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Navigator Echo Motion Artifact Suppression in Synthetic
Aperture Ultrasound Imaging

Yasser M. Kadah, Abd El-Monem El-Sharkawy, and
Abou-Bakr M. Youssef

Abstract—We develop a simple yet effective technique for motion arti-
fact suppression in ultrasound images reconstructed from multiple acqui-
sitions. Assuming a rigid-body motion model, a navigator echo is computed
for each acquisition and then registered to estimate the motion in between
acquisitions. By detecting this motion, it is possible to compensate for it
in the reconstruction step to obtain images that are free of lateral motion
artifacts. The theory and practical implementation details are described
and the performance is analyzed using computer simulations as well as real
data. The results indicate the potential of the new method for real-time im-
plementation in lower cost ultrasound imaging systems.

Index Terms—Information theoretic image enhancement, motion arti-
fact, navigator echo, synthetic aperture.

I. INTRODUCTION

The lateral resolution of ultrasound imaging scales directly with the
aperture size. Therefore, the aperture is improved by increasing the
number of array elements used to collect the ultrasound echoes for a
given element size. Phased array systems represent an optimal solu-
tion where all array elements are used in signal transmission and re-
ception to achieve the best possible lateral resolution. This class of ul-
trasound imaging systems represents the high-end of the market given
the complexity of the beamforming involved. In less expensive ultra-
sound imaging systems, however, only a small number of independent
channels is utilized to collect ultrasound echoes in order to reduce the
system complexity and consequently its cost. This results in degrada-
tion of image lateral resolution and hence limits the diagnostic value
of the output images. As a result, synthetic aperture imaging was de-
veloped to enhance the spatial resolution employing the same number
of channels [1]. The basic idea of this technique is to acquire the de-
sired aperture through multiple acquisitions where such acquisitions
are combined to form an effective aperture size that is larger than the
original. This can be further generalized to include interleaved acqui-
sition (i.e., reconstruction from consecutive even and odd field acqui-
sitions) and averaging where image reconstruction is performed from
multiple acquisitions.

Since multiple acquisitions of the same structures must be done at
different times, it is likely that the field of view may move in between
consecutive acquisitions due to either tissue motion or probe motion.
Hence, ultrasound images reconstructed from such acquisitions may
contain motion artifacts. Such motion artifacts can be rather severe and
limit the diagnostic value of the reconstructed images in some cases.
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Several techniques were proposed to perform motion artifact suppres-
sion, including automatic alignment techniques based on correlation
and sum of absolute difference (cf. [1]–[5]). The motion encountered
in this problem was classified into axial motion (motion in the direc-
tion of the beam) and lateral motion (in the direction perpendicular to
the beam). The first was shown to be limited and possible to augment
with the phase aberration correction problem [6]. That is, the solution
to the phase aberration problem corresponds to the solution for both
phase aberration and motion. On the other hand, special correlation
processing was used to estimate the motion in the second direction by
correlating neighboring lines. In spite of the encouraging results ob-
tained, the computational complexity of such methods requires mas-
sive computing resources for real time implementation [3]. Therefore,
it hinders such techniques from being applied to low-cost ultrasound
systems.

In magnetic resonance imaging (MRI), the process for acquiring one
image can last for a minute or more. As a result, motion artifacts are
commonly encountered during long acquisition sequences as a result
of motion of the imaged subject during the data collection period. In
order to reduce this artifact, a technique called navigator echo was de-
veloped whereby a one-dimensional (1-D) projection of the image is
collected with each acquisition [7]. These navigator echoes are regis-
tered together to estimate the translational motion in between acquisi-
tions. Such estimates are subsequently utilized during the reconstruc-
tion process to compensate for this motion and yield images with much
less motion artifacts.

Here, a similar technique to navigator echo motion estimation can be
devised. In particular, the acquired raw ultrasound lines within a sub-
aperture or one of the acquisitions can be used to obtain the equivalent
of the navigator echo projection information indirectly. This is done
using radial projection to sum all points on each line to obtain a 1-D
signal as a function of line number representing the angle. The observa-
tion of this projection signal (or navigator echo) enables the estimation
of motion in the lateral (angular) direction of the image. In this work,
we present the theory and experimental verification of this approach
when applied to synthetic aperture, interleaved, or averaged acquisition
modes. This new technique is compared to the more computationally
expensive approach based on optimizing a local information theoretic
objective function during the reconstruction as a function of the motion
parameter. Also, its performance is analyzed under different practical
imaging conditions.

II. THEORY

Consider the case of ultrasound imaging using a convex array trans-
ducer. Let the scanned image to be denoted as f(r; �) where � is the
azimuth angle (or equivalently the line number) and r is the depth. Let
the effective in-plane ultrasound transmit/receive field for a single ac-
quisition line be defined as h(r; �). Here, we assume no motion in the
elevation direction of the transducer and, therefore, we will just con-
sider the image formation in terms of the in-plane coordinates. Hence,
the received ultrasound line s1(r; �) takes the form

s1(r; �) = f(r; � � �) � h(r; �)d�: (1)

Then, the sampled projection signal, or navigator echo, takes the form

P1(�) = �(�) � s1(r; �)dr (2)

where �(�) is the sampling function. In interleaved acquisition, the
same aperture elements are used with different delays in a second run
through the ultrasound array. This amounts to a different field func-
tion, which we will call here h2(�) resulting in s2(r; �) and P2(r; �)

as above. Let this field function incorporate any changes in the sam-
pling position such that the sampling function remains unaltered. In
this case, the correlation function of the two projection functions takes
the form

C(�) = P1(�) � P2(��): (3)

The Fourier transform of the projection n where n = 1 or 2, takes the
form

=fPn(�)g = �(k�) � [=ff(r; �)g � = fhn(r; �)g]k !0
: (4)

Here, we utilized the convolution property of the Fourier transform in
addition to the projection-slice theorem to evaluate the projection as the
center line of the two-dimensional (2-D) frequency domain, denoted by
the variables (kr , k�), at kr = 0. Hence, assuming a motion of �� in
the second acquisition and sufficient sampling, the Fourier transform
of the correlation function takes the form

=fP1(�)g � = fP2(��)g = �(k�) � (=ff(r; �)g � = ff(r;��)g

�= fh1(r; �)g � = fh2(r;��)g � e
�2�k ���

k !0

: (5)

By looking at the expression inside the parentheses, we notice that the
first two terms will amount to a real function since the expression will
be evaluated at kr = 0 and that they will be complex conjugates with
respect to k� . Also, we notice that two field terms are expected to be
real with possible known linear phase term to account for sampling po-
sition given that the field is generally symmetric around the center of
the acquisition line. Hence, by measuring the phase term of this mul-
tiplication, it is possible to detect and compute any misalignment be-
tween the two acquisitions.

Now consider the case of undersampling. This causes aliasing in
the Fourier transform of each projection. Assume the undersampling
factor (defined as the ratio of sampling frequency to that of Nyquist) to
be given by � and the true bandwidth of the signal to be B. Then, as
long as � is greater than 0.5, there will remain a part at the center of
the Fourier transform without aliasing of size B(2� � 1). Since this
linear phase estimation can still in principle be performed using a few
points, the proposed approach can accommodate such undersampling
and still provide correct motion estimates. Also, with the low-pass fil-
tering caused by the diffracting ultrasound point spread function, the
aliasing degree will be rather limited under practical imaging condi-
tions.

In the most general case when one or both field functions are not
symmetric, then the multiplication of their Fourier transforms may con-
tain a nonlinear phase term. In this case, it is still generally possible to
detect the motion by detecting the linear phase component of the non-
linear phase using least squares fitting. Another approach is to use a
reference signal, which is more accurate but less practical. Moreover,
if the two functions are not symmetric but reflected versions of each
other with respect to � (i.e., h1(r; �) = h2(r;��)), then their multipli-
cation will result in a real-valued function of k� from the time-reversal
property of the Fourier transform. This means that the same method
used in the symmetric case can still be used. Hence, the motion estima-
tion using navigator echo should have a robust performance under this
condition.

III. METHODS

The angular motion estimate is computed by finding the shift cor-
responding to the maximum correlation of the two navigator echoes
from consecutive interleaved acquisitions. This can be done by corre-
lation in the spatial domain or by estimating the linear phase in the fre-
quency domain from the middle few points around the zero frequency.
The latter is preferred given its robustness against aliasing problems.
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Fig. 1. Illustration of the navigator echo based technique. (a) Geometry of the
system. (b) The projection of lines to generate the virtual navigator echoes.

Fig. 2. Illustration of navigator echoes from two consecutive subapertures.
The motion estimation is performed by matching the two navigator echoes.

When aliasing is not expected to be a problem, subsample interpola-
tion techniques may be used in the spatial domain [11]. The final cor-
rected image can subsequently be reconstructed after positioning the
points from the second acquisition in their correct locations. Since the
motion estimation step corresponds to simple 1-D correlation to detect
a small shift relative the size of the array, its computational complexity
is linear with the number of points in each acquisition. Therefore, it
can be readily added to current reconstruction algorithms as a prepro-
cessing step without affecting the overall order of computations. An
illustration of this approach is shown in Fig. 1. A plot of actual navi-
gator echo signals from two consecutive acquisitions is shown in Fig. 2.
As can be seen, the two signals are generally similar in shape with a
simple shift in between.

In order to verify the navigator echo approach, another class of op-
timal correction technique based on image quality focusing criteria was
also implemented [8]. This class of methods was used in motion artifact
suppression in MRI [8] and in phase aberration correction in ultrasound
imaging [9] among other applications. The basic idea is to formulate
an image quality objective function that relates directly to the motion
parameters and optimize this measure (i.e., maximize or minimize de-
pending on the formulation) to obtain the motion parameters that are
most likely to have caused the present motion. Among the most com-
monly used objective function formulations for motion suppression is
the one based on information theoretic criteria. A good example of this
class is the entropy focusing criterion. The reconstructed image inten-
sity varies according to the extent of the motion present. Therefore, we
start with an initial estimate for the motion and perform the reconstruc-
tion and repeat the procedure with different estimates until the optimal
shift value is obtained. This is done by taking advantage of the en-
tropy measure preference of single strong peaks over the same peak
energy distributed over a large area. Since the motion artifact itself can
be modeled as blurring, this measure is very sensitive to motion ar-
tifacts and deteriorates rapidly with slight motion. Hence, minimiza-
tion of the above criterion should provide an accurate estimate for the

motion parameter and consequently the sharpest reconstruction for an
image. Nevertheless, the technique requires repeated reconstruction of
the image regions to perform its iteration. This can be prohibitively
slow in most cases. So, it is considered here as the “gold-standard” for
correction that will be used to qualitatively evaluate the results from
the navigator echo approach.

To quantitatively evaluate the performance of the new method
against variations in the signal-to-noise ratio (SNR) as well as the
effective bandwidth of the field function, simulations of the imaging
experiment described above were performed to assess the motion
estimation accuracy [10]. The resultant field was convolved with a
numerical phantom that consists of a number of impulses to simulate
wire targets and the result was projected to obtain the navigator echo.
This process was performed for the odd lines first then the even lines
simulating the process of interleaved acquisition for half element
stepping. Relative shift between the even and odd field were simulated
for 64 different values covering a range of values equivalent to �8
ultrasound lines. The shift between the navigator echoes corresponding
to the even and odd fields was computed for each simulated shift under
different conditions of SNR ranging between 10–30 dB. Here, the SNR
was defined as the ratio between the impulse amplitude in the navigator
echo to the standard deviation of noise in order to make this evaluation
independent of the number of axial points in the simulation. Also,
to investigate the robustness of the method against undersampling,
different field functions with different aliasing characteristics were
simulated to compare the three cases of no aliasing, 50% aliasing, and
90% aliasing. This investigation is important to evaluate the possibility
of using this approach under practical sampling conditions.

IV. RESULTS AND DISCUSSION

An experiment was conducted whereby ultrasound imaging data
were collected from a New Sonics Compact clinical ultrasound
imaging scanner (International Electronics—Biomedical Division,
Egypt) using a 96-element convex array transducer of 3.5-MHz center
frequency, 0.9-mm element size, and 60% relative bandwidth. The
image reconstruction in this system is based on PC-based computing
platform utilizing Intel PIII 600-MHz processor and 128-MB RAM.
The scanning method involved interlacing two frames of different
aperture sizes of 15 and 16 elements to form a higher resolution
reconstruction based on a half-element step. The field of view depth
was 16 cm. The hardware of this low-end system did not allow the
real-time aperture size change to enable normal sequential acquisition
without sacrificing the frame rate. Interleaved acquisition was used to
scan the even lines first then the odd changing the aperture size only
between them rather than with every line. The line acquisition time
was 350 �s and the number of lines in each frame was 80. The two
available apertures were swapped each frame to collect a whole frame
with each aperture. A general purpose B-mode imaging phantom
(AIUM standard compliant, CIRS, Inc., Norfolk, VA) was scanned
using this system once while fixing the probe on the phantom and then
while applying subtle in-plane probe motion. The ultrasound system
was configured to store the raw lines in a buffer that was dumped into
a data file after the acquisition is completed for off-line processing.
This processing included motion estimation in addition to image
reconstruction and display.

Fig. 3 illustrates a B-mode scan using a stationary probe. The image
is free of artifacts. On the other hand, with a simple movement of the
probe, artifacts such as the image in Fig. 4 appear. The data for this
figure were corrected using the navigator echo approach and the en-
tropy focusing based approach. Fig. 5 shows the corrected images using
the navigator echo approach, while the results from the entropy fo-
cusing appear in Fig. 6. As can be seen in both images, the blurring
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Fig. 3. Original phantom image without motion artifacts.

Fig. 4. Motion-corrupted phantom image.

Fig. 5. Corrected image with the navigator echo approach.

inside the image has been reduced significantly. The quality of cor-
rection was examined visually by a number of independent observers
(10 for this particular image). The observers were given a binary deci-
sion to make whether the processing resulted in an improvement or not.
This qualitative approach was used given that quantitative measures
are prone to bias from the ultrasound speckle on difference images re-
constructed based on different estimated motion values. All observers
noted the improvement. The differences in correction of different areas
(e.g., the side pins) between the two corrected images were also re-
ported but with general conclusions that they both have a generally
similar image quality. With the simplicity and speed of computation of
the navigator echo approach, this result illustrates the potential of this

Fig. 6. Corrected image using entropy focusing.

Fig. 7. RMS motion estimation error percentage versus SNR for three
simulated cases: case 1 of no aliasing, case 2 of 50% aliasing, and case 3 of
90% aliasing.

approach for use in real-time image reconstruction as well as confirms
the validity of the model used.

The results of the simulation experiment are shown in Fig. 7 where
the root-mean-square (rms) error percentage is plotted. The rms error
percentage was defined as the percentage of rms of the difference be-
tween the estimated and correct displacements relative to the correct
displacement based on all 64 shift values simulated. The performance
of the new method under navigator echo SNR values at or below 10 dB
was observed to be not good. Given that the navigator echo signal is
computed by adding points along the radial direction of the image, the
SNR of the navigator echo is expected to be much better than that of the
actual ultrasound image. Hence, it is expected that the navigator echo
SNR will always be above 10 dB. Also, we observe that the different
degrees of aliasing affect the estimation accuracy. This is mainly due
to the fact that practical frequency domain functions are not compact
in general. So, even though the middle part of the frequency domain
is not aliased, bringing the aliases closer to the fundamental spectrum
tends to add more errors to this part as a result of adding the tails of
such functions. This explains the deterioration of performance when
such aliasing increases.

In this experiment, the motion was mainly observed in the angular
direction with both techniques. Moreover, the absence of axial (radial)
motion was a common feature in all of our experiments. it is indeed pos-
sible to perceive a situation where this is possible when more pressure
is applied toward the tissues. However, this would result in a nonrigid
type of motion that is not possible to address using the new method.
In other words, the motion estimation using navigator echo can be per-
formed only in the angular direction.

The problem formulation in ultrasound imaging has several unique
features as compared to MRI. First, the navigator echo in ultrasound
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imaging is virtual, unlike with MRI where real echo that may be dif-
ferent from the image data is collected. Second, the motion in ultra-
sound imaging almost exclusively happens in the direction of the probe
elements (i.e., simple lateral shift in linear array imaging and angular
shift in convex array imaging). Even though the classical navigator
echo approach is limited to simple shift in one dimension, this does
not pose any limitations on its use in ultrasound imaging where the ac-
tual motion follows this 1-D motion model closely.

Since the motion is estimated using a linear fit of the phase of a few
points around the center of the Fourier domain, the Fourier transform
is computed only for these points rather than the entire spectrum. Con-
sider the case of acquiring N lines withM samples each. Hence, the
number of points in the navigator echo is N points. Since each point
in the discrete Fourier transform requiresO(N) computations and that
the phase slope estimation from a few points requires a much less com-
putational effort, the motion estimation is expected to still be O(N).
Even with the total computations including M � N additions to com-
pute the navigator echo data, the implementation of this part did not af-
fect the real-time frame rate of our system (approximately 1 ms/frame
extra). This is in sharp contrast to the use of 2-D correlation, which in-
curs as many computations as the reconstruction process itself per lag
(at least an order of magnitude more than our method), or the entropy
focusing method, which extends at least an order of magnitude beyond
that. Therefore, in principle, the inclusion of the navigator echo ap-
proach into the reconstruction process is possible. However, this man-
dates that other changes in the reconstruction process be implemented
to accommodate the requirements of motion correction. For example,
most ultrasound imaging systems utilize a reconstruction table to speed
up the calculation of the image. Such tables are built under the assump-
tion of fixed data point locations. Once motion is present, the change
in the locations of some of the data points renders the available recon-
struction table unusable. Since the number of subapertures is usually
small, we can envision having a number of reconstruction tables rep-
resenting different relative motions between subapertures. This issue
remains open for future work.

It should be noted that the new method addresses well the situation
where the motion in the image is the result of probe motion. This is
mainly because this case is an ideal example for rigid-body motion.
We have not addressed the problem of tissue motion given that this usu-
ally involves spatially-variant motion models that cannot be estimated
using the current methodology. Future work may include development
of spatially-localized variants of the navigator echo approach where
correlation is performed with only a local subset of the points on the
navigator echo instead of globally using the whole signal.

V. CONCLUSION

A new technique formotion artifact suppression in synthetic aperture
ultrasound imaging was developed. This technique is based on navi-
gator echo and was shown to be suitable for real-time reconstruction
while providing comparable results to the optimal entropy focusing
method. Therefore, it can be used to make the current synthetic aperture
more robust in addition to extending the use of this technology in lower-
cost ultrasound systems. Moreover, it can be used with other more gen-
eral strategies that utilize multiple acquisitions to form a single image
such as averaging of frames and interleaved acquisition.
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