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In Vitro and In Vivo Tissue Harmonic
Images Obtained With Parallel Transmit
Beamforming by Means of Orthogonal
Frequency Division Multiplexing

Libertario Demi, Alessandro Ramalli, Gabriele Giannini,
and Massimo Mischi

Abstract—In classic pulse—echo ultrasound imaging, the
data acquisition rate is limited by the speed of sound. To over-
come this, parallel beamforming techniques in transmit (PBT)
and in receive (PBR) mode have been proposed. In particular,
PBT techniques, based on the transmission of focused beams,
are more suitable for harmonic imaging because they are ca-
pable of generating stronger harmonics. Recently, orthogonal
frequency division multiplexing (OFDM) has been investigated
as a means to obtain parallel beamformed tissue harmonic im-
ages. To date, only numerical studies and experiments in water
have been performed, hence neglecting the effect of frequency-
dependent absorption. Here we present the first in vitro and in
vivo tissue harmonic images obtained with PBT by means of
OFDM, and we compare the results with classic B-mode tissue
harmonic imaging. The resulting contrast-to-noise ratio, here
used as a performance metric, is comparable. A reduction by
2 dB is observed for the case in which three parallel lines are
reconstructed. In conclusion, the applicability of this technique
to ultrasonography as a means to improve the data acquisition
rate is confirmed.

I. INTRODUCTION

HYSICALLY, the speed of sound in human tissue limits

the achievable data acquisition rate of classic pulse-
echo imaging. To go beyond this limit, different parallel
beamforming techniques have been developed, which can
be applied to, e.g., three-dimensional ultrasound imaging
so as to attain a higher volume rate [1], [2]. These tech-
niques can be divided into two categories: parallel beam-
forming in reception (PBR) and transmission (PBT). PBR
techniques [3]-[7] employ a wide beam or a plane wave in
transmission to insonify a large volume and, when receiv-
ing, several image lines may be formed in parallel. Conse-
quently, PBR techniques are not suitable for performing
harmonic imaging. Employing a wide beam or plane wave
in transmission results, in fact, in lower pressure ampli-
tudes, compared with focused ultrasound beams, and con-
flicts with the required high-pressure fields necessary for
the formation of the harmonic components. Unlike PBR,
PBT techniques may be more easily applied to attain har-
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monic imaging at higher data acquisition rate, because
focused parallel beams may be used in transmission to in-
crease the amplitude of the generated pressure wave fields.

Harmonic imaging, compared with fundamental imag-
ing, improves the image resolution (in the axial, lateral,
and elevation directions), and reduces the effects of clut-
ter, side lobes, and grating lobes [8]-[12], ultimately re-
ducing the influence of the related artifacts, thus improv-
ing the image contrast.

When implementing PBT, a possible approach is to
spatially distribute the transmitted beams over the vol-
ume of interest [13]-[15], and to employ combinations of
transmit and receive apodizations [13] or beam transfor-
mation techniques [16] to reduce the interbeam interfer-
ence. Recently, an alternative solution based on orthogonal
frequency division multiplexing (OFDM) was presented
[17]. With this technique, multiple beams are generated
by allocating a portion of the available transducer band-
width to each beam. Multiple image lines can thus be
formed in parallel: first, the different beams are directed
in different directions; then, in receive, different band-pass
filters are applied to extract the echo signals belonging
to each direction. Numerical studies show the ability of
PBT by means of OFDM to reduce the presence of side
lobes. In addition, it increases the amplitude of the main
beam compared with PBR [17], increasing the achievable
penetration depth. As a drawback, employing narrow
bandwidth pulses implies a reduction of the achievable
axial resolution. This is, however, counterbalanced by the
intrinsic improvement in axial resolution achieved by har-
monic imaging [18]. To date, only numerical and in vitro
studies in water have been reported [17], [19]. In this pa-
per, tissue harmonic images, i.e., ultrasound images based
on the scattering of the second-harmonic component, of
agarose phantoms and carotid artery obtained with PBT
by means of OFDM are shown and compared with those
obtained with classic B-mode imaging.

II. METHODOLOGY

Classic B-mode and parallel beamformed tissue har-
monic images were obtained employing the LA533 linear
array (Esaote, Firenze, Italy) probe. This array consists
of 192 elements, each 0.215 mm by 6 mm in size. The
pitch is 0.245 mm. The array was connected to the ULA-
OP system [20]. An active aperture of 62 elements was
used both in transmit and receive. In transmit, the focus
was set at 25 mm and a Hanning apodization was used.
No steering was applied. In receive, dynamic focusing and
apodization (f-number = 2) were used. The active aper-
ture was linearly shifted over the array to create a 129-line
image. Table I lists the different settings for the different
acquisitions performed in this study. When classic B-mode
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TABLE I. SETTINGS UTILIZED FOR THE DIFFERENT ACQUISITIONS.

Number of

Center frequencies Pulse length Band-pass filters

Modality parallel lines [MHZ] [ps] bandwidth [MHz]
Standard B-mode (in vitro and in vivo) 1 5.5 0.8 3.6
OFDM PBT (in vitro) 1 5.5 3 14
OFDM PBT (in vitro) 2 5 and 6 3 14
OFDM PBT (in vitro) 3 4.5, 5.5, and 6.5 3 1.4
OFDM PBT (in vivo) 2 4.75 and 6 2.5 1.7

was applied, each line was formed sequentially and a 0.8-
us flat-top window pulse with a center frequency equal to
5.5 MHz was used. Classic B-mode images were used as
reference to evaluate PBT by means of OFDM images.

A. Agarose Phantom Images

An agarose phantom [21] containing cylindrical cavi-
ties of different radius, approximately equal to 1, 2.5, and
7 mm, respectively, was used for imaging. When PBT by
means of OFDM was applied, 3 ps Gaussian pulses were
used as to allow a maximum of three beams to be trans-
mitted in parallel without significant frequency overlap
[19]. Images using one, two, or three beams were gener-
ated. Even if there is no gain in frame rate achieved, an
acquisition using a single beam was performed to evaluate
the images as obtained when narrowband pulses are used,
and to compare them with classic B-mode imaging. In
cases in which two or three beams were transmitted, two
or three lines were formed in parallel, respectively. The
employed center frequencies were 5.5 MHz; 5 and 6 MHz;
or 4.5, 5.5, and 6.5 MHz in cases in which one, two, or
three beams were transmitted. An interbeam time delay
of 3 ps was applied to avoid the formation of unwanted
mixing frequencies and in general to prevent signals from
overlapping in time during transmission. Note that the in-
terbeam time delay and the number of image lines formed
in parallel increase the length of the transmission phase.
Thus, because the reception phase cannot start before the
end of the transmission, interbeam delays cause a deeper
blind region compared with classic B-mode; the reader
is referred to [17] and [19] for details. In our particular
case, the blind region extends to 15 mm when reconstruct-
ing three lines in parallel. Fig. 1 depicts a schematic of
the transmission events for PBT by means of OFDM and
classic B-mode, respectively. Both for classic B-mode and
PBT, a 5.5 dB/cm time-gain compensation (TGC) was
applied. To extract the echoes of the second-harmonic
component, seventh-order Butterworth band-pass filters
centered at twice the transmitted center frequencies were
utilized. However, a depth-dependent center frequency
could also be applied because attenuation increases both
with depth and frequency. Bandwidths of 3.6 MHz and
1.4 MHz were used for classic B-mode and PBT, respec-
tively. After filtering, the envelope was obtained using the
Hilbert transform. As performance metrics, after image
formation, the contrast-to-noise ratio (CNR) was calcu-
lated [22] for the different cavities as

1 1 2
Now Za’out N, Za’in

2 2
Tout +0in
2

CNR = 10log,,

()

where a,,; and ¢, are the amplitude values in linear scale,
Nyut and Ny, are the number of points outside and inside
the cavity, and o, and o;, are the standard deviations
outside and inside the cavity, respectively. The contours of
the cavities were selected by manually overlaying a circle
on the ultrasound image. The area outside a cavity was
defined as the area between the contour of the cavity and
a concentric circle with a radius equal to 2, 5, and 9 mm,
respectively, for the small, medium, and large cavities.

B. In Vivo Images

Carotid artery tissue harmonic images of a healthy vol-
unteer were obtained for classic B-mode and PBT. For
PBT by means of OFDM, a tissue harmonic image form-
ing two image lines in parallel was made. 2.5-ps Gaussian
pulses were used. The two transmitted center frequencies
were 4.75 and 6 MHz, respectively. Only two image lines
were acquired in parallel for the in vivo case because the
quality of the image obtained with a higher number of
parallel beams was too poor, mainly because of higher
interbeam interference compared with the in vitro results.
Reducing the number of lines acquired in parallel, how-
ever, permitted the use of shorter pulses, hence improv-

Single transmission event
for PBT by means of OFDM

Single transmission event
for classic B-mode
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Fig. 1. Schematic representation of the implementation PBT by means
of OFDM and classic B-mode for a linear array.
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Fig. 2. Received frequency spectrum as obtained with (a) classic B-mode and parallel beamforming by means of OFDM with (b) one, (c) two, and
(d) three channels. The receive bandwidths are indicated by gray arrows. These plots are obtained from the RF signals used to form the first line of

the corresponding harmonic images displayed in Fig. 3.

ing the axial resolution. Furthermore, it reduces the blind
region to 10 mm. An interbeam time delay of 3 pus was
applied. After receiving, a 5.5 dB/cm TGC was applied,
and seventh-order Butterworth band-pass filters with a
1.7 MHz bandwidth, centered at twice the transmitted
center frequencies, were utilized to select the echoes of the
second-harmonic components. After filtering, the envelope
was obtained using the Hilbert transform.

III. RESULTS

Fig. 2 shows the received frequency spectrum as ob-
tained from the agarose phantom experiment with (a)
classic B-mode, and PBT by means of OFDM with (b)
one, (c¢) two, and (d) three channels. As can be observed
from the spectra, the transducer bandwidth was divided
into two main sub-bands: the fundamental component
band, from 4 to 7 MHz, and the second harmonic band,
from 8 to 14 MHz. Both for (a) classic B-mode and (d)
PBT with three channels, these two bandwidths were fully
utilized. Fig. 3 shows the tissue harmonic image of the
agarose phantom as obtained with (a) classic B-mode and
PBT by means of OFDM with (b) one, (c¢) two, and (d)
three channels. A 20 dB dynamic range is shown. Two
main differences can be noted when comparing classic B-

mode images with PBT images: 1) A loss in axial reso-
lution is observable in PBT images; and 2) the speckle
pattern changes for increasing number of channels, de-
forming from standard to stripe-like speckle pattern. Us-
ing a narrowband pulse degrades the axial resolution of
the final image. Consequently, the speckle pattern will
also deform in the axial direction, as is visible in Fig. 3(b)
when compared with Fig. 3(a). Furthermore, when nar-
rowband pulses with different center frequencies are used,
the speckle pattern shows a deformation also in the lateral
direction. This is best appreciable in the images Figs. 3(c)
and 3(d), after the focus (25 mm). Fig. 4 shows the same
tissue harmonic images after a two-dimensional 1.4 mm by
1.4 mm rotationally symmetric Gaussian low-pass spatial
filter was applied. The filter was applied after envelope de-
tection and the same filter has been applied to all images.
A 20 dB dynamic range is shown. Fig. 5 shows the CNR
values as obtained for the different cavities with classic
B-mode, and PBT by means of OFDM with one, two, and
three channels. For the 2.5-mm-radius cavity, the deepest
cavity (see Figs. 3 and 4) has been used to evaluate the
CNR. Results before and after spatial filtering are shown.
Overall, filtering improves CNR. Comparable CNR, values
are shown among the different images. Fig. 6 shows the
carotid artery tissue harmonic image as obtained with (a)
classic B-mode, and (b) parallel beamforming by means
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Fig. 3. Agarose phantom tissue harmonic image as obtained with (a)
classic B-mode and parallel beamforming by means of OFDM with (b)
one, (¢) two, and (d) three channels. No spatial filtering applied. A 20-dB
dynamic range is shown.

of OFDM. A 20 dB dynamic range is shown. The same
spatial filtering introduced for the phantom experiment
was applied.

IV. DISCUSSION

In this paper, PBT by means of OFDM tissue harmonic
images obtained from a phantom and in vivo are present-
ed. When comparing them with the corresponding classic
B-mode tissue harmonic images, several aspects can be
pointed out:

1) Although extensively addressed in [19], it is still
worth noting that applying narrowband pulses for

OFDM 1 Channel

Classic B-mode

z-axis [mm]

x-axis [mm] x-axis [mm]
(@) (b)

OFDM 2 Channels OFDM 3 Channels
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Fig. 4. Agarose phantom tissue harmonic image as obtained with (a)
classic B-mode and parallel beamforming by means of OFDM with (b)
one, (c¢) two, and (d) three channels. Spatial filtering applied. A 20-dB
dynamic range is shown.

Before filtering

-O- Classic B-mode
8| =®=0OFDM 1 Ch e
=&=0FDM 2 Ch
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Radius of the cavity [mm]

Fig. 5. Contrast-to-noise ratio as obtained with classic B-mode and par-
allel beamforming by means of OFDM with one, two, and three channels.
Results before and after spatial filtering are shown.

echo imaging influences the axial resolution of the
ultrasound image.

2) Increasing the number of beams transmitted in par-
allel results in a gradual deformation of the speckle
pattern toward a stripe-like pattern. The speckle
pattern is dependent on the transmitted frequency,
and this deformation is most likely due to adjacent
lines being formed with beams generated by ultra-
sound fields centered at a different center frequency.
As shown in this paper, this deformation can be re-
duced by applying a simple spatial filtering.

3) Observing the CNR results for the PBT images,
decreasing CNR, values were obtained with both
decreasing radius of the cavity and increasing the
number of beams transmitted in parallel. This is due
to interbeam interference. With PBT by means of
OFDM, interbeam interference manifests itself with
the appearance, along each line, of ghost echoes of
a scatterer which are displaced from the position of
the actual scatterer according to the delay applied
between the beams, and is due to post-filtering resid-
uals of adjacent beams [19]. Hence, the more beams
are transmitted in parallel, the smaller the frequency
separation between the beams, the higher the inter-
ference, and the lower the CNR. Moreover, CNR is
lower for smaller cavities than for larger ones. In-
deed, the ghost scatterers extend for a relatively
larger portion of the cavity. As shown in this paper,
simple spatial filtering can be applied to regular-
ize the CNR when increasing the number of beams
transmitted in parallel.

4) Both for the phantom and in vivo images, no special
frequency-dependent attenuation compensation was
needed. The same TGC settings were used for all
the acquisition configurations, because the system
allows only one TGC setting for each transmission/
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Fig. 6. Carotid artery tissue harmonic image as obtained with (a) classic
B-mode and (b) parallel beamforming by means of OFDM. Spatial filter-
ing applied. A 20-dB dynamic range is shown.

reception event. Even if the post-processing could
be improved by selecting different TGC for each of
the 3 transmit beams, this would not be feasible in a
future real-time implementation.

(@3
=

In this paper, in vitro and in vivo tissue harmonic
images obtained with PBT by means of OFDM were
shown, achieving a gain in frame rate equal to three
and two, respectively, when compared with classic
B-mode tissue harmonic imaging. Ultimately, PBT
by means of OFDM can be applied in combination
with other PBT techniques based on the spatial dis-
tribution of the transmitted beams, e.g., to improve
further the frame rate of cardiac ultrasonography.

V. CONCLUSION

In this paper, tissue harmonic images of an agarose
phantom and carotid artery in vivo, as obtained with PBT
by means of OFDM, were shown. These results confirm
the applicability of this technique to ultrasonography
as a means to improve the data acquisition rate. This
technique may be combined with other PBT techniques
based on the spatial distribution of the transmitted beams
to provide a further boost to the achievable frame rate.
When applied to cardiac ultrasonography, this can poten-
tially lead to focused tissue harmonic ultrasound images
at a frame rate up to 900 Hz [14]. This, and a comparison
of the proposed method with other PBT techniques, will
be the focus of future work.
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