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Abstract

Objective 3D TSE imaging is very prone to motion arti-
facts, especially from uncooperative patients, because of
the long scan duration. The need to repeat this time-con-
suming 3D acquisition in the event of large motion artifacts
substantially reduces patient comfort and increases the
workload of the scanner.

Materials and methods A new sampling strategy enables
homogenized collection of k-space data for 3D TSE imag-
ing. It is combined with Frobenius norm-based motion-
detection to enable freely stopped acquisition in 3D TSE
imaging whenever excessive subject motion is detected.
Results The feasibility and reliability of the proposed
method were demonstrated and evaluated in in-vivo
experiments.

Conclusion It is shown that the additional overhead
related to repeat scanning of the 3D TSE sequence as a
result of patient motion can be substantially reduced by
using the homogenized k-space sampling strategy with
automatic scan completion as determined by Frobenius
norm-based motion-detection.
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Introduction

Compared with the conventional spin echo sequence, rapid
acquisition with relaxation enhancement (RARE) [1], also
called turbo spin echo (TSE) or fast spin echo (FSE), uti-
lizes a series of refocusing pulses to acquire multiple ech-
oes after a single excitation to accelerate imaging. Two-
dimensional TSE has been a standard imaging sequence
in clinical MR examinations for many years, and has been
used in human imaging for a wide range of applications.
In pursuit of high-resolution MR imaging, an advanced
three-dimensional TSE variation, known as SPACE (sam-
pling perfection with application optimized contrasts using
different flip angle evolutions; Siemens); CUBE (GE); or
VISTA (volume isotropic turbo spin echo acquisition;
Philips) was proposed approximately a decade ago [2]. In
this sequence a single slab is acquired with non-selective
refocusing RF pulses, very long echo trains, and variable
refocusing flip angles to alleviate the penalty of RF power
deposition (SAR) and image blurring caused by T2-decay.
Even with acceleration by parallel imaging, the acquisi-
tion time of a 3D TSE procedure can be approximately
6—8 min in dark-fluid T2-weighted head imaging and pro-
ton density-weighted knee imaging. Consequently, 3D TSE
imaging with long scan durations is very prone to motion
artifacts. In the typical clinic, image quality degradation as
a result of motion artifacts is promptly assessed visually
by the MR technician, and, if rated unacceptable, a repeat
acquisition with the same procedure is typically attempted.
Repeating lengthy examinations dramatically affects the
workload on the scanner and the comfort of the patient.
Many techniques have been proposed to suppress or
reduce motion artifacts in MR imaging [3]. Projection-
like methods [4, 5] or PROPELLER [6] sacrifice some
sampling efficiency to oversample the center of k-space
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for the purpose of motion detection and correction. Simi-
larly to PROPELLER, the SNAILS technique [7] enables
in-plane motion correction of 2D acquisitions. Rigid-body
motion during 3D acquisitions can be effectively corrected
if accurate motion information is available in real-time dur-
ing the acquisition, e.g. from an external tracking device
[8-10]. If the host sequence contains a sufficiently long
recovery period, orthogonal spiral (PROMO) or volumet-
ric navigators can be used to detect and correct for motion
[11, 12]. Prospective motion-correction methods are pri-
marily effective in correcting for rigid motion, for exam-
ple in head examinations, and can also require the setup of
external motion tracking systems. Retrospective methods
can be used for examinations with both rigid and non-rigid
motion. These are well suited to correction for motion
between individual scans of time-series examinations but
of limited value for correction for motion within a single
acquisition.

Motion may occur at any time during the scan. If sponta-
neous motion occurs at the beginning of a scan, data acqui-
sition can be stopped and repeated without a significant
time penalty. Currently this requires careful visual observa-
tion of the patient. The decision is based purely on the tech-
nician’s experience. If a significant fraction of the scan has
been completed, repetition carries an increasing time pen-
alty. If motion occurs but remains unobserved, the whole
scan may have to be repeated.

To alleviate the additional burden on the subjects and the
workload on the scanner, we propose a new data-acquisi-
tion strategy in combination with compressed sensing (CS)
reconstruction [13] to address the problem of spontaneous
significant subject movements during structural 3D TSE
imaging. Subject motion during data acquisition is moni-
tored in real-time by navigators integrated into the imaging
sequence. The scan is then stopped if significant motion is
detected. Images are reconstructed on the basis of available
acquired data by use of CS techniques. The new acquisition
strategy is intended to increase the probability of obtaining
acceptable image quality for clinical diagnosis, even in the
absence of sophisticated motion-correction techniques or
tracking devices.

A wide range of motion-tracking methods of different
sophistication have been introduced for motion detection;
these include use of FID/1D/2D/3D navigators, optical
tracking systems, field probes, etc. [9, 14-22]. For simplic-
ity, we chose dual-1D projections similar to those used by
Lai et al. [19], and developed a reliable metric for quantifi-
cation of the motion threshold.

In this paper we propose a dedicated data-acquisition
strategy for achieving optimum image quality from inter-
rupted 3D scans. A dual-1D projection scheme and a cor-
responding metric are proposed for detection of arbi-
trary motion during imaging without any advanced
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motion-correction techniques. Both the data acquisition
strategy and the motion-detection method are imple-
mented in the 3D TSE sequence and evaluated by use of
data acquired from healthy volunteers. Real-time feedback
is used to process the navigator data and make decisions
regarding wherever to continue or finish scanning, depend-
ing on the motion detected.

Materials and methods
K-space sampling and view ordering

CS enables more flexible undersampling of k-space than
conventional parallel imaging techniques in which k-space
is usually required to be regularly undersampled to achieve
a successful reconstruction (GRAPPA, SENSE etc. [23,
24]). In the proposed sampling strategy, k-space data were
pseudo-randomly acquired in the Cartesian ky—kz plane
with variable density Poisson-disc distribution. First,
a sampling mask, which indicates the positions of the
k-space data to be collected, was generated with the desired
acceleration factor (referred to as the complete mask). Sec-
ond, another sampling mask with the same variable density
Poisson-disc distribution but with a greater acceleration
factor was calculated (referred to as the basic mask). In
the generation of the basic mask, all candidates were taken
from the acquired views of the complete mask. A comple-
mentary mask was obtained by subtracting the basic mask
from the complete mask. Therefore, the complete acquisi-
tion was composed of a basic acquisition and a comple-
mentary acquisition (Fig. 1). In actual image acquisition,
data in the basic mask were acquired before acquisition
of the data in the complementary mask. The data used for
calibration of coil sensitivities in parallel imaging were col-
lected during the basic acquisition.

Views were separately ordered within the basic acqui-
sition and the complementary acquisition. To decouple
the echo train length from the matrix size, a flexible view-
ordering method was proposed for two types of reordering
scheme in 3D TSE imaging: linear and radial [25]. Typi-
cally linear reordering is used in imaging with long TEs,
and radial reordering is mainly used in imaging with short
TEs. In this work, a consistent uniform distribution of the
acquired views over the entire k-space at any phase of the
data acquisition process is desired such that at any time dur-
ing the acquisition uniform sampling coverage is achieved.
Fully uniform sampling would require that randomly dis-
tributed points from the total ky—kz plane are selected within
each echo train. This would lead to large distances between
points sampled in successive echoes, which may lead to
eddy current effects. Therefore the entire ky—kz plane is
divided into N sections or sectors. The range covered within
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Fig. 1 The k-space sampling mask in freely stopped 3D TSE imaging. The complete acquisition (left) is separated into basic acquisition (mid-
dle) and complementary acquisition (right)

Fig. 2 Interleaving filling a Train 3,11... Train 2,10

of k-space: linear reordering Train -

with 5 sections (a) and radial 49..
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within each section or sector. Train -
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are indicated by the same color.
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each echo train is limited to a section in linear reordering
or a radial sector in radial reordering (Fig. 2). The trajec-
tory of each echo train is randomized within each section or
sector. Exact uniform sampling is therefore achieved by use
of N echo trains, so N should not be very large; it should,
on the other hand, be sufficiently large to avoid undesirably
large jumps between successive echoes. In our examples we
chose N to be between 5 and 16.

To achieve uniform sampling with limited randomi-
zation, flexible view ordering with interleaved filling of
k-space was used. First, views were sequentially ordered
by use of a method described elsewhere [25]. Second, for
linear reordering, all trains were sorted on the basis of their
distances to the k-space center and equally divided into N
sections. Train numbers were reassigned by first randomly
choosing N views with an identical echo number from the
N sections (one view from each section). The first N train
numbers were assigned to the N views in monotonic order
according to their section number. Another set of N views
was then chosen to assign the next N train numbers; this
was repeated until all views have been included. For radial
reordering, all trains were sorted on the basis of their coor-
dinates in the k, direction and divided into N sectors. Train

il 8,16...

. w0 ] BED) 120
Train 6,14... Train 7,15...

numbers were reassigned by use of the method used for
adapted linear reordering. The same view-ordering method
is applied, separately, to both the basic acquisition and
complementary acquisition.

Motion detection

1D Navigator echoes were acquired at the end of each TR
in 3D TSE imaging. As illustrated in Fig. 3, two thin slices
perpendicular to the readout direction of the imaging acqui-
sition were excited with a flip angle of 8°, and distances to
the FOV center 210 mm. A gradient echo with only fre-
quency encoding was acquired for each slice with a TE of
5 ms. The frequency encoding directions in the two slices
were perpendicular to each other and also perpendicular to
the readout direction of the imaging acquisition.

In the first few TRs (typically 2 TRs), the RF pulses in
the navigator acquisition were switched off for two reasons:

1. to wait for the signal of the host sequence to reach
shot-to-shot steady state; and

2. to collect data to calculate the statistics of the original
noise level in navigator signals.
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Fig. 3 a The motion detection block inserted after the 3D TSE echo
train at the end of each TR. Flow compensation gradients are applied
in all directions to reduce interference from blood pulsation. b Dual

The signal evolution in each TR is mainly dominated by
the large flip angles in 3D TSE echo trains. On the basis of
simulation results described in the next section, the effect
of navigator acquisition on the steady state is negligible.
The first navigator acquired with an RF pulse was used as
reference for motion detection in subsequent TRs.

On the basis of the configuration above, a metric for
detection of both rigid motion and non-rigid motion of the
object occurring in any direction is proposed as follows.

All acquired navigator echoes are transformed into
image space by performing an inverse Fourier transform.
The reference profile of one of the navigator slices is
described as:

Aar11,4r11 - -+ ARin>Al1n
A= 1 | (1)

A4RK1,4IK1 **° ARKn>AIKn

Here, n denotes the number of channels, K denotes the
number of pixels selected from the profile, and R and [ rep-
resent the real and imaginary values of the pixels.

A profile acquired and reconstructed in one of the fol-
lowing TRs is described as:

br11,br11 -+ DRin,brn
B= : : ) 2)

bri1,bik1 -+ bRKn>bikn

Any element in A or B is composed of two parts: a con-
stant signal and random noise with normal distribution. The
noise component is independent and identically distributed
in any element. Therefore, all elements in A and B are ran-
dom variables with normal distribution; they have differ-
ent mean values but identical variance o2, which is also the
variance of the original noise and can be estimated from the
noise scans in the beginning of the measurement.

Subtraction of B from A gives:
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slice projection for motion detection. The readout directions in the
two slices are perpendicular to each other, and also perpendicular to
the readout direction of the image acquisition

D=A-B
aril — brit-an1 —bnr -+ arin — bR1ns arin — brin
ark1 — bre1,aik1 — bik1 -+ argn — bRn> aikn — bikn

3)
The Frobenius norm of the profile change D is defined
as:

IDlg = \/ZIK Zjn (arij — bRij)2 + (anj — inj>2. 4)

The Frobenius norm is used below for direct quantifi-
cation of the change in the profile caused by any type of
object movement, including translation, rotation, and non-
rigid deformation, or even by non-motional signal changes.

In the condition of no motion occurring between A and
B, then the elements in D are also normally distributed with
zero mean and variance 202.. It can be inferred that ||D||g
is associated with a chi distribution [26], with probability
density function:

nkK—1
X

I'(nK) (ﬁa)z 2(\/50’)2

—x2
x x"K exp — | (5)
2 (\/50)
Here, I" (nK) is the gamma function.
The mean value of | D||g is:

1.3.5-QnK - 1) [w
MIDlk = kT Gk — D)1 \/Eﬁo, 6)

Ppjp(x) =

and the standard deviation is:

2 2

SID|p = \/ZnK(\/EO) — M|, @)
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It is apparent the noise induced variation in ||D||g can
be quantified on the basis of its statistics. But, because in
our case nK is typically up to the order of a thousand, it
becomes difficult to directly calculate the probability den-
sity function of the chi distribution. It has been observed
that the chi distribution can be approximated by a normal
distribution when rnK is large enough [27, 28]:

N 2

Chi(x) = Norm (mnDuF’ (s101) ) ®)
The threshold for motion detection could be:

TH = mp|p +f * 5|D||g ©)

The probability of ||D||g exceeding the threshold of
mp|p + 4.0 * s)p| is <0.01 % if noise is the only source
of the profile variation. If any one of the measured || D||g
from the two navigator slices is greater than this thresh-
old, one can conclude that motion occurred between the
acquisition of profiles A and B, and technicians should be
notified for a decision. However this threshold might be
too sensitive to small movements, in which case the qual-
ity of the reconstructed image is only slightly degraded and
interruption of the scan is not desired. A buffer for tolerat-
ing small motions must be added to the threshold to avoid
unwanted interruption of the scan.

Because of the limited information obtained from the
1D projections, it is challenging to determine a univer-
sal analytical relationship between the measured profile
change and the quantity of motion for displacements, rota-
tions, and non-rigid deformations. However, it is a reason-
able assumption for most in-vivo MR images that adjacent
pixels are highly similar. Therefore squared differences
between the pixels are expected to gradually increase
when the corresponding distances increase, resulting in a
monotonic relationship between the displacement of the
object and the corresponding Frobenius norm of the profile
change. This behavior, especially for small movements can
be clearly observed in Fig. 4. On the basis of this assump-
tion, a buffer corresponding to maximum tolerable motion
can be approximately quantified on the basis of the follow-
ing rationale: small movements of the object are generally
modeled by the overall displacement of the acquired profile
reference. Given the profile reference is shifted by ¢ in units
of pixels (0 < ¢t < 1.0) in the direction of the projection, the
calculated buffer value for tolerating this kind of motion
can be calculated on the basis of the gradient of the profile:

buff = (m7 +f % s7) — (mypjp +£ * S|pj)e) (10)
in which
_1:3:5-2nK—1) [7 —(t5)?
"= m\g*@”“ (‘05’”" 402>
(11
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profile change
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Fig. 4 The monotonic relationship between the displacement of
object and the Frobenius norm of the profile change. The shown
curves are calculated based on a 3D head image. Navigator is
obtained from the 1D projection of a slice. Displacement of the object
is simulated by shifting the 3D image relative to the navigator. Note
the similar monotonic relationship between the displacement of the
object and the Frobenius norm of the profile change in cases of both
in-plane displacement and through-plane displacement, especially
when the absolute displacement is within 5 mm

and

ST = \/ZnK(\/Eo)z + (5)* — m3.. (12)

t= A—d 13
= A (13)

where § is the signal component in the Frobenius norm
of the profile gradient, 1 F(a, b, z) is the confluent hyper-
geometric function, f is a scaling factor, set to a value
>4.0 in practice (typically 8.0 in our experiments) to tol-
erate the inaccuracy in the estimation of mean and stand-
ard deviation, Ax is the readout resolution of the naviga-
tor echoes, and Ad is the tolerable displacement of the
object. The details of the derivation can be found in the
“Appendix”.

The final threshold, which is used to judge whether
motion is intolerable, is:

TH = (mypjx +f *sypjs) +buff = mr +f 57, (14)

It should be noted that, strictly speaking, the defined
threshold value is only valid for in-plane motion. However,
it may be approximately extended to through-plane motion
under the assumption that the changes of the Frobenius
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norm are isotropic for typical biological tissues and small
displacements.

In each TR of the 3D TSE acquisition, ||D||g is updated,
and compared with the threshold. If it is greater than
the threshold, it can be assumed that intolerable motion
occurred. For the two perpendicular projections, motion
detection is separately performed. Motion is detected when
any one of the two Frobenius norms exceeds its correspond-
ing threshold. In all our experiments Ad was set to the read-
out resolution of the image acquisition, which defined the
threshold for motion detection.

Note that the final threshold above is predefined to tol-
erate small gross motion. In some imaged sections, blood
pulsation in arteries induced additional profile changes in
the navigators; this leads to underestimation of the navi-
gator value and complicates determination of the actual
threshold. Motion compensation gradients (Fig. 3) cannot
completely suppress induced changes from blood pulsa-
tion. As a result, a simple preprocessing step was intro-
duced to increase the robustness of the “gross” motion
detection: in each calculated profile change, the pixel
with the maximum intensity was located, and a fixed
number of pixels around it (typically 20 % of the total
pixels) were eliminated in the calculation of the Frobe-
nius norm. This step further suppresses the interference
from blood pulsation, but has minor effect on detection
of gross motion.

Image reconstruction

All image reconstruction with undersampling in the k-space
was performed with /,-SPIRiT [29, 30]. The solution x was
obtained by iteratively minimizing the cost function below
by using the nonlinear conjugate gradient method:

f = 1Fux = yl3 + Zllyxlly + 220G = D(F0)I13 s)

where F), is the Fourier transform operator with the applied
k-space undersampling pattern corresponding to the finally
used k-space data y, ¥ is the sparse transform (here, wave-
let) of the individual coil images, I is an identity matrix,
G is a series of convolution operators in SPIRIT for paral-
lel imaging, and F is the Fourier transform operator. The
third term enforces self-consistency of the acquired k-space
data with the synthesized k-space data by exploiting the
redundancy resulting from receipt of information from sev-
eral channels. A; and Z; are two scaling factors to adjust
the trade-offs between data consistency, image sparseness,
and parallel imaging. In all our experiments, 1; was set to
0.005; A was set to 0.3. Thirty-six iteration steps were used
in each reconstruction.

The [;-SPIRiT method was combined with POCS to
reconstruct the datasets with explicit half-Fourier acquisi-
tion in linear reordering [31].
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Experiments
Performance of sampling strategy

In the freely stopped 3D TSE, data acquisition might be
stopped by technicians because of motion. In the incom-
plete acquisitions, fewer data are acquired, and the distribu-
tion of the acquired data in the k-space may deviate from
the desired pattern. All these factors lead to a degraded
quality of the reconstructed images. To evaluate the varia-
tion of the image quality in the interrupted 3D TSE imag-
ing with different completion rates, the proposed sampling
and view-ordering schemes have been implemented on
two clinical MR scanners. A set of measurements was per-
formed without intentional movements during the scanning.
T2 weighted head imaging was performed on a 3.0T scan-
ner (MAGNETOM Trio; Siemens, Erlangen, Germany)
with a 12-channel receive coil and the settings: linear reor-
dering; k-space matrix size 256 x 256 x 176 with 1.0 mm
isotropic image resolution; echo train length = 252; scan
duration = 4 min 08 s; acceleration factor of the complete
acquisition = 2.5; basic acquisition = 35 % of the complete
acquisition. Proton density weighted knee imaging was per-
formed on a 1.5T scanner (MAGNETOM Espree; Siemens)
with a 15-channel receive coil and the settings: radial reor-
dering; k-space matrix size 256 x 246 x 158 with 0.6 mm
isotropic image resolution; echo train length = 40; scan
duration = 5 min 40 s; acceleration factor of the complete
acquisition = 3.2; the basic acquisition amounts to 35 % of
the complete acquisition. The same settings were also used
for the healthy subject experiments. In the offline recon-
struction, the acquired data were retrospectively removed
on the basis of the view-ordering information to simulate
the freely stopped scan. Different amounts of data were
removed to simulate different completion. In the linear
reordering scheme, two conventional acquisition strategies
were simulated offline: sequential filling and centric filling.
In the radial reordering scheme, the conventional sequential
filling was simulated offline.

Performance evaluation of motion detection with the
Frobenius norm

Healthy subject experiments with voluntary movements
(nodding, left-right rotation) were performed in head 3D
TSE imaging. Navigators were acquired for tracking and
detection of the motion, but scanning was not interrupted.
At the same time, the motion of the object was accurately
recorded by use of an MR-compatible optical tracking
system (Metria Innovation, Milwaukee, USA), in which
a planar tracking marker was mounted on the surface of
the imaged body part, and a camera and related software
were used to capture and calculate the pose of the marker
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in six degrees of freedom [9]. The accuracy of the opti-
cal tracking system is up to 0.1 mm along the three axes,
and 0.07° in all three rotations, so the motion trajectories
recorded by the optical tracking system were taken as the
ground truth to compare with the output of the Frobenius
norm-based motion detection. The optical tracking system
recorded the movements in real-time with temporal resolu-
tion of 12.5 ms. Optical tracking was selected as reference
to quantify motion, because of its high accuracy, sampling
rate, and its availability in our laboratory.

Freely stopped scanning

To evaluate the appropriateness of the threshold setting,
50 datasets from 11 healthy subjects were acquired. A dif-
ferent number of datasets was acquired in each session
depending on the compliance of the subjects: 3 datasets (2
subjects), 4 datasets (2 subjects), 5 datasets (6 subjects),
and 6 datasets (1 subject). Twenty datasets were from head
imaging with rigid motion. Thirty datasets were from knee
imaging with non-rigid motion. The proposed sampling
strategy was applied. Navigators were acquired for track-
ing purposes only, and scanning was not interrupted. In all
experiments, external healthy subjects were recruited, and
were not provided with any instructions regarding move-
ment during the scans. To further provoke subject move-
ment because of discomfort, subjects were not positioned
in a comfortable way with their consent in advance. An arti-
ficially prolonged acquisition procedure was set up. Each
examination lasted about 1 h with continuous repetition of
the proposed 3D TSE sequence. Subjects moved spontane-
ously at an unspecified time when they felt uncomfortable.
Image reconstructions were performed in Matlab by use of
two different methods: using all acquired data, and using
only data acquired before the first detected motion. In the
calculation of the threshold, the tolerable displacement of
the imaged object was set to the readout resolution of the
image acquisition. The reconstructed images were evalu-
ated by two experienced research technicians unaware of
the details of the experiment. Assessment was intentionally
performed by technicians, because in a clinical environ-
ment, it is the technicians who decide on whether a scan is
of sufficient quality to be passed on for diagnostic reading
or must be repeated. The evaluation criteria were whether
the signal-to-noise ratio (SNR) was sufficiently high and
whether severe motion artifacts were present. Two techni-
cians reached consent on whether or not they accepted the
images for each reconstruction according to the criteria
above.

The relative “average edge strength” (AES) was used to
further quantify the suppression of motion artifacts in the
simulated freely stopped scanning, which is defined as the
AES of the interrupted acquisition divided by the AES of

the complete acquisition. The formula for calculating AES
is described elsewhere [32]. The 10 outer-most slices at
each side of the 3D volume were excluded from the cal-
culation of AES to avoid interference from non-motion
related artifacts.

Results

Figure 5 shows a magnified section of the reconstructed
head images from the incomplete acquisitions with linear
reordering. In conventional sequential filling of k-space,
one section of k-space remained unfilled in the inter-
rupted acquisitions. When completion was below 50 %, the
unfilled region extended to the k-space center. Compared
with sequential filling, the image quality of the incom-
plete acquisitions with centric filling of k-space was more
stable when completion was reduced. However, the high-
frequency data are missing along the kz direction which led
to loss of resolution, especially for low completion. In the
proposed interleaved filling of k-space, incomplete acquisi-
tions resulted only in lower sampling density of the over-
all k-space. The magnified part of the reconstructed images
shows that the image quality with the interleaved filling
of k-space degraded more slowly when completion was
reduced. In contrast, the image quality with the sequential
filling of k-space degraded much more quickly on reduc-
tion of completion.

Figure 6 shows a magnified section of reconstructed
knee images from incomplete acquisitions with radial
reordering. It is again apparent that the reconstructed
image quality in the proposed interleaved filling of k-space
degraded more slowly and was always superior to that in
the sequential filling of k-space when completion was
reduced.

Figure 7 shows a comparison of the Frobenius norms of
the profile changes with the actual measured motion given
by the optical tracking system. The temporal resolution of
the Frobenius norms of the profile changes depended on the
repetition time of the MR scanning. The total translation
and the total rotation of the marker were calculated. It was
observed that the Frobenius norms of the profile changes
oscillated slightly around a baseline when the object was
kept still, but the values of the norms increased substan-
tially when motion occurred. It successfully captured the
movements of the object, but with much lower temporal
resolution than that of the optical tracking system, which
provides updates at 80 Hz. Results also show that two navi-
gator slices with perpendicular frequency encoding direc-
tions had different sensitivities to specific motion.

Figure 8 shows a comparison of different threshold set-
tings for motion detection. When the tolerable displace-
ment was set to 3 times that of the readout resolution of
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Fig. 5 Reconstructed 3D head images from incomplete acquisitions
with linear reordering. The full image of the selected slice is shown
at the top of the middle column for orientation. Part of the image
indicated by the dashed box is magnified for comparison of the three
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acquisition strategies: sequential filling (left column), centric filling
(middle column), and interleaved filling (right column). The corre-
sponding sampling mask is given in the upper right corners
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Fig. 6 Reconstructed 3D knee images from incomplete acquisitions
with radial reordering. The full image of the selected slice is shown at
the top of the right column. Part of the image indicated by the dashed
box is magnified for comparison of the two acquisition strategies:
sequential filling (left column) and interleaved filling (right column).
The corresponding sampling mask is given in the upper right corners

the image acquisition, visible motion artifacts, which might
lead to incorrect diagnosis, can be observed in the recon-
structed image. When the tolerable displacement was set
to the readout resolution of the image acquisition, visible
motion artifacts were substantially reduced.

Figure 9 shows a case in which significant motion
in knee imaging was detected. By rejecting all the cor-
rupted data, the motion-induced artifacts were substan-
tially reduced compared with the reconstruction with all
the acquired data (arrows in Fig. 9). Image quality was
still acceptable, even though only 72 % of the data were
acquired with the interleaved filling of k-space.

The 50 datasets were first reconstructed using all the
acquired data without rejection of the motion-corrupted
data. Blind evaluation of the images was performed. The
results of the evaluation are given in Table 1. No motion
was detected in 22 datasets, and all the reconstructed
images were accepted. Among the datasets with detected
motion, 22 out of 28 were not accepted. Figure 10 gives
an overview of completion of the 28 datasets defined as
the time of occurrence of the first significant motion. There
were 6 datasets with detected motion but acceptable image
quality. All were acquired with linear reordering, and cor-
responded to two cases.

1. In 2 datasets, navigators showed that the object moved
at the very beginning of the acquisition. Approximately
1-2 echo trains were corrupted. Thereafter the subject
stopped moving, and kept still during the rest of the
acquisition.

2. In the other 4 datasets, navigators showed that the
object remained static at the beginning, but movement
occurred at the end of the acquisition. Only 2-3 echo
trains were corrupted by the movement. The corrupted
echo trains mainly filled the periphery of k-space.

For 17 of the 22 datasets with detected motion, basic
acquisition was completed (completion >35 %). These
datasets were then reconstructed without the corrupted
data. The results from evaluation of the reconstructions
are shown in Table 2. Twelve acquisitions were recovered
by the freely stopped imaging strategy. Five acquisitions
were still unacceptable because of insufficient SNR or loss
of image details. An example of such an image is shown
in Fig. 11. The free stop scanning image shows substan-
tial reduction of the motion artifact, but the fine detail is
still insufficient. This indicates that the amount of data to
be scanned in the basic acquisition may vary for specific
applications, depending on the number of receive channels
and the sparsity in CS.
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Fig. 7 Comparison of the
Frobenius norms of the profile
changes (a, b) with the meas-
ured total rotation (c¢) and total
translation (d) of the marker,
which was mounted on the
imaged body part in the optical
tracking system. Motion leads
to different changes in the
Frobenius norms in the two
navigators as indicated by 2
arbitrarily selected time points
marked with vertical lines

Fig. 8 Comparison of two
different threshold settings in
knee imaging. The images were
acquired with isotropic resolu-
tion 0.6 mm. In the calcula-
tion of Threshold 2 in (c¢), the
tolerable displacement is set to
3 times of the readout resolution
of image acquisition. No motion
was detected, and all data

were used to reconstruct the
image (a). In the calculation of
Threshold 1 in (¢), the tolerable
displacement is set to the read-
out resolution of image acquisi-
tion. Motion was detected at a
late phase of the acquisition.

68 % of the acquired data were
used to reconstruct the image
(b). Motion artifacts (arrows),
which might lead to incorrect
diagnosis, can be observed

in (a), but are substantially
reduced in (b)

The relative average edge strength of the 17 interrupted
acquisitions was calculated (Fig. 12). A clear improvement
of the AES (Rel. AES >1) can be observed in the 12 inter-
rupted acquisitions with accepted image quality (Fig. 12b).
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In contrast with this, the improvement of the AES cannot
be guaranteed in the interrupted acquisitions with unaccep-
table image quality. Two of the five datasets show a drop
of the AES (Rel. AES <1) because of the loss of image
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Fig. 9 Comparison of normal a
3D TSE imaging with freely
stopped 3D TSE imaging when
abrupt gross motion occurred
at a late phase of the acquisi-
tion. a Image reconstructed
with all acquired data; b image
reconstruction with only the
data acquired before the first
detected motion; ¢ calculated
Frobenius norm of the profile
change for the two slices
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Table 1 Evaluation of the reconstructions using all the acquired data  aple 2 Evaluation of the reconstruction with only the data acquired

in 3D TSE imaging before the first detected motion in freely stopped 3D TSE imaging
Motion Image quality Image quality Reconstruction with Image quality Image quality
detected acceptable unacceptable freely stopped acquisition acceptable unacceptable
28 6 22
. . . 17 out of 22 12 5
No motion Image quality Image quality
detected acceptable unacceptable

Datasets represent cases with detected motion (completion rate
22 22 0 >35 %), and unacceptable image quality in Table 1

resolution caused by low completion (Fig. 12a). In the
other three datasets, the increased AES indicates a reduc-
tion of motion artifacts in the interrupted acquisitions, but
the residual artifacts are still too large to be accepted.

Discussion

Number of datasets

Sampling strategy

In the interrupted acquisitions acquired with conven-
tional sequential filling of k-space proposed in Ref. [25],
the resulting empty regions in k-space lead to artifacts in
reconstruction because of incomplete data. Especially in

0 0.2 0.4 0.6 0.8 1
Completion rate

Fig. 10 The statistics of completion at the time of occurrence of the . . .. . .
first significant motion. Bars with diagonal shading represent the six radial reordering or in linear reordering when completion

datasets with detected motion, but accepted image quality is below 50 %, the interruption results in loss of important
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Fig. 11 Example of an unaccepted image in the freely stopped scan-
ning. The reconstructed image with corrupted data (a) shows severe
motion artifacts. In the reconstructed image with the elimination of
corrupted data (b), motion artifacts are substantially suppressed.
However, (b) in this case is still not accepted because of loss of the
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Fig. 12 The relative average edge strength of the 5 interrupted acqui-
sitions with unacceptable image quality (a), and the 12 interrupted
acquisitions with acceptable image quality (b) in the experiments of
simulated freely stopped scanning. Data are sorted in ascending order

data in the central region of k-space, which are used for
calibration of coil sensitivities in parallel imaging. In our
proposed sampling strategy for freely stopped scanning, the

@ Springer

fine detail compared with the nominal 0.6 mm isotropic resolution,
although 40 % of the data—more than the basic scan—have been
acquired before the first detected motion. Note the poor delineation of
the cartilage in (arrow in b)

desired full acquisition is composed of the basic acquisi-
tion and the complementary acquisition. The basic acqui-
sition, containing the calibration data for parallel imaging
is a minimum subset of the complete acquisition required
to reconstruct clinically valuable images. If intolerable
motion occurs during the basic acquisition, the scan can be
aborted immediately, and reconstruction is not performed
as the image quality is expected to be below that required
for diagnosis. Once the basic acquisition is complete, the
complementary acquisition is executed to improve the reso-
lution and SNR of the resulting image. In the acquisition
process, data will almost uniformly fill k-space using the
proposed interleaved echo train trajectories with restricted
randomization. More uniform filling can be obtained with
fewer sections or sectors, but may lead to problems because
of stronger fluctuation of the echo train trajectories, which
may lead to more artifacts because of eddy currents. In our
experiments, k-space was usually divided into 16 sections
or sectors to balance the uniformity and the echo train fluc-
tuation, even though for low values of N, no eddy current-
induced artifacts were detected. More sections or sectors
reduce the fluctuation of the echo trains, but the view order-
ing gradually turns to sequential filling.

Compared with the unified view ordering in conven-
tional 3D TSE imaging, the k-space in our sampling strat-
egy was divided into two parts with separate view order-
ings. Some echoes supposed to be filled in the k-space
central region by the conventional acquisition were moved
to high frequencies, mainly because the fully sampled cali-
bration data in the k-space center were exclusively from
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the basic acquisition. However, the resulting change in the
k-space modulation can be neglected because the 24 x 24
fully sampled calibration data used are relatively small
compared with the full k-space size and only one or two
echoes are affected in most 3D TSE imaging with whole
volume coverage.

Motion detection

Combination of dual-1D projection with the Frobenius
norm of the profile change enables monitoring of motion
in all dimensions. In-plane translation along any direction
could be detected by at least one of the navigators as dis-
placement of the acquired profile. Through-plane transla-
tion and rotation around any axis can be detected as the
general deformation of the acquired profile. Because of the
limitation of the maximum gradient amplitude and SNR,
the thickness of the slice is much greater than its readout
resolution. Therefore, the threshold calculated from the
shifted profile reference might be overestimated for any
motion in the through-plan direction. The proposed motion
detection method is less sensitive to through-plane motion.
In practice, the orientation of the navigators can be adjusted
to cover the primary direction which is more prone to sub-
ject motion.

The Frobenius norm was chosen as the metric for motion
detection because of several advantages compared to other
methods:

1. it has a clear threshold which is obtained without any
training procedure;

2. itis sensitive to any type of motion; and

3. no manual positioning of the navigators is required.

Profile-similarity or cross correlation metrics have been
used to quantify the motion based on projections [33, 34].
However, these methods brought more mathematical chal-
lenges to distinguish the motion-induced change from the
noise-induced change when SNR is poor. This can intui-
tively be understood by thinking of two cases:

1. noise is overwhelmingly greater than signal; and
2. signal is overwhelmingly greater than noise.

In case 1, the calculated profile-similarity or cross cor-
relation randomly fluctuates in a wide range. It is nearly
impossible to correctly identify the motion by directly com-
paring two acquired navigators without knowing the statis-
tics of the noise. However, unlike the simple additive and
subtractive operation in the Frobenius norm based method,
multiplication and division are usually involved in calcula-
tion of similarity or correlation. If the combination of mul-
tiple receive channels is taken into account, there are nearly

no proved formulae for derivation of the noise distribution
in such complicated cases in the literature. In case 2, noise-
induced perturbation is well suppressed by the correlation
calculation. Motion can be identified by directly compar-
ing values from two navigators with a high probability of
success. However, SNR depends on contrast, receive coils,
main field strength, etc. High SNR cannot be guaranteed
in diverse applications. A training procedure [35] could be
introduced to set up an empirical threshold in each exami-
nation with a hypothesis that the object is kept still during
the training procedure, which is not always the case in a
real experiment.

Edge detection [16—-18] is also popular, but has several
drawbacks:

1. it is not sensitive to through-plane translations and
rotations, especially when the object is almost spheri-
cal, for example, the rotation of the head around the
head—foot axis;

2. high SNR is usually required for robust detection of
edges, which cannot be guaranteed in practice when
using surface receive coils with limited sensitivity.

Figure 13 shows a case of gradual motion, which is
nearly undetectable by edge detection but successfully cap-
tured by the Frobenius norm of the profile change. Manu-
ally positioning of the navigators can improve the robust-
ness of edge detection, like that used for detection of the
diaphragmatic dome in body or cardiac examinations, but
requires additional time for setup.

In typical 3D TSE imaging, the effective echo train dura-
tion is usually <30 % of the TR. Acquisition of the naviga-
tor echoes is inserted into the empty part of the TR, which
does not prolong the total scan duration. In our experi-
ments, the flip angle used to acquire the navigator echoes
was 8°. Extended phase graph (EPG) algorithm-based
simulations show that the attenuation of synovial fluid (T1/
T2 = 3.6/0.7 s) in typical knee imaging was <2 %, which is
almost invisible in practice and can be neglected [36-38].
The effect of navigator acquisition on other tissues is even
smaller, and is, therefore, not taken into account.

The Frobenius norm-based motion detection should
be prudently applied in the imaged parts with interfer-
ence from local motion, e.g. swallowing in C-spine imag-
ing, which may cause false positive detection. This kind of
occasional interference can be mitigated by confirming the
gross motion with navigators from multiple TRs. Known
sources of local and irrelevant motion can be ignored in
calculation of the Frobenius norm.

The buffer for tolerating small motions was calcu-
lated in this work on the basis of the in-plane displace-
ment. If the similarity between adjacent pixels does not
reduce isotropically, the threshold may be overestimated
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=-=-Threshold for motion detection

Fig. 13 Capture of gradual motion by Frobenius norm of the profile
change: a, b, profiles of two slices with perpendicular readout direc-
tions; ¢, d, calculated Frobenius norms of the corresponding profile
differences and the threshold for motion detection; e, f, reconstructed

or underestimated for through-plane motion. However,
in our simulations with 3D images representing different
anatomic structures, we found that the Frobenius norm
of the profile change varies quite isotropically along all
directions, especially for small movements, as can be
seen in Fig. 4.

Freely stopped scanning

The statistics of the 28 subject datasets with detected
motion shows that the first motion occurred at any time in
the scan (Fig. 10). This may not exactly reflect the behavior
of the patients in clinical practice. However, the proposed
method always improves the throughput of the 3D TSE
imaging in the following ways:

1. Time is saved by detecting the motion early, and mak-
ing the decision early. Technicians do not need to wait
for the end of the acquisition to check the image quality.

2. If motion happens at a late phase of the acquisition,
images with sufficient quality can still be obtained by
using the proposed sampling strategy. No repetition
was needed in most of these cases (12 out of 17 cases;
Table 2). In a special case, similar to that observed in
our experiments in which the subject moved at the very
beginning of the acquisition (the 5th TR), but kept still
during the rest of the time, motion detection leads to
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images with all acquired data. These results show that gradual motion
is almost invisible in the measured profiles, but successfully detected
by Frobenius norm. The severe motion artifacts in the reconstructed
images reveal the validity of the detection

unwanted interruption. However, the cost of the kind of
interruption is almost negligible.

Further investigations are required to determine opti-
mum values for the size of the basic scan and for reliable
assessment of the motion threshold; both may depend on
the body region and the medical condition under study. In
this work, the freely stopped scanning was mainly dem-
onstrated by 3D TSE imaging. However, this method can
be directly applied in other 3D sequences with echo train
acquisitions, e.g. 3D MPRAGE. By extending the con-
cept of uniform filling of k-space during data acquisition
from 3D to 2D, the method can be easily extended to 2D
imaging.

Compatibility with other methods

The proposed method of freely stopped scanning is com-
posed of two parts: a dedicated sampling strategy for inter-
rupted acquisition and a motion-detection scheme. In this
work, description and preliminary evaluation of the concept
were primarily based on normal structural 3D TSE imag-
ing without any advanced motion-correction techniques, so
a dual-1D navigator scheme was proposed for the real-time
motion detection.

The proposed method can be combined with more
sophisticated motion-correction techniques, such that the
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dual-1D navigator scheme is replaced by more advanced
3D navigators or even external optical tracking systems
[9-11]. With prospective motion correction the overall
robustness of the scan to motion is substantially improved,
but there is still some threshold at which the prospective
correction fails—i.e. because field homogeneity relative to
the displaced scanning region changes. Using our approach
ensures that at least in cases when such drastic motion
occurs after completion of the basic scan, uncorrupted
images can be reconstructed. Similarly, in the combination
with retrospective motion-correction techniques, the pro-
posed sampling strategy also provides additional chance to
obtain acceptable image quality when artifacts are not suf-
ficiently suppressed by retrospectively eliminating the seri-
ously corrupted data.

movements in an arbitrary dimension are modeled by the
overall displacement of the object along the readout direc-
tion of the navigators, and is manifested as a shift of the
acquired reference navigator profile.

Given the tolerable shift is within one pixel of the pro-
file, the distribution of the Frobenius norm of the profile
change can be obtained by use of the following steps:

Reference profile A is circularly shifted by one pixel in
the readout direction to obtain A. Because the noise levels
of the corresponding pixels in A and A’ are still statistically
independent of each other, the Frobenius norm of the profile
gradient G is

IGlle = |4 -] (16)

K—1
IGllg = \/27 ((aR,lJ — aRKj)Z + (ar1j— asz)2) + Zi

Zj ((aR,i+1J — aRij)2 + (ariv1j— alij)z) )

Conclusion

To increase the likelihood of obtaining images of diagnostic
quality from 3D TSE imaging in the presence of spontaneous
motion, a combination of a freely stopped sampling strategy
and a dual-1D navigator scheme with a Frobenius norm metric
is proposed. The cost of the repetition of the scan is reduced
by early detection of the motion when the proposed sampling
method fails to rescue the acquisition. The feasibility of these
techniques has been proved by in-vivo experiments.
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|G||g is associated with the chi distribution, with the prob-
ability density function:

()" e Gt N B I
(o) s ey ) oy
(18)

PG (x) =

The mean value is:

1-3.5.-(2nK — 1) -S
PR Tk =1L e «fam( 0.5,nK, 2)

m\Gllg =
(19)
The standard deviation is:
2 2
SIGly = Z"K(“/50> +5° —mig, (20)

Here I, 1 is the modified (nK — 1)th order Bessel func-
tion of the first kind, 1 ' (a, b, z) is the confluent hypergeo-
metric function, and S is the intensity of signal components
in || G||g, which is explicitly defined as:

arij = SRij + NR1j 2D

arij = sij +nu; (22)

K—1
S = \/Z;' ((SR,IJ — smq)z + (s1,1,,' — sng)z) + Zi Zjn ((SR,i+1,/ — SRij)2 + (Sl,i+1J — Sn;/)2> 23)

Appendix

Detailed derivation of the buffer for small movements
is described below. To simplify the estimation, small

Here s and 57 ; are the signal components in ag;; and
ay jrespectively. ng; ; and ny; ; are noise.

S in the |G|/ is an unknown variable, but can be esti-
mated as follows:
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MDD
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=1F1| —=0.5,nK, — 24
1Fi ( n 402) (24)
Because nK is of the order of a thousand, m G|, > 5G|

it is feasible to use the calculated |G|/ to approximate its
mean value m .. We obtain:

G —5?
IGle _ a (—O.S,nK, 2)
MGl 4o

An approximation of § is obtained by solving the above
equation. Given the displacement of objectis#(0 <t < 1.0)
pixels in the navigators, pixel values in the displaced profile
could be expressed as a linear combination of the original
profile and the profile shifted by 1.0 pixel:

(25)

)C;n = Xp4+1 + 1 —=Hxp, (26)

x;n —Xm = B + (1 = DX — Xy = (X1 — Xim) 27)

If the object is displaced by ¢ pixels, an estimate of the
intensity of the signal components in the Frobenius norm of
the profile change is tS. Therefore, the mean value and the
standard deviation of Frobenius norm of the profile change
can be estimated as:

_ 135(2I’ZK— 1) T —(ZS)2
mr = 2K T (K — 1)1 \/;\/EﬁlFl (—O.S,nK, 152 )
(28)

ST = \/ZnK(\/zo)z + (£5)% — m3.

Therefore, a new threshold, which tolerates tiny dis-
placements, can be set as:

29

THr = my +f * s (30)

The additional buffer for tolerating tiny movements in
the detection of patients’ voluntary motion can be obtained
from:

buff = (mr +f % s7) — (mypjp +£ * 5|p|)e) 31)

This deduction can be easily extended to cases for which
the shift of the reference navigator profile is more than 1.0
pixel.
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