighted fast field echo (FFE) also has a black blood effect and a high imaging efficiency.
The purpose of this study was to optimize 3D_T2_FFE and compare it with 3D_T2_SPACE for carotid
imaging. The scanning parameter of 3D_T2_FFE was optimized for the imaging of the carotid wall.
Twenty healthy volunteers and 10 patients with carotid plaque underwent cervical 3D_T2_FFE

and 3D_T2_SPACE examinations. The signal-to-noise ratios of the carotid wall (SNR,,.;;) and lumen
(SNR,men); and the contrast-to-noise ratios between the wall and lumen (CNR; jymen) Were compared.
The incidence of the residual flow signal at the carotid bifurcation and the grades of flow voids in

the cerebellopontine angle region in the two sequences were also compared. The reproducibility of
the two sequences was tested. No significant difference was observed between the two sequences

in terms of the SNR,,,, of healthy individuals and patients (P =0.132 and 0.102, respectively). The
SNRymen in the 3D_T2_FFE images was lower than that in the 3D_T2_SPACE images. No significant
difference was observed between the two sequences in terms of the CNR,,,i.;umen- The incidence of

the residual flow signal at the carotid bifurcation in 3D_T2_FFE was significantly lower than that in
3D_T2_SPACE. The grades of flow suppression in the cerebellopontine angle region in 3D_T2_SPACE
was lower than that in 3D_T2_FFE. Both sequences showed excellent inter-and intra-observer
reproducibility. Compared to 3D_T2_SPACE, 3D_T2_FFE showed stronger flow suppression while
maintaining good imaging quality, which can be used as an alternative tool for carotid imaging.

Since the turbo spin echo (TSE) imaging technique was introduced in 1986, it has become an indispensable
tool in magnetic resonance imaging (MRI). The data acquisition speed of TSE is faster than that of ordinary spin
echo (SE); however, for three-dimensional imaging, the scanning time may still be as long as dozens of minutes,
which is a disadvantage in clinical settings. In the year 2000, SPACE technology was introduced®®, which greatly
accelerated data acquisition. Moreover, owing to its inherent flow sensitivity characteristics®, it has been used in
some applications that require black blood, such as vessel walls>®.

T2-weighted fast field echo (T2_FFE) is a steady-state gradient echo sequence’. In steady-state gradient echo
sequences, once a steady state is reached, two types of signals are formed. The first signal is free induction decay
(FID), which is formed after excitation with the most recent radio frequency (RF) pulse. The second component
is SE, which is formed when the residual echo from the previous RF excitation is refocused by the current RF
pulse®. Compared with other spoiler or refocused gradient echo sequences, T2_FFE only collects the spin echo
(SE) component in the steady-state sequence, and the decay of the transverse magnetization is controlled by
T2, which also significantly reduces the T2* effect. Due to the unbalanced spoiler gradient (intrinsic diffusion
effect), T2_FFE is also sensitive to motion and flow”*'°. In the past, T2_FFE was associated with a relatively low
signal-to-noise ratio (SNR), which limited its clinical use’. With the growing popularity of high-field MR sys-
tems, T2_FFE is increasingly being used in clinical settings, such as in peripheral nerve imaging''-'>. Meanwhile,
T2_FFE employs gradient echoes for faster data acquisition, exhibits high imaging efficiency, and can obtain
T2-weighted 3D isotropic images within a short time. Therefore, the purpose of this study was to optimize the
3D_T2_FFE and to compare it with 3D_T2_SPACE for MR imaging of the carotid artery wall at 3 T MR.
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Figure 1. (A) Imaging with water-fat shift 0.5, TR 7 ms, TE 3.3, flip angle 25; (B) imaging with water-fat shift
0.8, TR 8 ms, TE 3.9, flip angle 25, other parameters are the same as those in (A). Compared with (A), (B) has
less noise and higher image quality; (C) imaging with flip angle 25, TR 8 ms, TE 3.9; (D) imaging with flip
angle 35, TR 8 ms, TE 3.9, other parameters are the same as those in (C). It can be found that although the T2_
weighting of (D) is stronger (note that the signal of lymph nodes is higher), but the SNR of (D) is reduced (note
that the display of the common carotid artery wall is relatively poor).

Materials and methods

Participants. This study was approved by the Institute Review Board of Affiliated Zhongshan Hospital of
Sun Yat-sen University. We confirmed that all methods were performed in accordance with relevant guidelines
and regulations (Declaration of Helsinki). Written informed consent was obtained from all the subjects prior to
their enrollment. Thirty subjects (22 males and 8 females) were enrolled in this study, including twenty healthy
volunteers (mean age: 47.2+13.3 years) and 10 symptomatic patients (mean age, 57.5+9.2 years,) with known
carotid plaque disease (inclusion criteria: >50% stenosis caused by plaque; exclusion criteria: contraindications
for MR imaging, severe motion artifacts).

MRI protocols.  All the subjects underwent MRI with a 3.0 T MR scanner (Achieva TX Systems, Philips,
Netherlands) equipped with a Sense_NV_16 coil (Head and neck coil with 16 channels). Before the examina-
tion, the subjects were reminded to avoid swallowing and neck movement. The MRI examinations were per-
formed with three-dimensional isotropic coronal acquisition, and the scanning range included the common
carotid and internal carotid arteries, cerebellopontine angle cistern upward, and the superior margin of sterno-
clavicular joint downward.

First, the carotid artery wall imaging pre-experiment with 3D_T2_FFE was performed on nine healthy volun-
teers (these nine healthy volunteers were not among the 30 subjects in the actual study). The imaging parameters
were optimized based on the characteristics of T2_FFE. The repetition time (TR) was set to 8 ms, which was a
balance point for obtaining a good SNR and reducing bulk motion artifact. TE was set to the shortest to reduce
the sensitivity to cardiac motion and respiratory motion. The water-fat shift was set at 0.8 to make TE close to
half of the TR (when TE was set to the shortest), which can reduce the dephasing in T2_FFE. The flip angle was
set at 25° to obtain a good T2 contrast (Fig. 1). The principle of the selective excitation technique (PROSET)
was chosen as the fat-suppression method to improve the contrast between the wall and the surrounding fat.
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3D_T2_FFE | 3D_T2_SPACE*
Field of view, mm 250x190x48 | 250x 190 %48
ACQ voxel, mm 12x1.2x1.2 |12x12x1.2
REC voxel, mm 0.6x0.6x0.6 0.6x0.6x0.6
Slices 80 80
Fold over suppression | Yes Yes
Slice orientation Coronal Coronal
Sense 2.3 (RL) 2.3 (RL)
Scan mode 3D 3D
Technique FFE SE
Fast mode None TSE
Shot mode - Multishot
Profile order - Linear
TSE factor - 100
Start-up echoes - 6
Flip angle, degree 25 90
TE, ms 3.9 (shortest) 172b
TR, ms 8 2000
Water-fat shift 0.8 Maximum
Fat suppression Proset SPIR
Shim Default Default
NSA 4 1
Scan time, min 2:20 2:10

Table 1. Parameters of the 2 MRI sequences. FFE, fast field echo; NSA, number of signals averaged; SE, spin
echo; SPIR, spectral presaturation inversion recovery; TSE, turbo spin echo; Proset, principle of selective
excitation technique; ACQ, acquisition; REC, reconstruction; RL, right to left direction. *3D view, MSK T2 FS.
>TEequiv, 70 ms.

Twenty volunteers and 10 patients were scanned with both 3D_T2_FFE (with optimized imaging param-
eters) and 3D_T2_SPACE, while the scanning of 3D_T2_SPACE, the voxel resolution, field of view, slices, slice
orientation and sense were set to be the same as 3D_T2_FFE, the TSE factor was set to 100 in order to gain a
substantial black blood effect (Table 1). The acquisition times of 3D_T2_FFE and 3D_T2_SPACE were approxi-
mately the same.

Image analysis. All the data were imported into clinical workstations (ONIS 2.0 free version, Tokyo, Japan,
http://www.onis-viewer.com/) for data analysis. The images were quantitatively evaluated by two experienced
radiologists (with 5 and 7 years of experience, respectively) with a randomized and blinded reading method.
Data were acquired as the average of each radiologist’s measurements. SNR was calculated according to the
equation SNR=SI/(1.53 x SDy,), where SI is the signal intensity and SDy, is the standard deviation of the noise
determined in an artifact-free background region. The factor 1.53 is the Rayleigh noise distribution correction
factor'®. The carotid wall signal intensity was measured as the mean signal intensity within a region of interest
drawn on the vessel wall of the distal common carotid artery (CCA). The luminal signal intensity was calculated
as the mean signal intensity within regions of interest drawn to contain the carotid arterial lumen at the same
layer. The contrast-to-noise ratio of the wall to the lumen (CNR, jymen) Was determined using the equation
CNRyail_tumen = (SNRya = SNRyen)- For the volunteers, the right CCA was measured, and for the patients, the
CCA with the most obvious plaque was measured (Fig. 2). To test the reproducibility of the two sequences,
inter- and intra-observer studies were performed. The SNR of the CCA measured by the two radiologists was
used for the inter-observer analysis. The radiologist with 5 years” experience measured the SNR of the CCA again
2 months later, and his first and second measurements were used for the intra-observer analysis.

For the qualitative analysis, all the images were retrospectively evaluated by two experienced radiologists (with
6 and 10 years of experience, respectively) with a randomized and blinded reading method. MR images were
examined in a subjective manner, and the final evaluation was agreed upon by consensus of the two radiologists.
A 3-point grading scale (3 =most flow suppression; 2 = partial flow suppression; 1 =no flow suppression) was
used to evaluate the flow sensitivity in the cerebellopontine angle region (Fig. 3). The presence or absence of a
residual flow signal at the carotid bifurcation was also recorded for each sequence.

Statistical analysis. Statistical analyses were performed using SPSS software (v.19.0). The threshold for
statistical significance was set at P <0.05. The SNRs of the two MRI sequences were compared using the paired-
samples t-test (two-tailed). “Crosstab” Chi-squared analysis was used to analyze the presence of a residual flow
signal at the carotid bifurcation in the two sequences. The non-parametric two-related samples test was used
to compare the degree of flow suppression in the cerebellopontine angle region. The inter- and intra-observer
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Figure 2. (A) One white region of interest (ROI) obtained from an artifact free background for the noise
estimation. This ROI was positioned on the same layer as ROI of carotid wall and lumen and was of the same
relative size on different subjects; (B) one yellow ROI obtained from the lumen of the common carotid artery
(CCA); and (C) one yellow ROI obtained from wall of the CCA.

Figure 3. Examples of different grading scales of flow suppression in the cerebellopontine angle region (arrow).
(A) Most flow suppression (grade 3) presented on 3D T2-weighted fast field echo (3D_T2_FFE). (B) Partial
flow suppression (grade 2) presented on 3D_T2_FFE. (C) No flow suppression (grade 1) presented on 3D_T2_
SPACE.

reproducibility was evaluated using the intraclass correlation coefficient (ICC). ICC <0.4 indicates poor repro-
ducibility, 0.4 < ICC<0.75 indicates good reproducibility, and ICC > 0.75 indicates excellent reproducibility**.

Results
The 3D_T2_FFE clearly displayed the CCA and internal carotid wall (Fig. 4). The SNR,,; in the 3D_T2_FFE
images was comparable to that in the 3D_T2_SPACE images (P=0.132 and 0.102 for the volunteer and patient
groups, respectively). On the contrary, the SNR,.., in the 3D_T2_FFE images was lower than that in the 3D_T2_
SPACE images (P =0.029 and 0.035 for the volunteer and patient groups, respectively). No significant difference
was observed between the two sequences with respect to the CNR ji_jumen (P =0.653, 0.222 for the volunteer and
patient groups, respectively) (Table 2).

Four subjects presented with residual flow signals in 3D_T2_FFE (two volunteers and two patients), while
14 subjects presented with residual flow signals in 3D_T2_SPACE (nine volunteers and five patients) (Fig. 5).
The incidence of the residual flow signal in 3D_T2_FFE was significantly lower than that in 3D_T2_SPACE
(Table 3). In 28 subjects, the grades of flow suppression in the cerebellopontine angle region in 3D_T2_SPACE
were lower than those in 3D_T2_FFE. The grades were equal in the two sequences only in two subjects. The grade
of flow suppression in the cerebellopontine angle region in 3D_T2_SPACE was lower than that in 3D_T2_FFE
(P<0.001).
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Figure 4. The carotid artery wall in the neck area were well displayed on 3D T2-weighted fast field echo. (A,B)
coronal view, and (C,D) sagittal view.

3D_T2_FFEvs.3D_T2_ P
SPACE value
SNR,,
Volunteer | 55.6+12.4 59.0+15.40.132
Patient 46.3+12.6 57.1£18.9| 0.102
SNRiymen
Volunteer | 17.2+5.2 21.4+8.2 |0.029*
Patient 14.1+4.2 18.7+7.3 | 0.035*
CNRai1 tumen
Volunteer | 38.4+8.3 37.6+11.2 | 0.653
Patient 32.2+9.9 38.4+12.7 | 0.222

Table 2. Comparison of the SNR and CNR of different structures in the two MRI sequences. SNR, signal-to-
noise ratios; CNR, contrast-to-noise ratio; FFE, fast field echo; SPACE, sampling perfection with application-
optimized contrast using different flip angle evolutions. *P <0.05.

A ":F‘._‘?" v‘

Figure 5. Examples of residual flow artifacts at the carotid bifurcation. (A,B,E,F) Presence of residual flow
artifacts at the carotid bifurcation (arrows on the coronal plane and arrowheads on the reconstructed transverse
plane) presented on 3D T2-weighted fast field echo (3D_T2_SPACE). Note that the artifacts may lead to
overdiagnosis of plaques. (C,D,G,H) No residual flow artifacts at the carotid bifurcation were presented on
3D_T2_FFE (Same subject).
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Sequences ‘3D_T2_FFE 3D_T2_SPACE | P value

Positive rate (each side of carotid bifurcation was counted)

Volunteer 3/40 11/40 0.0173*
Patient 3/20 8/20 0.049%,*
P value 0.390° 0.326°

Table 3. Residual flow signal at the carotid bifurcation in the two MRI sequences. MRI, magnetic resonance
imaging; FFE, fast field echo; SPACE, sampling perfection with application-optimized contrast using different
flip angle evolutions. *P <0.05. 23D_T2_FFE vs. 3D_T2_SPACE. bVolunteer vs. patient.

3D_T2_FFE 3D_T2_SPACE

ICC 95%CI P value ICC 95%CI P value
Intra-observer 0.902 0.762-0.976 <0.001* | 0.921 0.797-0.968 <0.001*
Inter-observer 0.833 0.575-0.913 <0.001* 0.858 0.613-0.905 <0.001*

Table 4. Intra- and inter-observer variability of the data analysis in the two MRI sequences. 95% CI, 95%
confidence interval; FFE, fast field echo; SPACE, sampling perfection with application-optimized contrast
using different flip angle evolutions; MRI, magnetic resonance imaging. *P <0.05.

For measurements of CCA, both 3D_T2_FFE and 3D_T2_SPACE showed excellent intra-(ICC =0.902, 0.921,
respectively) and inter-observer (ICC=0.833 and 0.858, respectively) reproducibility (Table 4).

Discussion

We optimized the 3D_T2_FFE sequence by a pre-experiment in order to make it better for carotid wall imag-
ing. We also compared the 3D_T2_FFE and 3D_T2_SPACE sequences for the MR imaging of the carotid wall.
We found that the imaging quality of the carotid wall achieved with 3D_T2_FFE was comparable to that with
3D_T2_SPACE. In addition, the incidence of the residual flow signal at the carotid bifurcation in 3D_T2_FFE
was significantly lower than that in 3D_T2_SPACE. High-grade flow suppression in the cerebellopontine angle
region appeared more frequently on the 3D_T2_FFE sequence, which implies that 3D_T2_FFE has a more
complete flow signal suppression than 3D_T2_SPACE.

In T2_FFE, while FID is destroyed by the crusher gradient on the slice-selection and read-out axes, a balance
gradient (phase rewinder) is used in the phase-encoding axis to preserve the transverse magnetization”'¢. Unlike
FFE that employs both FID and SE signals, T2_FFE only makes use of the SE signal, and its effective TE is>TR.
It is T2-weighted and has negligible T2* weighting. In addition, the features of T2_FFE using the SE component
render it insensitive to local magnetic field inhomogeneity®!”. As a gradient-spoiled sequence, T2_FFE is
particularly sensitive to diffusive motion, especially when the spoiler precedes imaging®'®!®. All these features
render it suitable for black-blood vascular wall imaging.

In this study, we used a three-dimensional acquisition method. Steady-state gradient echo is a fast-imaging
method with high acquisition efficiency. In combination with 3D Fourier coding, it can obtain high-resolution
non-interpolated 3D images in a reasonably short time [four NSA (the number of signals averaged) only took a
little more than 2 min]. The TR was set to 8 ms, which is a balance point for obtaining a good SNR, reducing its
scanning time, and avoiding bulk subject motion (The longer the TR, the larger the SNR, larger motion artifact)’.
More NSA, appropriate TR, and high field strength made that the SNR,,,; on 3D_T2_FFE was comparable to
that on 3D_T2_SPACE.

In this study, 3D_T2_FFE was combined with the PROSET fat suppression technology to improve the contrast
between the wall and surrounding fat, which also effectively attenuates the chemical shift artifacts. Compared
with spectral prestarvation with inversion recovery (SPIR), PROSET has the following advantages: (1) insensitiv-
ity to the BO field, B1 field inhomogeneity, and ability to obtain a uniform fat suppression effect; (2) high SNR; and
(3) inhibition of fat signal without affecting the steady state?>*!. The contrast of T2_FFE is highly dependent on
the flip angle; increasing the flip angle was shown to increase the transverse magnetization, which subsequently
increased the SE signal, leading to enhanced T2-weighting”!’. Therefore, we use a relatively large flip angle (25°)
to obtain heavier T2-weighting. As a steady-state gradient echo sequence, it is often desirable to minimize TE to
reduce the sensitivity to cardiac motion and respiratory motion. Unlike the gradient-spoiled sequence, reduced
dephasing (minimizes unwanted phase dispersions due to T2* processes) in T2_FFE should make TE close to
half of TR (acquisition of signal as close as possible before the second pulse)®*:. We used a 0.8 water-fat shift to
make the TE close to half of TR.

Conventional TSE is limited by the decay effect of T2, and the echo chain cannot be very long (typically < 30);
otherwise, the ambiguity effect caused by T2 decay will be very serious. Coupled with the limits of the RF absorp-
tion rate, the data acquisition efficiency of conventional TSE cannot meet the needs of three-dimensional imag-
ing. The emergence of SPACE solves the 3D TSE imaging problem?. SPACE has the following characteristics: (1) it
initially uses a small flip angle, wherein the magnetization vector is mostly retained in the longitudinal direction;
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subsequently, a series of optimized flip angles are used to maintain a stable level of transverse magnetization
after each pulse excitation. This helps avoid the blurring effect caused by the decay of the long echo chain. (2)
Due to the fact that the refocusing pulse is no longer a uniform large angle, the specific absorption rate is also
significantly reduced. Therefore, even on the 3.0 T system, the echo chain length can easily reach more than one
hundred. (3) The design of the variable flip angle chain causes the transverse and longitudinal magnetization
vectors to be converted to each other, such that the phase accumulated by the motion is also converted between
the SE and the stimulated echo. When the SE and the stimulated echo are superimposed to form a signal, the
phase accumulated by the motion attenuates the signal. Therefore, SPACE has a black-blood effect*-*. Among the
imaging parameters of SPACE, the motion sensitivity is determined by the minimum flip angle. The smaller the
minimum flip angle, the stronger the motion sensitivity of SPACE. The minimum flip angle of SPACE is indirectly
controlled by the echo train length (ETL). When the ETL is larger, the minimum flip angle will be smaller®. In
this study, the ETL of SPACE is 100, which is the balance point for adequate flow sensitivity and sufficient SNR.
Nevertheless, we found that 3D_T2_FFE exhibited more complete flow suppression than 3D_T2_SPACE, as
shown by the greater residual flow signal at the carotid bifurcation and higher SNR},.., observed with the latter.
This may be attributable to the fact that the unbalanced crusher gradient exacerbates the flow sensitivity of the
3D_T2_FFE images. In the past, motion sensitivity limited the clinical application of T2_FFE, but for this study,
the motion sensitivity of 3D_T2_FFE obtained a better black blood effect without compromising its image qual-
ity, as it showed excellent inter- and intra-observer reproducibility.

Although 3D_T2_FFE has some advantages over 3D_T2_SPACE in displaying the vessel walls, it has some
limitations in displaying the vessel wall in the cervical root region. This is due to the severe magnetic field
inhomogeneity in this area; even PROSET could not achieve uniform fat suppression. Of course, SPIR used in
3D_T2_SPACE could not achieve uniform fat suppression in the cervical root region either. Although there
is no significant difference between the SNR,,,; of 3D_T2_FFE and that of 3D_T2_SPACE, the mean value of
SNR,,; of 3D_T2_FFE is lower than that of 3D_T2_SPACE, especially in patients. This may be due to the fact
that although T2 FFE collects spin echo, its T2_weighting is not as strong as TSE, and the SNR,, is even higher
when there are plaques.

With the further increase of field strength and the application of acceleration technologies such as sparse
acquisition, the defects of T2_FFE will be overcome to a certain extent, and there should be more clinical appli-
cation, such as small nerve, small vessel and other applications that require both black blood and T2 contrast.

Conclusion

3D_T2_FFE has greater sensitivity to blood flow and can achieve a better black blood effect over 3D_T2_SPACE
for displaying the carotid wall. Moreover, the SNR and CNR of 3D_T2_FFE are comparable to those observed
with 3D_T2_SPACE in a 3 T system. It can be used as an alternative tool for carotid imaging.

Received: 10 October 2020; Accepted: 4 January 2021
Published online: 26 January 2021

References

1. Hennig, J., Nauerth, A. & Friedburg, H. RARE imaging: A fast imaging method for clinical MR. Magn. Reson. Med. 3, 823-833
(1986).

2. Mugler, J. P, Kiefer, B. & Brookeman, J. R. Three-dimensional T2-weighted imaging of the brain using very long spin-echo trains.
In Proceedings of the 8th Annual Meeting of ISMRM, 687 (2000).

3. Mugler, J. P, Meyer, H. & Kiefer, B. Practical implementation of optimized tissue-specific prescribed signal evolutions for improved
turbo-spin-echo imaging. In Proceedings of the Eleventh Meeting of the International Society for Magnetic Resonance in Medicine,
203 (International Society for Magnetic Resonance in Medicine, Berkeley 2003).

4. Busse, R. F. et al. Effects of refocusing flip angle modulation and view ordering in 3D fast spin echo. Magn. Reson. Med. 60, 640-649
(2008).

5. Mihai, G. et al. Reproducibility of thoracic and abdominal aortic wall measurements with three-dimensional, variable flip angle
(SPACE) MRI. J. Magn. Reson. Imaging 41, 202-212 (2015).

6. Lv, P. et al. A comparison study between 3D T2-weighted SPACE and conventional 2D T2-weighted turbo spin echo in assessment
of carotid plaque. Int. J. Cardiovasc. Imaging 33, 395-400 (2017).

7. Chavhan, G. B. et al. Steady-state MR imaging sequences: Physics, classification, and clinical applications. Radiographics 28,
1147-1160 (2008).

8. Hargreaves, B. Rapid gradient-echo imaging. J. Magn. Reson. Imaging 36, 1300-1313 (2012).

9. Wu, E. X. & Buxton, R. B. Effect of diffusion on the steady-state magnetization with pulsed field gradients. J. Magn. Reson. 90,
243-253 (1990).

10. Takahara, T. et al. Diffusion-weighted MR neurography of the brachial plexus: Feasibility study. Radiology 249, 653-660 (2008).

11. Na, D. et al. Detecting peripheral nerves in the elbow using three-dimensional diffusion-weighted psif sequences: A feasibility
pilot study. Investig. Magn. Reson. Imaging 20, 81-87 (2016).

12. Bao, H. et al. Diftusion-weighted MR neurography of median and ulnar nerves in the wrist and palm. Eur. Radiol. 27, 2359-2366
(2017).

13. Zhao, Y. & Yang, B. Value of visualization of the intraparotid facial nerve and parotid duct using a micro surface coil and three-
dimensional reversed fast imaging with steady-state precession and diffusion-weighted imaging sequence. J. Craniofac. Surg. 29,
e754-e757 (2018).

14. Jackson, E. E et al. Acceptance testing and quality assurance procedures for magnetic resonance imaging facilities. American
Association of Physicists in Medicine. One Physics Ellipse College Park (2010). https://www.aapm.org/pubs/reports/RPT_100.
pdf.

15. Shrout, P. E. & Fleiss, J. L. Intraclass correlations: Uses in assessing rater reliability. Psychol. Bull. 86(2), 420-428 (1979).

16. Elster, A. D. Gradient-echo MR imaging: Techniques and acronyms. Radiology 186, 1-8 (1993).

17. Chhabra, A. et al. The application of three-dimensional diffusion-weighted PSIF technique in peripheral nerve imaging of the
distal extremities. J. Magn. Reson. Imaging 34, 962-967 (2011).

18. Nitz, W. Fast and ultrafast non-echo-planar MR imaging techniques. Eur. Radiol. 12, 2866-2882 (2002).

Scientific Reports |

(2021) 11:2255 | https://doi.org/10.1038/s41598-021-81309-1 nature portfolio


https://www.aapm.org/pubs/reports/RPT_100.pdf
https://www.aapm.org/pubs/reports/RPT_100.pdf

www.nature.com/scientificreports/

19. Tien, R. D., Bernstein, M. & MacFall, J. Pulsatile motion artifact reduction in 3D steady-state-free-precession-echo brain imaging.
Magn. Reson. Imaging 11, 175-181 (1993).

20. Hauger, O., Dumont, E., Chateil, . E, Moinard, M. & Diard, F. Water excitation as an alternative to fat saturation in MR imaging:
Preliminary results in musculoskeletal imaging. Radiology 224, 657-663 (2002).

21. Bley, T. A., Wieben, O., Frangois, C. ]., Brittain, J. H. & Reeder, S. B. Fat and water magnetic resonance imaging. J. Magn. Reson.
Imaging 31, 4-18 (2010).

22. Scheftler, K. & Hennig, J. Is true FISP a spin-echo or gradient-echo sequence. Magn. Reson. Med. 49, 395-397 (2003).

23. Busse, R. E Flow sensitivity of CPMG sequences with variable flip refocusing and implications for CSF signal uniformity in 3D-FSE
imaging. In Proceedings of the International Society for Magnetic Resonance in Medicine, 2430 (ISMRM, Berkeley, 2006).

Author contributions

A.Y. contributed to the conception of the study; X.H.X., Z.L.W. performed the imaging experiment and con-
tributed significantly to manuscript preparation; A.Y. and Y.X.Z. performed the data analyses and wrote the
manuscript; K.Y.W. performed the statistical analysis and prepared figures. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.Y.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:2255 | https://doi.org/10.1038/s41598-021-81309-1 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Carotid wall imaging with 3D_T2_FFE: sequence parameter optimization and comparison with 3D_T2_SPACE
	Materials and methods
	Participants. 
	MRI protocols. 
	Image analysis. 
	Statistical analysis. 

	Results
	Discussion
	Conclusion
	References


