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Abstract — As medical ultrasound imaging moves to
larger apertures and higher frequencies, tissue sound-speed
variations continue to limit resolution. In geophysical
imaging, a standard approach for estimating near-surface
aberrating delays is to analyze the time shifts between
common-midpoint signals. This requires complete data—
echoes from every combination of an individual source
and receiver. Unfocused, common-midpoint signals remain
highly correlated in the presence of aberration; there is also
tremendous redundancy in the data.

In medical ultrasound, this technique has been impaired
by the wide-angle, random-scattering nature of tissue. Un-
til now, it has been difficult to estimate azimuth-dependent
aberration profiles or to harness the full redundancy in the
complete data. Prefiltering the data with two-dimensional
fan filters largely solves these problems, permitting highly
overdetermined, least-squares solutions for the aberration
profiles at many steering angles. In experiments with a
tissue-mimicking phantom target and silicone rubber aber-
rators at nonzero stand-off distances from a 1-D array trans-
ducer, this overdetermined, fan-filtering algorithm (OFF)
significantly outperformed other published algorithms.

1. BACKGROUND

Many algorithms have been proposed for aberration correc-
tion in medical ultrasound imaging. Those which would be
practical in vivo are generally based on a screen model. In
it, the aberration is modeled entirely by variable time delays
on the received and transmitted signals due to an infinitesi-
mally thin screen at the transducer surface; these delays are
known as the aberration profile. If the aberration profile can
be estimated correctly, focusing is easily accomplished by
adding compensating delays to the hyperbolic focusing op-
erators dictated by geometry. For a one-dimensional array
transducer at z = 0 scanning in the z-z (azimuth) plane
(Fig. 1),
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Figure 1: A simple reflection experiment defining the posi-
tions of transmit element s, receive element g, midpoint m,
and offset h.

Here, x; is the position of the k-th array element, and
(2',2") is the target location. For a constant sound speed
¢, the one-way travel times {t;} define a hyperbola in the
(z,t) space of the recorded data. These may be viewed as
a focusing operator for the point (2’, 2’), where the array
elements are fired at times {—¢;} for transmit focusing, the
reflection occurs at time zero, and the received echoes are
coherently combined at times {¢; } for receive focusing [1].
The aberration profile, {7}, is added to {;} to form {#;},
the correct focusing operator in the presence of aberration.

While a single screen model does not describe the dis-
tributed aberration found in tissue, a single aberration pro-
file may be acceptable for a small part of the image—an
isoplanatic patch. By calculating many aberration profiles,
the entire image may be corrected.

One approach to aberration correction in medical ul-
trasound imaging exploits the redundant information con-
tained in “complete” data [2,3]. A complete data set d 4(t)
has N2 signals, one for every possible combination of an
individual source s and receiver g in an N-element array.
These data are highly redundant; in particular, the common-
midpoint signals d,,,—p m-1 (), with m constant, are highly
correlated. This makes them attractive for estimating aber-
ration profiles and suggests ordering the data by midpoint-
offset (m-h) coordinates (Fig. 1).

Algorithms based on common-midpoint signal analysis
are less susceptible to misconvergence than those requiring
an initial transmit focus, because common-midpoint signals
remain highly correlated even in the presence of aberration.



The process of transmit focusing (summing d, ,(t) over s)
assumes knowledge of the correct focusing operator; if this
assumption is incorrect, useful information is irretrievably
lost. When signals are analyzed prior to focusing, the extra
information can be used to derive a more robust solution—
in theory, ~ N3/12 equations in N unknowns [6].

Time shifts between common-midpoint signals derive
not only from aberration, but also from the source-receiver
separation and the location of the reflecting target(s). If the
aberrating delays are to be estimated accurately, the latter
two effects must be properly accounted for. Consider the
travel time ¢ versus offset 4 for reflections from a flat reflec-
tor at depth 2’:
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In the seismic imaging community, this hyperbolic depen-
dence on offset is called normal moveout, or NMO, and
leads to the NMO correction whose purpose is to flatten the
hyperbolas on common-midpoint signal sets [4]. This may
precede summation over offset to reduce noise, or, in our
case, cross-correlations between signals at different offsets
to estimate the aberration profile.

Flat reflectors are rare in medical ultrasound imaging,
and reflection energy typically returns to the transducer from
many directions simultaneously. Thus, NMO correction was
extended to angles away from the array normal (6 = 0°) [3].
This generalized moveout correction defines the change of
variable t — ¢’, where

2 h2 h 2 h?2  h
t = \/—+—t—sin9+\/—+—+t—sm‘9- 4)
4 2 c 4 = 2 c

By itself, this does nothing to suppress echoes coming from
azimuths other than 6. In the no-aberration case, all reflec-
tions on the corrected common-midpoint signal sets should
be perfectly flat (¢’ independent of offset h). Echoes from
off-axis, however, will not be straightened out, leading to
an undesirable bias in the time-shift estimates. The move-
out correction grows rapidly with increasing offset, and so
does the bias from uncorrected, off-axis scatterers. The
lack of directionality in the processing is actually a com-
pound problem: First, even if the aberration profile is not
0-dependent, bias in the time-shift estimates will perturb the
solution. Second, the aberration usually is #-dependent!

In [3], time-shift estimation bias is largely avoided by
considering only time shifts between signals of offset 0 and
1 element. The resulting set of N — 2 equations is sufficient
to find the aberration profile to within an unknown linear
tilt, but the algorithm has to ignore the wealth of redundant
information contained in the longer offsets. Furthermore, it
has difficulty finding different aberration profiles at differ-
ent azimuth angles when used with a small-element array.

An updated version [5] uses focused subarrays to achieve
some directionality. Unfortunately, this reduces the resolu-
tion of the estimated profiles and still precludes the use of a
large offset spread to achieve a robust, overdetermined sys-
tem. In the following section, the directionality problem is
addressed in a new way using two-dimensional fan filters.

2. ANGLE PRESELECTION USING 2-D FAN FILTERS

Consider a point source located at («', z’), representing the
reflection from a point target at time zero. Using continuous
functions for simplicity, let p(¢) be the transmitted pulse and
7(z) the aberration profile. Neglecting amplitude factors,
the aberrated signal received across the array is

/2
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Fourier transforming in time yields D(z, F); then, noting
that only the phase of D(z, F') depends on z, the instanta-
neous spatial frequency F,, may be found from the deriva-
tive of this phase with respect to x. For the case of no aber-
ration,
ol
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where p is the angle made by the aperture-to-reflector line
with respect to the z-axis. Thus, the unaberrated spectrum
from a point target is contained within the fan-shaped re-
gions determined by the temporal bandwidth and the spatial
extent of the aperture [6].

Now suppose that time-shift aberration is present. Let-
ting D and D denote the received signals’ 2-D spectra in the
aberrated and unaberrated cases, respectively, application of
the frequency-convolution property yields

D(F,,F)=D(F,,F)«U(F,,F) (7)

where }
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and the convolution is in F},. The effect of aberration, then,
is to convolve the original spectrum in spatial frequency
with that of a phase-modulated signal. The spreading effect
in F,. is proportional to the rms amplitude of the aberration
and inversely proportional to its correlation length [6]. Sim-
ulations and experiments with typical expected aberration
profiles have shown that despite this effect, digital fan fil-
ters defined by (6) are effective at targeting particular image
regions for common-midpoint signal analysis.

Fig. 2 presents the overdetermined, fan-filtering algo-
rithm (OFF), a practical implementation of this approach.
See [6] for an in-depth discussion of each step. For the re-
sults presented next, Ap was 10 degrees and xp,csn Was
0.5. The offset range h.,in t0 Aypa, Was 1to 12 elements.



3. EXPERIMENTAL RESULTS

Complete data sets were acquired in the Bioacoustics Re-
search Laboratory at the University of Illinois using a 1-D,
64-element transducer (2.6-MHz center frequency, 315-um
pitch) and a custom data-acquisition system [6]. Artificial 1-
D aberrating structures were constructed from GE RTV615.
This material has an 1100-m/s speed of sound and an acous-
tic impedance similar to that of soft tissue, providing strong
refraction without much reverberation. The aberrators were
interposed between the transducer and a tissue-mimicking
phantom (ATS model 539) in degassed water.

The complete data were passed to a collection of
aberration-correction codes implementing OFF and three
comparison algorithms [5, 7, 8] (see [6] for implementation
details). Each algorithm was given a list of target regions
of interest (ROIs). The resulting set of estimated aberra-
tion profiles was then used to form corrected images of the
phantom. The results shown in Fig. 3 were obtained using a
3-mm-thick aberrator with 1-mm-high ripples having a cor-
relation length of 2.4 mm. A 6-mm gap was left between
the transducer and the aberrator, which resulted in strongly
azimuth-dependent aberration [6]. All six images share a
common 0-dB reference.

In this comparison, OFF is the clear winner. (Examine
the visibility of the deeper cysts, the definition of the shal-
lower cysts, and the correction of the large extra-scattering
cysts on the right-hand side.) The speckle brightness algo-
rithm [8] performs well also. NFSR [5] and NNCC [7] are
both hampered by an inability to find the correct aberration
profiles at large angles from the array normal.

4, Di1SCUSSION AND CONCLUSIONS

Tissue-induced aberration is still a problem plaguing med-
ical ultrasound imaging.  Solutions based on single-
valued focusing operators may not be sufficient to restore
diffraction-limited resolution in all cases, but our results
clearly demonstrate that significant improvement over pub-
lished algorithms is possible.

The proposed algorithm is very similar to the approach
described by Taner et al. for the seismic statics problem [9],
the key addition being the angle-selectivity afforded by fan
filtering. Like the linear system described in that work, the
A matrix in OFF turns out to be rank-deficient. In this for-
mulation, the rank is always N — 2, implying that the solu-
tion for 7 is indeterminate by a linear component. This is
not a problem in practice, because the linear component is
small and, to first order, equivalent to a change in focusing
depth or steering angle.

The effect of iteration on OFF remains to be investi-
gated. In cases of severe aberration, a partially correct esti-
mated profile from the first iteration could be applied to the

raw data prior to the second iteration. Correcting some or
most of the aberration prior to fan filtering would reduce the
spreading effect of aberration in spatial frequency, possibly
leading to a better aberration estimate.

The complete data sets and MATLAB code used for this
research are freely available at the Bioacoustics Research
Lab web site, ht t p: / / www. br | . ui uc. edu/ .
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Fors=1...N{
Filter dy(¢; s) with fan filter passing angles p + Ap, where p = arctan (m>
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}
Form=1...N{
For h = huin + - - hamaa {
Interpolate dynm—n(t) — dmtnm—n(t") using (4).
}

For hi = honin - - - Pmaz {
For ho = (hl +1)hmam {
Cross-correlate dp, 41, ,m—h, (t') aNd diythy m—n, (t) at1ags —A gz . .. Apaa,
yielding shift estimate Ay, ,.
If peak correlation > z¢presn {
A
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}

Regularize A and solve A7 = b using the singular-value decomposition.

Figure 2: Least-squares solution for the aberration profile at (zror, zror). The signals received after firing element s are
denoted d,(t; s); x5 is the position of element s. After fan-filtering, common-midpoint signal sets are processed one midpoint
atatime. h,,;, and h,,.. define the range of offsets to consider. Ap must be large enough to pass signals at /4.
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Figure 3: Images of data set ats_2ab1—original (data set ats), uncorrected, and corrected with aberration profiles supplied by
four different algorithms. (Axis labels are in millimeters.)



