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This paper presents a nonlinear profile order scheme for three-dimensional (3D) hybrid radial acquisition applied to
self-gated, free-breathing cardiac cine magnetic resonance imaging (MRI). In self-gated, free-breathing cardiac cine MRI,
respiratory and cardiac motions are unpredictable during acquisition, especially for retrospective reconstruction. Therefore,
the non-uniformity of the k-space distribution is an issue of great concern during retrospective self-gated reconstruction. A
nonlinear profile order with varying azimuthal increments was provided and compared with the existing golden ratio-based
profile order. Optimal parameter values for the nonlinear formula were chosen based on simulations. The two profile orders
were compared in terms of the k-space distribution and phantom and human image results. An approximately uniform
distribution was obtained based on the nonlinear profile order for persons with various heart rates and breathing patterns.
The nonlinear profile order provides more stable profile distributions and fewer streaking artifacts in phantom images. In
a comparison of human cardiac cine images, the nonlinear profile order provided results comparable to those provided by
the golden ratio-based profile order, and the images were suitable for diagnosis. In conclusion, the nonlinear profile order
scheme was demonstrated to be insensitive to various motion patterns and more useful for retrospective reconstruction.
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1. Introduction

Two-dimensional (2D) cardiac cine MRI using multiple
slices to cover the heart volume is widely employed in clinical
practice.l!?! During 2D cine scanning, multiple breath holds
and electrocardiographic (ECG) gating are needed. Vary-
ing breath-holding positions causes slice misregistration error
(gaps or overlaps between successive slices).[*! In addition,
some patients have breath-holding incapability,[* which will
cause motion artefacts. Using ECG gating to synchronise heart
motion prolongs patient preparation time and may be infeasi-
ble due to magnetohydrodynamic interference.>® In recent
years, free breathing, three-dimensional (3D), self-gated tech-
niques without breath holding and ECG gating have been de-
veloped and widely studied.!”-!7]

Self-gating techniques derive motion signals from inter-
nal organs without using peripheral equipment to synchronise
respiratory and cardiac motion. There are two primary meth-
ods used to obtain respiratory and cardiac self-gating motion
signals in cine MRI. First, k-space center data, which can re-
flect changes in image volumes, have been collected to derive

[9,12-14

respiratory and cardiac motion signals. 1 Self-gating sig-
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nals can also be calculated from the image data themselves,
but these signals require image reconstruction and registra-
tion calculation throughout the cardiac circle.!®!>~171 How-
ever, most self-gating methods require breath holds or ECG
to avoid the complexity of separating respiratory and cardiac
motions.[!®1°1' A hybrid radial sampling method that uses ap-
propriate band-pass filters to separate respiratory and cardiac
motions has been used in both respiratory and cardiac self-
gated 3D cine MRI.["->° Motions are detected using the cen-
terlines in the slice encoding direction (a process referred to
as Cartesian acquisition), and radial sampling of each slice
encoding is performed to ensure that k-space centerlines are
acquired repeatedly. This technique does not require any ex-
tra data to obtain self-gating signals. However, the uniformity
and stability of the k-space distribution is a great concern in
retrospective cine MRI.

In this study, a nonlinear angle increment profile order for
free-breathing respiratory and cardiac self-gated cardiac cine
MRI was put forward. Optimal parameter values for the non-
linear formula were chosen based on simulation results. The

proposed profile order was compared with the existing golden

*Project supported by the National Natural Science Foundation of China (Grant Nos. 81501463, 61671026, 81571669, and 81671853), the Natural Science
Foundation of Guangdong Province, China (Grant No. 2014A030310360), Guangdong Innovative Research Team Program of China (Grant No. 2011S013),
the Basic Research Project of Shenzhen City, China (Grant Nos. JCYJ20140417113430639 and JCYJ20160429172357751), the High-level Oversea Talent
Program of Shenzhen City, China (Grant No. KQJSCX20160301144248), and Beijing Center for Mathematics and Information Interdisciplinary Sciences of

China.

fCorresponding author. E-mail: yq.xie@siat.ac.cn
fCorresponding author. E-mail: yiwang@med.cornell.edu

© 2017 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

018701-1


http://dx.doi.org/10.1088/1674-1056/26/1/018701
mailto:yq.xie@siat.ac.cn
mailto:yiwang@med.cornell.edu
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 26, No. 1 (2017) 018701

ratio-based profile order in terms of the k-space distribution
and phantom and human image results.

2. Materials and methods
2.1. Self-gated pulse sequence

Three-dimensional hybrid radial sampling was used to
obtain self-gating signals and acquire k-space data simultane-
ously. As shown in Fig. 1(a), a 3D steady-state free precession
(SSFP) pulse sequence was implemented with a hybrid radial
k-space trajectory (Cartesian sampling along the slice encod-
ing direction, k, and radial sampling in the k,—k, plane). All
slices encoded with a specific angle (denoted as the profile)
were acquired sequentially before switching to the next angle
(Fig. 1(b)). Each profile included n, slice encodings, limiting
the temporal resolution to n,TR. The total number of profiles
acquired and used in retrospective reconstruction was prede-
termined. Therefore, the profile order was determined before
the scan.

(aF)iF—'\/\r

Fig. 1. (color online) SSFP pulse sequence collects the profile with mul-
tiple slice encoding lines at a specific angle (a) and changed the profile
angle after finishing the last profile (b).

2.2. Nonlinear profile order

The purpose of determining the optimal profile order
was to obtain an approximately uniform k-space distribution
for each cardiac phase. In the aforementioned hybrid radial
scheme, the profile angle is related to the profile number by

6 = anph. 6]

In Eq. (1), 6 is the profile angle of profile P, and a and 3
are variables. When 8 = 1, the profile angle increases lin-
early. The golden ratio-based profile order is obtained when
a = 0.618. However, only continuous profiles alternated by
the golden ratio can generate an approximately uniform k-
space distribution.?!]

In cine MRI, images are reconstructed from multiple car-
diac cycles (see Fig. 2). Each cardiac cycle contains multiple
profiles whose number is equal to the number of reconstructed
cardiac phases. Suppose that the number of cardiac phases
conforms to a normal distribution, C ~ N (C, ). The profile
in the j-th cardiac cycle, P;, can be expressed as P; = jC. The

profile angle 6 in Eq. (1) can then be replaced by
0; = an (jC)’ = ac’xjP. @)

Technically, because of the existence of C, the golden ra-
tio condition is not satisfied. In the self-gated free breathing
method, data acquired within a given window in a respiratory
histogram are used for image reconstruction. For respiratory
gating, a rectangular waveform function IT (%), where R is
the mean period of respiratory motion, is used to filter data
into the respiratory gating window. After respiratory and car-
diac gating, the profile angle 0; satisfies

6, = anPPII (2’) :om(jC)ﬁH<jIS>. 3)

[22]

For view sharing,'““! neighbouring profiles are always shared

in the reconstruction. Based on Eq. (1), %P is appended to
Eq. (4) to make neighbouring profiles rotate by %

0 = anPP + gp. @)

Therefore, for view sharing, profiles after respiratory and car-
diac gating satisfy

ej_an(jc)ﬁn<jRC> +§~j€. ()

Cm
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Fig. 2. Cine images reconstructed from multiple cardiac cycles.

2.3. Optimisation of variable parameters

Compared with a uniform distribution, the sample den-
sity along the azimuthal direction is not homogeneous, which
may affect the image signal-to-noise ratio (SNR). The ratio
of the non-uniform SNRonun to the uniform SNRy, is equal
to the sampling efficiency (SE), which depends on the homo-
geneity of the sample distribution achieved by each acquisition
scheme.?!! This ratio is given by

SNRy0nun /M
SE = = . 6
SNRuw || £, 402 ©
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Here, A6, is the mean azimuthal distance from the i-th profile
to its adjacent profiles, and M is the total number of profiles in
the image reconstruction.

The optimal values of the variables & and 3 were deter-
mined by simulation to minimize SE for a cardiac frequency
range of 0.6-3 Hz, and a breath frequency range of 0.1-0.5 Hz.
Ranges of a (0-2) and f (0-1) values in increments of 0.01
were evaluated. The coefficient of variation (CV) was used to
evaluate the SE for different cardiac and breath frequencies.

2.4. Evaluation of clinical scans

Ten normal volunteers (eight male and two female, mean
age of 32 years £ standard deviation of 7 years), without any
history or symptoms of cardiac disease, were studied. Car-
diac cine imaging was performed in the supine position us-
ing a 1.5-T GE HDx scanner (maximum gradient amplitude
33.0 mT/m, slew rate 120 T/m/s, Excite 14 M5 software ver-
sion; GE Healthcare, Waukesha, WI, USA). All subjects pro-
vided written informed consent, and the study was approved
by the local institutional ethics review board at Weill Cornell
Medical College. An eight-channel cardiac phased-array coil
was used for signal reception.

Two separate scans were executed in random order using
the same imaging parameters. The typical imaging parame-
ters were as follows: TR/TE=4.4/1.3 ms, flip angle is 40°,
readout bandwidth is =125 kHz, field of view is 31 cm, recon-
structed image matrix is 256 x 256, slice thickness is 10 mm,
and number of slice encodings is 12—14. The temporal reso-
lution ranged from 52.8 to 61.6 ms, depending on the number
of slices. The total number of profiles was 5000, and the total
free-breathing 3D acquisition time was approximately 5 min.

It was impossible to ensure that the volunteers maintained
the same breathing and heart rate patterns during the two con-
tinuous scans. To compare the two profile orders using the
same standards, the SEs calculated using Eq. (6) were also
compared for the same self-gating motion signals obtained
from the above acquisitions.

2.5. Evaluation of phantom simulation

The optimised nonlinear profile order was compared with
the golden ratio-based profile order. A phantom was sampled
using these two profile orders. The original k-space data for
the phantom were selected based on self-gating signals from
the ten volunteers. Twenty phantom images obtained using
these two methods were compared in terms of the SNR.

2.6. Statistical analysis of image quality

including the blood SNR,
myocardium-blood contrast, contrast-to-noise ratio (CNR),

Image quality metrics,

and image sharpness,’®! were calculated from a mid-
ventricular slice for each volunteer. The two methods were
compared using a nonparametric Wilcoxon signed-rank test.

All of the tests were two-sided, and P < 0.05 was considered to
indicate a significant difference. The statistical analyses were
performed using statistical software (SPSS version 19; SPSS
Inc., Chicago, IL, USA). Values are reported herein as means
=+ standard deviations.

3. Results
3.1. Optimisation of variable parameters

Figure 3 shows the SE CV values corresponding to vari-
ous & and f values. Low CV values are inversed in brightness
in Fig. 3(a). Low SE CV values for various combinations of
cardiac and respiratory frequencies improve the adaptability
of the sampling method. The lowest CV values for each &
are shown as red dots in Fig. 3(a). The o and B value pairs
had similar CV values (5% difference), as shown in Fig. 3(b).
The combination of o = 0.32 and = 0.46 was identified as
optimal, i.e., as yielding the lowest CV of the SE.
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Fig. 3. (color online) (a) CV of SE corresponding to different a and 3
values, and smaller CV values were inversed to bright for optimal view-
ing. The minimal CV values according to each « are indicated as red
dots. CV values at red dots are plotted in panel (b).

3.2. Clinical scan

Image reconstruction was performed for the ten subjects,
for one of whom the golden ratio method had failed. Fig-
ure 4 shows images of mid-ventricular slices obtained during
end-diastolic and end-systolic cardiac phases from the other
volunteers. The two methods were compared to each other.
A few streaking artefacts appeared in both sampling meth-
ods because of undersampling (the undersampling ratio was
2:3) and motion. Table 1 summarises the metrics of image
quality for the mid-ventricular images shown in Fig. 4. Com-
parable image quality metrics were obtained for blood SNR,
myocardium-blood CNR, myocardium contrast, and image
sharpness. The differences were not statistically significant
(P> 0.05).
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GR systole & diastole
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Nonlinear systole & diastole
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Fig. 4. (a), (b) Images of mid-ventricular slices obtained with golden ratio-based profile order and (c), (d) nonlinear profile order in
nine healthy volunteers.

Table 1. Metrics of image quality of the two methods (N = 9).

1

SNRBjo0d CNRBIood—Myocardium ContraStBlood—Myocm’dium Image sharpness/mm™
Golden ratio diastole 53.5+25.3 22.0+14.8 24.7+6.9 0.21+0.04
Nonlinear diastole 54.4+28.5 22.24+17.0 24.449.9 0.2440.03
P-value 0.767 0.678 0.767 0.110
Golden ratio systole 54.4+18.6 22.1£10.7 24.7+£6.8 0.22+0.05
Nonlinear systole 51.9421.0 22.2+13.7 26.2+11.4 0.26+0.07
P-value 0.173 0.678 0.515 0.086

Figure 5 shows a comparison of the SE for the golden ra-
tio and nonlinear profile orders for the real self-gating signals
obtained. For the same respiratory and cardiac self-gating sig-
nals, profiles from the nonlinear method had higher mean SE
values (nonlinear: 0.831 £ 0.02; golden ratio: 0.80 £0.11),
which means that the nonlinear profile order provided a more
uniform distribution for the same number of profiles. As in-
dicated by the arrows in Fig. 5, the golden ratio-based pro-
file orders generated worse k-space distributions (SE = 0.35)
than the nonlinear profile orders (SE = 0.86). The SE differ-
ence between the two methods was not statistically significant
(p = 0.60), according to the results of a two-sided Wilcoxon
signed-rank test.

L.or » golden ratio
N o nonlinear
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Fig. 5. (color online) Comparison of SE between golden ratio and non-
linear profile orders based on the same self-gating signals.

3.3. Phantom simulation

The SNRs determined for phantom images of golden
ratio-based and nonlinear profile orders were 164.45 +22.81
and 176.55 £ 23.83, respectively. Figure 6 shows recon-
structed phantom images and profile distributions based on
the self-gating signals for a subject for whom the golden

golden ratio nonlinear

Fig. 6. (a) Reconstructed phantom images and (b) profile distribution
based on the same self-gating signals from failed subject, which is indi-
cated by the arrow in Fig. 5.
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ratio-based profile order failed (as indicated by an arrow in
Fig. 5). Nearly 353 profiles were used in the reconstruction,
including shared neighbouring profiles. Obvious streak arte-
facts appeared in the golden ratio-based profile order as a re-
sult of the non-uniform distribution of the profiles. More uni-
form distributions were generated based on the nonlinear pro-
file order (SE for golden ratio is 0.35; SE for nonlinear is 0.86).

4. Discussion and conclusions

It has been demonstrated that a self-gated approach per-
mits accurate and reliable assessment of right-ventricle (RV)
and left-ventricle (LV) cardiac dimensions without using ECG

[7.201 I free-breathing, self-

triggers and respiratory monitors.
gated cardiac cine MRI, respiratory and cardiac motions are
unpredictable before acquisition. Therefore, non-uniform k-
space distribution is a major problem in retrospective self-
gated reconstruction. In this study, a nonlinear profile order
with varying azimuthal increments was proposed as an alter-
native to the golden ratio-based profile order.

Approximately uniform distributions were obtained for
individuals with different heart rates and breathing patterns
in both simulations and clinical acquisition of self-gating sig-
nals. The acquisition scheme for the golden ratio-based profile
failed to provide the nearly uniform profile distribution in 3D
hybrid radial SSFP acquisition in the study subjects. In the
3D hybrid radial acquisition scheme, interbeat (R-R) intervals
limited the profile number to a range of 15-22, which was
equal to the number of cardiac phases C. Based on Eq. (2)
0, =a TP iP), the profile distribution is related to C. The
alternative angle of the profiles in the same cardiac phase is
aCr. Therefore, the profile distribution was different from
person to person. As Fig. 5 shows, the golden ratio-based pro-
file order failed to provide a uniform distribution for one sub-
ject. This problem cannot be solved by using a sliding window,
as shown in Fig. 6(b). The specified C values and proportions
of failure were out of range in this study. The proposed non-
linear profile acquisition scheme provided a nearly uniform
profile distribution for all of the study subjects for cardiac mo-
tion frequencies in the range of 0.6-3 Hz and respiratory fre-
quencies in the range of 0.1-0.5 Hz.[) This indicates some
distinct advantages of the proposed nonlinear profile acquisi-
tion scheme in comparison to conventional radial and golden
ratio-based profile acquisition schemes.

The primary advantage of the nonlinear profile order is its
insensitivity to the heart rate and breathing rate. Because the
minimal CV of the SE (Eq. (6)) was pursued in the simulation,
the nonlinear profile order obtained can be applied to persons
with different heart and breathing rates. Moreover, TP/3 was
added to Eq. (4) for the purpose of view sharing, which in-
troduces at least 7r/3 alternate profile angles between neigh-
boring profiles. Considering eddy currents, the 7/3 alternate

angles could be removed when view sharing is not considered.
Smaller eddy currents will be induced than with golden alter-
nate angles, and the eddy currents can deviate from the center
of the k-space. This could lead to jitter and drift in the cardiac
and respiratory signals detected.!!?! Therefore, another poten-
tial advantage of the nonlinear profile order is reduced produc-
tion of eddy currents. This will be examined further in future
research.

The proposed profile order was constructed and simulated
on the basis of a specified hybrid radial profile order and was
specified for use in retrospective cine MRI. For these circum-
stances, the golden ratio-based profile order was found to be
unstable for different persons. This finding is not in conflict
with other applications based on golden means. Fewer total
profile numbers could be used to reduce the total scan time
by using compressed sensing (CS) reconstruction. However,
the optimal a and f values will differ from other total pro-
file numbers. The simulation should therefore be repeated for
other total profile numbers. Although this requirement is a
clear limitation of the nonlinear profile order method, addi-
tional research will be conducted to establish the optimal o
and 3 values for the usual profile numbers.

In conclusion, this paper presents a nonlinear profile or-
der for 3D hybrid radial acquisition for use in cardiac and res-
piratory self-gated cine MRI. A more stable profile distribu-
tion is obtained during retrospective reconstruction using the
proposed profile order than using a golden ratio-based profile
order. Three-dimensional short-axis-view cine imaging with
the proposed profile order achieves image quality comparable
to that achievable with the existing golden ratio-based profile
order.
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