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Abstract

The use of phase correlation to detect rigid-body translational motion is reviewed and applied to
individual echotrains in turbo-spin-echo data acquisition. It is shown that when the same echotrain
is acquired twice, the subsampled correlation provides an array of delta-functions, from which the
motion that occurred between the acquisitions of the two echotrains can be measured. It is shown
further that a similar correlation can be found between two sets of equally spaced measurements
that are adjacent in k-space. By measuring the motion between all adjacent pairs of k-space
subgroups, the complete motion history of a subject can be determined and the motion artifacts in
the image can be corrected. Some of the limiting factors in using this technique are investigated
with turbo-spin-echo head and hand images.
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Turbo/fast spin echo (TSE/FSE) sequences (1-5) were developed initially to increase the
efficiency of spin echo sequences by allowing many measurements (lines of k-space) to be
acquired with a single excitation. These sequences are now widely used in clinical practice
as one of the fast acquisition methods in magnetic resonance imaging (MRI). Often these
sequences are applied with multiple averages for each line of k-space to improve the image
signal-to-noise ratio (SNR). Rather than sampling the same line of k-space multiple times, it
is possible to obtain the same increase in SNR by increasing the field of view (FOV) in the
phase encoding direction. This is equivalent to spacing the sampled lines of k-space more
closely in the phase encoding direction.

Whether multiple averages or more finely spaced measurements are acquired, the increased
SNR comes at a cost of increased imaging time, and a greater potential for subject motion
during the acquisition. Usually, very little motion occurs during the short acquisition time of
any one echotrain. The fact that only a single excitation is used for each echotrain also helps
to reduce (although it cannot eliminate) the effects of motion during an echotrain.

Motion artifacts in a variety of MRI applications can be reduced using navigator echoes (6—
16) to identify motion-corrupted measurements and either correct these measurements or
reacquire them when the anatomy is close to the baseline position (17,18). Motion correction
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with navigators can come at the expense of a substantial increase in scan time. A more time-
efficient method is to extract information of in-plane and through-plane displacements from
the navigator echoes so that k-space data can be retrospectively corrected (19-21). However,
navigator displacement measurements require a priori knowledge of the type of motion so
that the navigator can be tailored to the specific type of motion. For example, spherical (22)
or orbital navigators (23) are often used to detect bulk translation and rotation. Pencil-beam
navigators can be used to detect local translational motion (24). PROPELLER MRI (25)
proposed by Pipe is a type of self-navigated data acquisition technique, in which k-space
data are acquired in blades to produce oversampling at the center of k-space. The
oversampled k-space center acts as an inherent “navigator” to allow correction for in-plane
bulk translation as well as rotation.

The potential of parallel imaging techniques for tackling motion problems has also been
investigated (26). Bydder et al. (27) use SENSE (28) or SMASH (29) to regenerate fully
sampled k-space data sets from subsampled copies of the original k-space and detect
motion-corrupted phase encoding views from the difference between different sets of
regenerated k-space data. The detected inconsistent views are discarded and replaced with
synthesized data using generalized-SMASH reconstruction (30). This data regeneration
method detects occasional motion (such as coughing and twitching). The data regeneration
method does not require multiaverage scans, but the data must be from multiple coils. The
method works well when mation is constrained to a small number of k-space lines and the
lines are distributed throughout k-space. More extended motions would cause problems in
both the detection and correction processes.

Another interesting motion correction technique was presented by Kadah et al. (31). In this
technique, a single line of k-space, which is offset from 4, =0 (a floating navigator or
FNAV), is acquired repeatedly during image acquisition. Motion in the readout direction is
obtained by correlating the magnitudes of the Fourier transforms of subsequent FNAVS.
Motion in the phase encoding direction is measured from the phase shift at the center of the
FNAV. This technique was applied in the case of simulated experimental data. The technique
can be applied to TSE sequences by using a single echo in the echotrain to repeatedly
sample the same line of k-space.

In this work we explore the possibility of self-navigation in a conventional TSE sequence
using the correlation of adjacent sets of k-space lines. The method relies on the assumption
that very little motion occurs during a single echotrain, and that an extended FOV in the
phase encoding direction has been acquired. Further, it requires that the phase encoding
order of each echotrain be related by a simple shift in k-space. This technique could very
easily supplement the technique of Kadah et al. (31). In the following, we present the theory
and justification of this technique. We present data on some of the limits of this technique,
and give an example of motion correction for TSE images of a head and hand.
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Subsampled Crosscorrelation

Rigid-body motion between two images /7 and 7% can be detected using the
crosscorrelation function:

C('rvy):ml(xvy) ®’I’I’L;(—ZL‘,—y) [l]

where ® is the 2D convolution operator. This crosscorrelation can be written in the Fourier
domain as:

C (s by) =M (ki k) M5 (s ). [2]

If mo is just a shifted version of /. (with offsets xp and )p) then:

C(kx, ky):|M1 (kh k.y)|2€i(kg;$o+kyyo). [3]

The offsets xy and Jp can be measured from the phase of the correlation function in k-space.
The transform of C(ky, k) is a Dirac delta function (offset from the origin by xg and yp)
convolved with the transform of the magnitude squared of M;(ky&)).

(e y)=0(x — 0.y~ vo) ©3 (M) 4y

where is the 3() is the 2D Fourier transform. Usually c(x,)) would be peaked at an offset
showing the motion Xy and )p, however, (| M \2) may actually blur or distort that position.

The Dirac delta function is found more directly when 3(| A7, |?) is removed from the
correlation function as:

Cw(kr, ky):eifarg[c(kz,ky)] :ei(kzmqukyyg) [5]

where arg() is the argument function that extracts the angular component of a complex
number or function.

It can be shown that if Cy,(ky, k) is computed from an incomplete set of regularly spaced k-
space measurements (e.g., the same echotrain sampled twice as in Fig. 1a), the resulting
culx,y) will still show the original delta function, but will also show a set of aliased delta
functions (Fig. 1b). Let S; (k. k) be the sampling function that selects the k-space
measurements for the Lth echotrain:
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Ne—1
Sy (ko ky)=">" 6(ky — (L+jNet)Aky)
=0 [6]

where N, is the number of echoes in the echotrain (or the echotrain length) and N, is the
total number of echotrains used to acquire a full k-space. If the same echotrain is sampled a
second time after some time delay, the correlation between the two echotrains can be written
as:

Cr (z, y)::s(SL (kz, ky) - Cy (b, ky))
L3S, (ker k)  culz). 1)

This correlation can be expressed in convolution integral as:

@L-N+N..) sin(ry'/Ay) '
sin(my’ /[NeAy) [8]

o0 PR
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—00

where Ay is the spacing between voxels. After some algebra this becomes:

Net—1 2L P
¢, (z,y)= Z Neem(f\zf_aJrNe_l)JCW (z,y — jNAY).
J=0 [9]

Thus, c,(x,)) is replicated with spacing NV Ay (the number of echoes in each echotrain times
the voxel spacing) with a phase that depends on the shift (L) of the k-space measurements. If
the motion in the y~direction (/) occurring between two acquisitions of the same subset
(Lth echotrain acquired twice) is smaller than the aliasing distance:

NAy ‘
2 [10]

v,<|

then two repeated subsets (echotrains) rather than two samplings of full k-space can be used
to detect the motion of the object.

Correlation of Adjacent Lines

In this work, we carry this observation one step further to show that it is possible to detect
motion between two adjacent sets of k-space measurements. Suppose an image is
reconstructed using equally spaced measurements from a single echotrain with all other
measurements set to zero. In that case, a highly aliased version of the original image is
obtained, as shown in Figure 2a. Interestingly, a second image reconstructed from an
adjacent set of equally spaced lines in k-space has some similarity to the first aliased image
(Fig. 2b). If the object were to shift between acquisitions, one would expect that similar
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structures in both aliased images would also shift. In fact, one might naively assume that a
crosscorrelation of these two aliased images could be used to determine the shift.
Unfortunately crosscorrelation in image space corresponds to a multiplication in k-space.
Because each echotrain is a different set of k-space lines, the multiplication in k-space is
identically zero and no information about motion between the two aliased images is
available. Instead, consider what happens if we physically shift each k-space line in the first
echotrain by %2Ak;, and each line in the adjacent echotrain by —%2Ak,. If a crosscorrelation is
then taken, the correlation function described in Eq. [3] is modified as:

C (o, by 3 ) =1Mi (ks by )|
|A11 (kix, k}y+1)|6i¢l (kz’ky)7i¢l(kz=ky+1) Ci(k"’IL+<kU+%)yL) [11]

where the phase function ¢ (& &) = arg[ M1 (k. k)] is the phase of each k-space point in the
absence of any motion. The weighted correlation function becomes:

Cu (kT7 ky"‘%)
—etmarg [C (ke ky+3)] :ei(kaL +(ky+3)yy, ) Fid g, (ke ky) [12]

where ¢gr(kyk)) = d1(kx k) — 1(kx k), +1) is the phase error term and is caused by the fact
that adjacent k-space lines are not perfectly correlated.

If an object fills less than the measured FOV in the phase-encoding direction (i.e., an
extended FOV is acquired), then it can be shown that there is at least some correlation
between adjacent measurements in k-space. An object having a finite region of support is
equivalent to multiplication by a rectangular window in image space, or convolution with a
sinc-function in k-space. The width of the sinc-function in k-space is inversely related to the
width of the image support. Therefore, as the measured FOV increases and the sinc-function
broadens, the correlation between adjacent k-space lines increases and the phase error term
is reduced. In practice, we will use a finite FOV, so there will always be some residual phase
error. The transform of the correlation function will still contain a delta function offset from
the origin by x; and y;, but will now be convolved with an error term due to ¢grr(ky4)).

Cw (I> y):(;(x - "L‘L?y - yL) ® 3(€Z¢ET’) [13]

Any linear component of the phase error term will cause a shift in the delta function and will
directly affect the accuracy of the motion estimates. The higher order terms of the phase
error tend to blur and distort the delta function, making it difficult to accurately locate the
delta peak.

To the extent that the phase error term is small, it is then possible to detect the motion
between adjacent groups of lines of k-space. By using this technique to measure the
incremental motion between every pair of adjacent echotrains, the complete motion history
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during a scan can be obtained. The absolute position of the object at the time of each
echotrain is obtained by adding the shifts:

L snife (t):Zt Ty [14]

L=1

and the same for the y direction. This motion history can then be used to correct a TSE MRI
acquisition for nonrotational rigid-body motion. Motion correction is accomplished by
applying the appropriate linear phase shift for each echotrain. It is shown in the following
sections that a reasonable FOV can be selected such that the phase error is small enough to
produce motion-corrected images.

METHODS

Ten data sets of 2D TSE head images were obtained on a Siemens Trio 3T MRI scanner
from a volunteer using a single-channel head coil. Each data set was acquired at a different
FOV but imaging parameters were selected to keep resolution, SNR, and contrast as constant
as possible across all data sets (Table 1). Five different slice locations were acquired in each
data set. Each image has a resolution of 0.5 mm x 0.5 mm x 2 mm, pulse repetition time
(TR) =35, echo time (TE) = 13 ms, and 11 echoes per echotrain.

Motion artifacts were introduced by applying varying linear phase shifts to each echotrain
taking into account the slice interleaving and phase encoding order used to acquire the
images. The amount of motion between two successive echotrains was randomly selected
with the maximum value constrained to satisfy Eq. [10]. For the rotation experiments, the
object was rotated (postacquisition) back and forth by a fixed value between each echotrain.

To test the algorithm in conjunction with actual motion, 11 high-resolution 2D TSE images
of a human hand were acquired on a Siemens Trio 3T MRI scanner using a single-channel
wrist coil. The images were acquired with a TR/TE = 4000/60 ms, extract, transform, load
(ETL) (WV,) = 17 and 31 echotrains (/.. The acquisition FOV = 120 mm, slice thickness =
3 mm, Ngy =640, Nygy, =527, giving a spatial resolution of 0.1875 mm and 0.2277 mm in
the xand y; respectively. The hand filled about one-third of the imaged FOV. During the
acquisition, the subject moved his hand occasionally.

All human studies were approved by the institutional review board and informed consent
was obtained from the volunteers.

RESULTS

The motion detected for the TSE head images with a FOV twice the object size is shown in
Figure 3. The solid line in Figure 3a and b shows the actual motion applied to the head
images, whereas the dots represent the motion calculated using the self-navigating technique
proposed in this work. It has been assumed that the typical motion of an object will follow
some relatively smooth time course. This smooth time course was accomplished by
multiplying the Fourier Transform of the detected objects motion in time by a low-pass
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filter. The error between this band-limited curve and the actual motion is shown in Figure 3c.
For this TSE data set, the maximum error is less than 0.4 mm in either direction.

The images obtained from these motion estimates are shown in Figure 4. Each of the five
columns represent one of the five acquired slice locations. Figure 4c shows the corrected
images when no band-limited curve is fit to the data (i.e., motion represented by the dots in
Fig. 3a, b). Although the images offer a significant improvement over the motion-corrupted
images (Fig. 4b), there is still some unwanted motion artifact. This residual artifact is
reduced when the motion is constrained to be band-limited (Fig. 4d).

The effect of varying the FOV on motion artifact reduction is demonstrated in Figure 5.
When the FOV approaches the size of the object, the self-navigating technique is not able to
fully correct the motion artifacts (Fig. 5a). However, if we acquire a FOV of 126% the object
size (Fig. 5¢), many of the motion artifacts are eliminated. With a larger FOV of 171% the
object size almost all the motion artifacts have been removed. This is supported when one
looks at the coefficient of variation of the motion corrected images compared with the
original motion free images as shown in Figure 6. Images obtained at a FOV of 126% have a
coefficient of variation that is half the value for images obtained at a FOV of 100% the
object size. For data sets with a FOV larger than 171% (the object size) the improvement
continues but at a slower rate.

The ability to accurately detect motion with minor rotations is shown in Figures 6 and 7. The
goal is not to correct for the rotation artifacts, but simply to show that the motion artifacts
themselves can be corrected in the presence of small rotations. For both the 126% and 171%
FOV data sets, it is shown that if the rotation of the object is less than two degrees between
successive echotrains in a slice, the motion correction is still successful (Fig. 7.). Even when
the roation is two degrees between each echotrain in a slice, there is still a reduction to the
motion artifacts using the self-navigation technique, just to a lesser extent (Fig. 6).

An image of the hand with occasional motion during the acquisition is shown in Figure 8a.
The aliased images reconstructed from echotrains 15, 16, and 17 out of 31 are shown in
Figure 2

For comparison, the image after correction using the technique of this work is shown in
Figrue 8b. Nine of the 11 slices of the acquisition contained signal and similar results were
observed in each of these. Because the slices are acquired in an interleaved fashion, one
would expect the measured shift in each image to follow some relatively smooth time
course. In Figure 9, the thick line plots the shift in the “y” direction for the nine slices in
chronological order. It can be seen that the shifts are relatively smooth, as expected, and
show nine movements in the negative direction. Also plotted in Figure 9 is the corresponding
shift in the “x” direction (thin line).

DISCUSSION

It has been demonstrated that MRI data can be self-navigating under the circumstances that
subsets of k-space measurements are acquired closely enough in time to limit motion and
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rotation between successive acquisitions, and that a FOV be selected such that adjacent
subsets of measurements have an adequate amount of correlation.

The technique differs with the technique presented by Kadah et al. (31) where floating
navigators encode motion in the phase encoding direction with one navigator at one k-space
offset position. That offset position is a compromise to maintain a high enough SNR while
avoiding aliasing in the measurement of any motion. On the other hand, this self-navigator
technique spreads the measurements across k-space, allowing a small window in which the
motion can be uniquely determined. The technique of Kadah et al (31) also has a small

o £ 2nm
window in which the phase can be determined uniquely: ‘P:W where kris the FNAV
frequency offset from 0 and nis a positive integer.

Although it has been shown that self-navigation can be applied successfully, a few questions
remain as to the limitations of the technique. First, the effect of the echotrain length has not
been fully studied. We note that this method applies nicely to T2w TSE data where an
echotrain length of at least 11 was used. However, the technique can also apply to
acquisition orders with shorter echotrains if motion between adjacent and/or sequential
echotrains is very small. Shorter echotrains would be generally used for T1-weighted
studies. Additionally, if motion is minimal between two sequentially acquired echotrains, it
is possible to acquire the data from both trains such that when combined they form one set
of equally spaced lines in k-space. Self-navigation can then be applied by testing for motion
between sets of combined echotrains that are adjacent in k-space. Thus, one combined
echotrain may be correlated with an adjacent combined echotrain.

Second, the effects of surface coils are not known. For example, when using an array of
surface coils, the image support for each coil will be defined by the coil sensitivity, reducing
the requirement for phase encoding oversampling.

Finally, self-navigation could work for nonuniform sampling of k-space and rather than
finding the delta-function location in image space, it would be possible to fit the phase
surface with an inclined plane.

We note that this technique should work also for multi-shot echo-planar imaging (EPI),
GRASE pulse sequences, and any sequence where the order of acquisition allows minimal
motion within the set, but the probability of motion is great between sets. It should be
possible to configure the acquisition of most gradient echo sequences such that equally
spaced sets of k-space are acquired in close temporal proximity such that motion between
the set of lines is minimal, and motion between adjacent sets can be detected by correlation.

Although we did not discuss correcting rotations, there are at least two extensions of this
method that could allow small rotations to be detected and corrected. First, we have
performed experiments showing that the correlation in the phase encoding direction can be
performed as a function of position in the readout direction. The slope of the correlation as a
function of “x” indicates the magnitude of rotation. Experiments to verify this observation
are ongoing. Second, the use of arrays of surface coils provides many opportunities for
spatial localized sensitivities for individual coil measurements. The distribution of
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translations observed for each local coil can then be combined to provide an estimate of the
translation and rotation of the rigid body. It is entirely possible that these local coil motion
measurements may allow nonrigid-body motions to be estimated and ultimately corrected.

CONCLUSIONS

This work provides a demonstration that rigid-body translational motion that occurs during
the acquisition of MRI data can be detected, quantified, and corrected using self-navigation
when subsets of k-space measurements are acquired closely spaced in time such that motion
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FIG. 1.
Shown in (@) are repeated, subsampled acquisition of k-space (such as acquiring the same

echotrain twice) and the corresponding aliased images. The phase correlation, ¢,(x,)) shown
in (b) is obtained from the cross correlation of the aliased images. The crosscorrelation
shows the replicated delta functions offset from the zero-offset position.

Magn Reson Med. Author manuscript; available in PMC 2017 May 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Mendes et al. Page 12

FIG. 2.
2D TSE hand images reconstructed from a single echotrain (N, =17 and N, =31). The

images correspond to three adjacent sets of equally spaced k-space lines from the (a) 15th,
(b) 16th, and (c) 17th echotrains. The left side is the magnitude image and the right side is
the real image. The real image shows the slow variation in phase caused by the shift in the k-
space sampling pattern.
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FIG. 3.

Simulated motion tracking on TSE head images with an FOV double the object size, five
interleaved slices with a 0.5 mm x 0.5 mm 2 mm resolution, ETL =11, TR=3s,and TE =
13 ms. The top graphs show motion detection in the (a) readout or x direction, and (b) phase
encode or ydirection. The gray dots represent the motion calculated using self-navigation,
and the solid line is the actual motion. The Fourier transform of the calculated data is
multiplied by a low-pass filter to produce a smoothed line for the objects motion. A
smoothed line is then fit to the calculated data and compared to the actual motion in (c). The
solid line is the error in the x (readout) direction, whereas the dashed line is error in the y
(phase encode) direction.
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FIG. 4.
TSE head images acquired with the parameters in Table 1 and the motion correction shown

in Figure 3. Each vertical column represents a different slice location. The images without
motion artifacts are shown in (a), the motion corrupted images in (b), images corrected
individually in (c), and with constrained motion using all five slices in (d).
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FIG.5.
TSE motion corrected head images with varying FOV. The top row contains images

corrected using the proposed self-navigating technique and the bottom row shows the
difference images (compared to the original motion free image). Each column represents a
different FOV with (a) 105%, (b) 116%, (c) 126%, (d) 138%, (€) 149%, (f) 160%, and (g)
171% of the objects region of support.
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FIG. 6.

Coefficient of variation with the original motion free images for varying FOV. The dot-
dashed line compares the uncorrected images, the solid line represents corrected images with
a 2° degree rotation between echotrains, the dashed line is corrected images with a 1°
rotation between echotrains, and the dotted line is corrected images with no object rotation
during acquisition.
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FIG.7.

Error in motion correction using the proposed self-navigation technique in the presence of
small object rotations. The top row shows the (a) X motion error and (b) Y motion error
when the FOV is 126% the object size. The bottom row shows the (c) X motion error and (d)
Y motion error when the FOV is 171% the object size. The solid lines represent no object
rotation, the dashed line is a 1° rotation between any two adjacent data sets and the dotted
line is a 2° rotation between any two adjacent data sets.
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FIG. 8.
a: A single axial slice from a 22-slice T2w TSE images of the hand. Motion that occurred

during acquisition caused severe blurring and some ghosting. b: An image obtained from the
same measurement data of the same slice using the correction method described in this
work.
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FIG.9.
A plot of the xand y offsets in chronological order for 9 of the 11 interleaved slices where

the SNR was strong enough for the correlation technique to be applied.
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Imaging Parameters Used to Acquire 2D TSE Head Images

Samples FOV % FOV (PE Direction) BW!/Pixel
418 x 418 209 mm? 105 130
462 x 462 231 mm? 116 144
506 x 506 253 mm? 126 157
550 x 550 275 mm? 138 172
594 x 594 297 mm? 149 183
638 x 638 319 mm? 160 196
682 x 682 341 mm? 171 209
726 x 726 363 mm? 182 222
770 x 770 385 mm? 193 241
814 x814 407 mm? 204 256

Table 1

Page 20

FOV = field of view; SNR = signal-to-noise ratio. TR = pluse repetition time; TE = echo time; ETL = extract, transform, load. Parameters were
selected to hold the resolution, SNR, and contrast constant, while allowing for a variable FOV in the phase encoding direction. Five interleaved

slices were acquired with a 0.5 mm x 0.5 mm 2 mm resolution, ETL =11, TR =3, and TE = 13 ms.
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