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ARTICLE INFORMATION AIM: To evaluate the efficacy of periodically rotated overlapping parallel lines with enhanced
reconstruction (PROPELLER) in reducing ocular motion artefacts and improving image quality

Article history: of orbital magnetic resonance imaging (MRI) at 3 T using an eye surface coil.

Received 9 January 2019 MATERIALS AND METHODS: Forty-six patients underwent orbital 3 T MRI using an eye

Accepted 20 May 2019 surface coil. The pre-contrast axial T2-wighted (W) PROPELLER and T1 fluid-attenuated

inversion recovery (FLAIR) PROPELLER imaging were performed on 21 patients, and conven-
tional T2W and T1W imaging were performed on 25 patients. The ocular motion artefacts,
delineation of anatomical structures, depiction of lesions, and image quality were evaluated
independently by two radiologists using a five-point scale. The signal-to-noise ratios (SNRs) of
anatomical structures and lesions were measured.

RESULTS: The interobserver agreement was good to excellent (kappa values from 0.79 to
0.91). PROPELLER sequences had higher scoring than the conventional sequences in all cases
(p<0.05). PROPELLER images showed fewer motion artefacts, higher image quality, and more
clear delineation of anatomical structures and lesions than the non-PROPELLER images. T2W
PROPELLER images produced higher SNRs in lens, vitreous body, lacrimal gland, and lesions
than conventional T2W images (p<0.05). T1 FLAIR PROPELLER images showed lower SNRs in
lens, vitreous body, medial rectus, lateral rectus, temporalis, and posterior half of optic nerve
than conventional T1W images (p<0.05).

CONCLUSION: PROPELLER can effectively reduce ocular motion artefacts and improve image
quality, which plays an important role in clearly delineating anatomical structures and lesions
on orbital 3 T MRI using an eye surface coil.

© 2019 The Royal College of Radiologists. Published by Elsevier Ltd. All rights reserved.

Introduction

Three tesla magnetic resonance imaging (MRI) plays a
critical role in depicting anatomical details and pathological
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the susceptibility of involuntary ocular movement, which
leads to significant motion artefacts and degrades the image
quality.> > Therefore, high-quality images are required for
superior visibility of detailed anatomical structures and le-
sions in the orbit.

The cued blinking protocol has been proven successful to
eliminate ocular movement artefacts during MRI, but some
patients fail to adhere to the cued blinking instructions.”
The dual-source parallel transmission 3D sequence has
been used to hasten acquisition and reduce motion arte-
facts; however, the signal-to-noise ratios (SNRs) were too
low compared to conventional MRL® Moreover, fast T1 or
T2-weighted imaging (WI) is frequently used to reduce the
scanning time that patients must hold the eyeball motion-
less; however, this results in decreased image quality.”

Recently, the periodically rotated overlapping parallel
lines with enhanced reconstruction (PROPELLER) sequence
has been widely used in brain, head and neck, abdomen,
and knee MRL’~"° This is a technique developed to reduce
motion artefacts with radial k-space coverage, and can be
used with other sequences, such as fast spin-echo (FSE) and
fast-recovery FSE (FRFSE), for motion correction, and it
yields a high SNR.>'®!” The FSE T2W PROPELLER technique
has been used in internal auditory canal imaging, which
reduces motion artefacts and improves image quality.” FSE
T1 fluid attenuated inversion recovery (FLAIR) PROPELLER
imaging has been reported to improve visualisation of
anatomical structures and lesions in the brain.'” Neverthe-
less, there is no report regarding the application of PRO-
PELLER in orbital MRI to the authors’ knowledge. Therefore,
the aim of this study was to investigate the efficacy of
PROPELLER in reducing ocular motion artefacts and
improving image quality on 3 T MRI of orbit using an eye
surface coil.

Materials and methods
Study population

This prospective study was approved by the institution’s
ethics committee. Written informed consent for participa-
tion in this study was signed by all participants. From
January 2018 to June 2018, 50 consecutive patients clinically
suspected of eye disease were recruited. Four patients were
excluded because of contraindications to MRI. Finally, a total
of 46 patients (age, 26—73 years; mean age, 48.1 years)
including 13 men (age, 28—70 years; mean age, 42.5 years)
and 33 women (age, 26—73 years; mean age, 56.1 years)
were included. The general features of patients with eye
lesions are presented in Table 1.

MRI protocol

All examinations were performed using a 3 T MRI system
(Discovery MR750, General Electric, Milwaukee, WI, USA),
with an eight-channel phased-array eye surface coil (Med-
coil EYE80, Suzhou Medcoil Healthcare, China). Twenty-one
patients were randomly selected to acquire pre-contrast
axial images with PROPELLER, and 25 patients without
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Table 1

General features of patients with eye lesions.
Eye lesions No. Sex Age

Male Female

Intra-ocular mass 13 5 8 52.1+4.6
Orbital mass 10 4 6 48.5+3.5
Dacryoadenitis 15 3 12 43.9+6.1
Graves ophthalmopathy 6 1 5 55.4+8.6
Optic neuropathy 2 0 2 43.6+7.9
Total 46 13 33 481+ 5.2

Data are the mean+standard deviation.

PROPELLER. FRFSE T2W PROPELLER and FSE T1 FLAIR
PROPELLER imaging were performed in the PROPELLER
group, and conventional FRFSE T2W and FSE T1W imaging
were performed in the non-PROPELLER group. Imaging
protocols are listed in Table 2. Patients were asked to keep
their eyes closed and as relaxed as possible during image
acquisition and all patients were able to comply with this
request. The post-contrast T1W images were obtained with
two-point Dixon fat/water separation (FLEX) in all 46 pa-
tients, and PROPELLER was not used.

Imaging analysis

All the pre-contrast MRI data, including PROPELLER and
non-PROPELLER images were analysed. The lesions and
critical anatomical structures were assessed (Table 3). Two
experienced radiologists independently evaluated ocular
motion artefacts and depiction of anatomical structures in
each patient using a picture archiving and communication
system (Huahai, version 3.0; Huahai Medical Info-tech,
China). They were blinded to subject data and MRI acqui-
sition conditions. A five-point grading scale (0 = extremely
severe artefacts, unacceptable depiction and non-diagnostic
image quality; 1 = severe artefacts, poor depiction and
image quality; 2 = moderate artefacts and depiction, fair
image quality; 3 = mild artefacts, clear depiction and good
image quality; and 4 = no artefacts, excellent depiction and
image quality) was used to evaluate ocular motion artefacts
and image quality. The subjective score graded by the two
observers was averaged.

Table 2
Imaging parameters for PROPELLER and non-PROPELLER imaging.

Parameters PROPELLER Non- PROPELLER
FRFSE T2W FSE T1 FLAIR FRESE T2W FSE T1W

FOV (cm) 12 12 12 12

TR (ms) 3000 2232 3000 591

TE (ms) 95 45 95 8

Thickness/gap (mm)  3/0.3 3/0.3 3/0.3 3/0.3

Matrix 384x384 384x384 384x384 384x384

BW (kHz) 833 125 41.7 50

ETL 26 16 21 3

NEX 2 25 4 4

Scanning time (min: s) 1: 36 2:18 2: 06 2: 46

FOV, field of view; TR, repetition time; TE, echo time; BW, bandwidth; ETL,
echo train length; NEX, number of excitations.
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Table 3
Imaging assessment for critical anatomical structures in orbit.
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Anatomical structures Subjective assessment

Objective assessment

Eyeball
Extraocular muscles

Temporalis

Optic nerve and vessel
Lacrimal gland

Orbital septum

Temporalis

Optic nerve, superior ophthalmic vein
Lacrimal gland

Orbital septum

Sclera, retinal choroid complex, ciliary body, iris, lens
Medial rectus muscle, medial rectus muscle insertion,
lateral rectus muscle, lateral rectus muscle insertion

Lens, vitreous body (anterior and posterior half)
Medial rectus muscle (anterior and posterior half),
lateral rectus muscle (anterior and posterior half)
Temporalis

Optic nerve (anterior and posterior half)

Lacrimal gland

None

Objective image analysis was performed on a GE AW 4.6
workstation (GE Healthcare). An experienced radiologist
measured the following metrics: (a) signal intensity values
of anatomical structures and lesions in orbit (Slybit), and (b)
the standard deviation of the background noise (SDpjse) for
each image. The size of region of interest (ROI) used for the
anatomical structures was 2 mmz, for the orbital lesion was
10 mm?, avoiding necrotic foci or vessels. The SDpoise Was
measured at a circular ROI of 2 mmz, and the ROI was
positioned in an area anterior to the orbit. The SNR was
calculated according to the following formula'®: SNR =
Slorbit / SDnoise- SNR was measured twice and averaged.

Statistical analysis

All statistical analyses were performed with SPSS 17.0
(SPSS, Chicago, IL, USA) software. Wilcoxon'’s signed rank
test was used to compare the average score between the
PROPELLER and non-PROPELLER images. Agreement in
scoring between the two observers was assessed with the
weighted Cohen’s kappa test. The kappa values were
interpreted as: <0.40, poor; 0.41-0.60, moderate;
0.61-0.80, good; and >0.81, excellent. To avoid the bias
arising from the interaction between left and right eye
movements, the generalised estimating equation, intro-
duced by Zeger et al.,'” was applied to compare the differ-
ences in SNRs between PROPELLER and non-PROPELLER

images. p<0.05 was considered to indicate a significant
difference.

Results

Subjective image quality assessment

The results of subjective assessment from all the patients
are presented in Table 4. In all the comparisons, the PRO-
PELLER sequence had a higher scoring than the conven-
tional sequence with the differences being statistically
significant (p=0.000). More specifically, T2ZW and T1 FLAIR
images obtained with PROPELLER showed fewer ocular
motion artefacts and higher image quality than the images
obtained without PROPELLER. The anatomical structures
and lesions in orbit were depicted more clearly on PRO-
PELLER images than those on non-PROPELLER images
(Figs 1 and 2). Agreement between the two independent
observers was good to excellent with kappa values ranging
between 0.79 and 0.91 (Table 4).

Objective image quality assessment

The differences in SNRs between PROPELLER and non-
PROPELLER images are presented in Tables 5 and 6. The
T2W images obtained with PROPELLER showed higher SNRs
in lens, vitreous body, lacrimal gland, and lesions than the
T2W images without PROPELLER (p<0.05). There were no

Table 4

Scores and interobserver agreement for subjective assessment.
Anatomical structures and lesions T2W TIW p-Value k-Value

PROPELLER Non-PROPELLER PROPELLER Non-PROPELLER

Sclera 3.61+0.22 2.21+0.49 3.67+0.46 2.43+0.78 0.000 0.90
Retinal choroid complex 3.77+0.42 2.254+0.32 3.85+0.34 2.13+0.47 0.000 0.88
Ciliary body 3.81+0.40 2.31+0.18 3.66+0.22 2.65+0.27 0.000 0.83
Iris 3.98+0.03 2.66+0.45 3.87+0.53 2.23+0.82 0.000 0.88
Lens 3.83+0.24 2.24+0.14 3.76+0.17 2.13+0.42 0.000 0.91
Medial rectus muscle 3.81+0.40 2.53+0.51 3.82+0.39 2.76+0.74 0.000 0.80
Medial rectus muscle insertion 3.54+0.12 2.09+0.17 3.39+0.09 2.17+0.64 0.000 0.82
Lateral rectus muscle 3.85+0.33 2.19+0.36 3.80+0.27 2.06+0.28 0.000 0.89
Lateral rectus muscle insertion 3.56+0.11 2.03+0.51 3.324+0.31 2.20+0.16 0.000 0.79
Temporalis 3.61+0.22 2.43+0.56 3.69+0.32 2.33+0.72 0.000 0.79
Optic nerve 3.79+0.40 2.534+0.49 3.80+0.41 2.75+0.76 0.000 0.90
Superior ophthalmic vein 3.66+0.28 2.24+0.28 3.72+0.63 2.64+0.55 0.000 0.81
Lacrimal gland 3.77+0.42 2.53+0.51 3.79+0.41 2.73+0.78 0.000 0.86
Orbital septum 3.77+0.42 2.534+0.51 3.79+0.41 2.69+0.85 0.000 0.83
Lesions 3.79+0.40 2.50+0.51 3.83+0.38 2.72+0.83 0.000 0.88

Data are the mean =+ standard deviation.
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(b)

Figure 1 (a, b) A 35-year-old woman with a right intra-ocular mass. Severe motion artefacts from involuntary ocular movements degrade
conventional (a) TIW and (b) T2W images. The mass and adjacent critical anatomical details are obscured by ocular motion artefacts. (c, d) A 47-
year-old woman with a right intra-ocular mass. (c) T1 FLAIR and (d) T2W PROPELLER images show no ocular motion artefacts, the mass and
adjacent anatomical details are clearly depicted. The detached retina around the mass is clearly visible on both images (arrow).

Figure 2 (a, b) A 44-year-old man with bilateral dacryoadenitis. Conventional (a) TIW and (b) T2W images show severe motion artefacts
propagated along the horizontal axis, decreasing the image quality. (c, d) A 36-year-old woman with bilateral dacryoadenitis. (c¢) T1 FLAIR and (d)

T2W PROPELLER images show no ocular motion artefacts, the enlarged lacrimal glands and oedematous eyelids are clearly visualised.

Table 5

Objective assessment of T2W imaging with and without PROPELLER.
Anatomical structures and lesions PROPELLER Non-PROPELLER Standard deviation p-Value
Lens 3.95+1.67 2.17+2.14 0.047 0.005
Anterior half of vitreous body 80.74+24.12 51.33+18.62 0.000 0.003
Posterior half of vitreous body 67.39+22.01 48.40+16.82 0.037 0.000
Anterior half of medial rectus 5.554+2.10 6.03+3.65 0.035 0.573
Posterior half of medial rectus 5.82+2.38 5.74+2.54 0.020 0.889
Anterior half of lateral rectus 5.80+4.09 5.2242.42 0.000 0.529
Posterior half of lateral rectus 6.984+3.99 5.4542.66 0.083 0.073
Temporalis 5.384+2.66 5.02+0.09 0.066 0.589
Anterior half of optic nerve 11.844+6.43 10.00+3.04 0.048 0.587
Posterior half of optic nerve 7.96+3.13 6.43+1.97 0.068 0.059
Lacrimal gland 14.67+4.79 9.80+5.76 0.020 0.008
Lesions 19.58+5.46 10.88+3.85 0.001 0.000

Data are the mean + standard deviation.

significant differences in SNRs of medial rectus, lateral Discussion

rectus, temporalis, and optic nerve between T2W images
with and without PROPELLER (p>0.05).

The T1 FLAIR images acquired with PROPELLER showed
lower SNRs in lens, vitreous body, medial rectus, lateral
rectus, temporalis, and posterior half of optic nerve
compared to the TIW images without PROPELLER (p<0.05).
No significant differences were found in SNRs of anterior
half of optic nerve, lacrimal gland, and lesions between
PROPELLER and non-PROPELLER images (p>0.05).

In the present study, the orbital PROPELLER images
showed fewer ocular motion artefacts, higher overall image
quality, and clearer visibility of anatomical structures and
lesions compared to non-PROPELLER images. These findings
were similar to those reported in previous PROPELLER MRI
studies in head and neck, shoulder, abdomen, and
knee.!9~ 417 These might be caused by the excellent per-
formance on reduction of motion artefacts for
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Table 6

Objective assessment of TIW imaging with and without PROPELLER.
Anatomical structures and lesions PROPELLER Non-PROPELLER Standard deviation p- Value
Lens 12.77+3.45 21.97+6.63 0.027 0.001
Anterior half of vitreous body 9.83+2.84 16.02+4.22 0.077 0.000
Posterior half of vitreous body 8.13+2.48 11.33+2.85 0.059 0.000
Anterior half of medial rectus 6.05+2.87 11.59+3.28 0.005 0.000
Posterior half of medial rectus 5.17+2.34 9.20+3.05 0.000 0.000
Anterior half of lateral rectus 5.39+4.12 10.50+5.42 0.000 0.007
Posterior half of lateral rectus 5.59+2.71 9.61+4.79 0.081 0.000
Temporalis 9.91+4.37 15.28+7.78 0.004 0.021
Anterior half of optic nerve 9.63+5.02 10.31+5.31 0.028 0.195
Posterior half of optic nerve 7.51+2.59 10.57+2.98 0.078 0.016
Lacrimal gland 15.74+7.19 17.84+8.39 0.003 0.352
Lesions 15.17+8.38 17.08+7.79 0.001 0.214

Data are the mean =+ standard deviation.

PROPELLER.*!19~1417 The PROPELLER sequence is a radial k-
space sampling concept, and the k-space acquisition
scheme with rotating, partially overlapping “blades” is
beneficial for reducing motion artefacts during data sam-
pling because the central region of the k-space is sampled at
multiple times.”’ 2% In PROPELLER imaging, the number of
blades needs to sufficiently cover the k-space, and
increasing blade coverage leads to improvement in motion
correction effects but also the image quality.”>??%?

T2W PROPELLER imaging has been reported to not only
reduce motion artefacts but also contribute to better
SNR.”%1223 The present objective results showed that T2W
PROPELLER imaging produced higher SNRs in the lens, vit-
reous body, lacrimal glands and lesions than the non-
PROPELLER imaging; however, no difference was found in
other anatomical structures. The SNR is affected by various
factors, and similar parameters were selected in T2W
PROPELLER and non-PROPELLER imaging. Therefore, the
differences in SNRs may be caused by the characteristics of
orbital anatomy and PROPELLER technique.

Motion artefacts are often more produced in the anterior
part of the eyes, as with a small change in gaze direction, the
lens and vitreous body move quite significantly, while other
structures, such as the optic nerve and extraocular muscles
remain in the same place. The lacrimal glands are fixed to
the orbital periosteum, so produce few motion artefacts;
however, ocular motion artefacts are propagated in the
phase-encoding direction along the horizontal axis, which
may affect the SNR measurements of lacrimal glands. In the
present study, the majority of lesions, including intra-ocular
masses and dacryoadenitis (28 lesions, 60.9%), were located
in the anterior part of the orbit, which might make them
susceptible to ocular motion. The PROPELLER technique is
suitable for imaging moving objects due to its inherent
ability to reject some of the in-plane as well as through-
plane motion and its inherent averaging of the remaining
data inconsistencies, which reduces the motion artefacts
caused by involuntary movements.>”>?* Therefore, the
significant increases in SNRs are considered to be due to the
reduction of ocular motion artefacts by using PROPELLER.

The PROPELLER technique can be applied to T1 FLAIR
sequence at 3 T, and the T1 FLAIR PROPELLER imaging has
been used to improve the visualisation of anatomical

structures and lesions.”>?* The present objective results
showed that T1 FLAIR PROPELLER imaging resulted in lower
SNRs in the majority of orbital structures than the non-
PROPELLER imaging, which was similar to previous
studies.”*?° FLAIR is a special inversion recovery sequence
providing superior image contrast; however, the inversion
pulses may lower the image SNR.>*?> Moreover, the trade-off
between motion correction performance and T1 contrast
could explain the simultaneous reduction of motion artefacts
and SNRs."” It is known that FSE-based acquisition for T1
FLAIR imaging is routinely used in the clinical setting with
short echo train lengths (ETLs) to provide a high T1 contrast.
To date, the PROPELLER with parallel imaging methods have
typically used relatively long ETLs, which is the most effective
approach to achieve wider blades to acquire motion-
insensitive high-quality PROPELLER images. Therefore, the
increases of ETLs result in lower SNRs in T1 FLAIR PROPELLER
imaging. Although the T1W non-PROPELLER images had
higher SNRs, the T1 FLAIR PROPELLER images had fewer
ocular motion artefacts and higher overall image quality,
which provided more clear delineation of anatomical details
and pathological abnormalities of orbit.

The present study had several limitations. First, only the
ocular motion artefacts were evaluated, other artefacts,
including streak artefacts and susceptibility artefacts, were
not assessed. Shimamoto et al. reported that streak artefacts
had little influence on overall image quality.”’® The FSE
sequence was used in the present study, which would
minimise the susceptibility artefacts. Moreover, there were
no significant differences between PROPELLER and non-
PROPELLER images in terms of susceptibility artefacts.?®
Second, T1 FLAIR PROPELLER and conventional TIW imag-
ing were compared in the present study, and there was a
trade-off between motion correction capabilities and T1
contrast. Therefore, a novel technique should be explored to
increase the overall blade width for motion correction while
maintaining short echo trains to maintain desirable image
contrast for TIW PROPELLER imaging. Third, the post-
contrast TIW FLEX images were obtained without PRO-
PELLER, which was because PROPELLER cannot be applied
to the TIW fat suppression sequence at present. Fourth,
PROPELLER combined with other sequences was not eval-
uated; however, this will be examined in future work.
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In conclusion, the present study demonstrates that the
PROPELLER technique can significantly reduce ocular mo-
tion artefacts and improve image quality, which is useful in
clearly delineating anatomical details and lesions in the
orbit using 3 T MRI with an eye surface coil.
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