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Abstract

Purpose. We developed a novel echoendoscope that enables
contrast harmonic imaging using ultrasound contrast agents
and performed contrast-enhanced harmonic endosono-
graphy (EUS) both in vitro and in vivo.

Methods. An experimental convex-array echoendoscope
equipped with a wideband transducer and a specific mode
for contrast harmonic imaging was used. A Doppler
phantom model was employed in in vitro experiments to
determine the optimal mechanical indices for contrast har-
monic imaging by the echoendoscope. In the in vivo experi-
ments, the echoendoscope was inserted into the stomachs
of dogs. The digestive organs were observed after intrave-
nous infusion of a contrast agent, Definity, using contrast-
enhanced harmonic EUS. Two patients, one with pancreatic
carcinoma and one with a gastrointestinal stromal tumor
(GIST), underwent contrast-enhanced harmonic EUS.
Results. In vitro experiments revealed that the optimal
mechanical indices were 0.35-0.40 for intermittent imaging
and 0.30 or less for real-time imaging. In the in vivo experi-
ments, branching vessels and subsequent homogeneous dis-
tribution of the signal in the pancreatic tissue were observed.
During clinical application, typical vascular patterns were
observed in pancreatic carcinoma and a GIST.
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Conclusion. Contrast-enhanced harmonic EUS visualized
parenchymal perfusion and the fine vascular structure in
digestive organs and should be a useful and powerful
method for clinical investigations.
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Introduction

Contrast-enhanced harmonic imaging using an ultrasound
contrast agent enables observation of the vasculature of the
abdominal organs.""® Endosonography (EUS) is an imaging
modality with higher resolution than any other modality,
including transabdominal ultrasonography.'”"* However, to
date, contrast harmonic imaging has been unavailable with
EUS because of its limited band and low acoustic power. It
has been shown that second-generation contrast agents
produce harmonic signals at a low acoustic pressure,'* > and
thus they may be suitable for EUS with a low acoustic pres-
sure. We invented a novel echoendoscope equipped with a
wideband transducer suitable for contrast-enhanced har-
monic EUS. By means of this novel echoendoscope, we first
attempted to determine the appropriate condition for
detecting bubbles from a second-generation contrast agent,
Definity (Astellas, Ibaraki, Japan), by phantom experi-
ments, and subsequently used the system to observe the
microcirculation of canine digestive organs in vivo after
infusion of Definity.

Materials and methods
Equipment

All experiments were conducted using a prototype convex-
array echoendoscope equipped with a wideband transducer
(Fig. 1). The radius of curvature, the center of the scanning
frequency, and the scanning range of the transducer are
5 mm, 7.5 MHz, and 180°, respectively.
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Fig. 1. Prototype echoendoscope equipped with a wideband trans-
ducer used in this study

Image analysis was performed using an Aloka ProSound-
6500 (Aloka, Tokyo, Japan). Extended pure harmonic
detection (ExPHD) mode, which is specific to contrast-
enhanced harmonic ultrasonography, was employed. The
principle of contrast-enhanced harmonic imaging based on
ExPHD mode is described below. When the tissue and the
microbubbles receive transmitted ultrasound waves, har-
monic components that are integer multiples of the funda-
mental frequency are produced. The harmonic content
derived from microbubbles is higher than that from tissues
(Fig. 2). Ordinary contrast harmonic imaging more inten-
sively depicts signals from the microbubbles than those
from the tissue by selectively detecting the second harmonic
components. However, ordinary contrast harmonic imaging
is not able to filter the signals from the tissue. The ExXPHD
mode selectively depicts signals from the microbubbles, fil-
tering those from the tissue by synthesizing the phase-shift
signals with the second harmonic components (Fig. 2).
Signals from the contrast agent vary greatly in phase, with
no relation to its motion, when ultrasound pulses are trans-
mitted multiple times. On the other hand, signals are hardly
changed between multiple transmissions in the part without
the contrast agent. ExXPHD technology detects the relative
phase shifts of the received signals by transmitting and
receiving ultrasound beams multiple times on the same
acoustic line (Fig. 2). Phase-shift signals output from the
phase detection circuit are synthesized with second har-
monic signals to reinforce the second harmonic signals (Fig.
2). This processing is capable of enhancing the imaging of
signals from contrast agents. In ExXPHD mode, the transmit
frequency was 4.28 MHz and the receiving frequency band
was the slightly lower part of the second harmonics. The
gain and dynamic range were adjusted to avoid signal
saturation.
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Fig. 2. Principle of extended pure harmonic detection (ExXPHD) mode.
The microbubbles produce stronger second harmonic signals as well as
a greater phase shift than the tissue does. Contrast harmonic imaging
based on the Extended pure harmonic detection (ExPHD) mode selec-
tively depicts signals from contrast agents by synthesizing the phase-
shift signals with the second harmonic components

Drugs

Definity was provided by Astellas Pharmaceutical Co. Ltd.
(Ibaraki, Japan). Immediately before use, Definity was
shaken for 45 s to produce air bubbles.

In vitro studies

Doppler phantom Model 524 (ATS, Bridgeport, CT, USA)
and Doppler flow controller and pumping systems (ATS)
were employed for phantom experiments. The Doppler
phantom model consisted of urethane rubber with an atten-
uation coefficient of 0.5 dB/cm/MHz; it contains flow chan-
nels 8 mm in diameter located 15.0 mm below the scan
surface. The chamber of the pumping system holds 21 of
saline. The experiments were performed according to the
following procedure. First, the transmitting acoustic power
was adjusted while freezing the image. The diluted solution
of Definity (2.5 ul/l and 5.0 ul/l, diluted in saline) was stirred
lightly and continuously in the chamber. Then, the flow
channels of the phantom were perfused with the diluted
solution of Definity using the pump. Subsequently, the flow
of the solution of Definity was stopped for 10 s. The machine
was unfrozen and image data were captured for 1s (8
frames). The experiments were performed using different
acoustic power (mechanical index) settings, i.e., from 0.18
to 0.66. Echo intensity inside and outside the flow channel
was taken from the histogram of the regions of interest
(Figs. 3,4) and expressed as a percentage of the maximal
level. The change in echo intensity was expressed as the
difference in echo intensity between the inside and the
outside of the flow channels. The changes in echo inten-
sity for the first frame and 1s (8 frames) later between



Fig. 3a-d. Images of phantom
experiments after the first frame
for different condition settings.
Echo intensity in the region

of interest was measured as a
percentage of the maximal level
outside the tube (upper framed
area) and inside the tube (lower
framed area). The concentration
of Definity and the mechanical
index (MI) were, respectively,
a2.5ul/l, 0.18; b 2.5 ul/l, 0.22;
¢5.0ul/1,0.22; d 5.0 pl/l, 0.30.
Arrowhead, focus point

Fig. 4a—d. Images of the
phantom experiment after
transferring the signals 8 times/s
for 1 s with different condition
settings. Echo intensity in the
region of interest was measured
as a percentage of the maximal
level outside the tube (upper
framed area) and inside the
tube (lower framed area). The
concentration of Definity and
the mechanical index (MI) were,
respectively, a 2.5 ul/l, 0.18;

b 2.5 ul/l, 0.22; ¢ 5.0 ul/l, 0.22;

d 5.0 ul/1, 0.30
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the different mechanical indices were calculated and the
optimal mechanical indices for depicting bubbles were
determined.

In vivo studies

Twelve male beagle dogs (9.5-10.5 kg) were used to carry
out contrast-enhanced harmonic EUS. All experiments
were performed under the guidelines of the National
Research Council’s Guide for the Care and Use of Labora-
tory Animals. The dogs were fasted for 24 h before the
experiments. On the day of the procedure, the dogs were
sedated with thiopental (20 mg/kg) and then intubated;
anesthesia was maintained with pentobarbital (30 mg/h)
and galamine (30 mg/h). After anesthesia, the dogs were
mechanically ventilated. After completion of the anestheti-
zation procedures, the prototype convex-array echoendo-
scope was inserted into the dogs’ stomachs. The gastric wall,
pancreas, and gallbladder were sequentially observed by
EUS from the distal part of the gastric lumen. Prior to injec-
tion of Definity, a scanning plane displaying the pancreas
was chosen on fundamental B-mode (10 MHz). After
changing to ExXPHD mode, a bolus of Definity (20 ul/kg)
was injected intravenously. The optimal mechanical index
obtained in the in vitro study (0.24) was employed in the in
vivo study. When the first signal appeared from the organs,
images of the ideal scanning plane were displayed for about
60 s in a real-time continuous fashion.

After observing the organs, lesions were artificially pro-
duced in the stomach or the pancreas in order to estimate
the accuracy of contrast-enhanced EUS. In six dogs, 1 ml
of saline was injected into the gastric submucosa. A 22-G
needle (Olympus NA-200H-8022, Olympus Medical Sys-
tems, Tokyo, Japan) was used to puncture the third layer
(submucosal layer) using EUS images as a guide, and 1 ml
of saline was injected into the layer. In the other six dogs,
the abdomen was opened by midline incision. In order to
estimate the accuracy of contrast-enhanced EUS, a pancre-
atic lesion was artificially produced by radiofrequency abla-
tion. Radiofrequency ablation of the pancreas was performed
using an RF generator and a LeVeen needle (RTC 2000,
Radiotherapeutic, Sunny Vale, CA, USA). The electrode
needle for radiofrequency ablation had a 25-cm-long stain-
less steel shaft insulated by a plastic membrane and 8-10
retractable lateral hooks with a maximum exposed deploy-
ment of 2.0 cm. The needle was inserted into the center of
the pancreas. Subsequently, lateral hooks were extended
from the steel shaft into the pancreas, and part of the pan-
creas was ablated. The emission power, tissue impedance
value, and treatment time were displayed on the generator
monitor. The initial emission power was set at 30 W. Then,
the emission power was gradually increased to up to 60 W.
The radiofrequency energy was applied for 12-15 min or
was automatically stopped when power “roll-off” occurred.
After the artificial lesions were made, they were observed
using the procedure described above.

The dogs were killed by administration of an overdose
of pentobarbital and the pancreas was immediately

removed; the maximal diameter of the ablated lesion in
the pancreas was measured. Values for the maximal diam-
eter of ablated lesions were compared with those of the
perfusion defect determined by contrast-enhanced har-
monic imaging.

Clinical application

Contrast-enhanced harmonic EUS was performed on two
patients, one with a pancreatic carcinoma and one with a
gastrointestinal stromal tumor, after written informed
consent had been obtained from them. A different echoen-
doscope from that used for dogs was employed for clinical
usage. The shape, the material, and the condition settings
of the echoendoscope were exactly the same as those used
for dogs. The examinations were performed with the
approval of the ethics committee of the Hamburg Chamber
of Physicians.” After an abnormal lesion was detected in
the pancreas or the stomach by fundamental B-mode EUS,
the setting was changed to ExXPHD mode. Observation was
continued in a real-time fashion until 90 s after a bolus infu-
sion of 2 ml SonoVue (Bracco Imaging, Milan, Italy).

Results
In vitro studies

With mechanical indices lower than 0.35, the changes in
echo intensity at the first frame increased with the mechani-
cal indices for both concentrations of Definity (2.5 and
5.0 ul/l) (Figs. 3,5). They reached a maximum level with
mechanical indices of 0.35-0.40 (Fig. 5). On the other hand,
the changes in echo intensity after transferring the signals
8 times/s for 1 s increased in parallel with those at the first
frame until mechanical indices of 0.24 and 0.30 were reached
by perfusion of 2.5 and 5.0 ul/l Definity, respectively (Figs.
4,5). However, the changes in echo intensity were lowered
by mechanical indices greater than 0.24 and 0.30 for 2.5 and
5.0 ul/l Definity, respectively (Fig. 5).

In vivo studies
Gastric wall

With fundamental B-mode EUS, the gastric wall in the dog
consisted of five layers. With Extended pure harmonic
detection (ExPHD) mode, signals appeared as transverse
flow in the third layer and some perforating flow in the
fourth layer (Fig. 6). Subsequently, signals appeared as
vessels flowing in both directions between the serosal and
luminal sides in the first and second layers (Fig. 6). The
mucosal layer was diffusely stained by the signals 7-10's
later (Fig. 6). The area where saline was injected was free
from echo signals with fundamental B-mode EUS (Fig. 7).
With contrast-enhanced EUS, some vessel flow between the
luminal and the serosal sides was observed in the echo-free
space (Fig. 7).
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Fig. 6a—c. Contrast-enhanced harmonic imaging of the dog stomach. a
Image of the gastric wall 4 s after infusion of Definity (20 pl/kg), in
which perforating vessels through the fourth layer (proper muscle
layer, arrowheads) are depicted. Vessels flowing transversely are visu-
alized in the third layer (submucosal layer, arrow). b Image of the

gastric wall 5 s after infusion of Definity. In the first and second layers
(mucosal layer), bidirectional flow between luminal and serosal sides
is visualized (arrowheads). ¢ Image of the gastric wall 7 s after infusion
of Definity, showing homogeneous enhancement of the mucosal layer
(the first and second layers)

Fig. 7a,b. Imaging of the dog stomach following injection of saline into
the submucosa. a Fundamental B-mode image of the saline-injected
gastric wall. Saline was injected using a EUS guided fine needle aspira-
tion (EUS-FNA) needle (arrow) into the third layer (submucosal

Pancreas

A total of 4-6 s after injection of Definity, contrast signals
appeared at the periphery and around the main duct of the
dog pancreas, and then branched off (Fig. 8); after 8-10s,
signals from the contrast agent were homogeneously dis-
tributed (Fig. 8). The macroscopic appearance of the ablated
lesion was whiter in color compared to the surrounding
tissue (Fig. 9). After radiofrequency ablation, the ablated

layer). An echo-free space was produced by the injection (asterisk). b
Image of the gastric wall 20 s after infusion of Definity (20 ul/kg).
Stretched vessels (arrowheads) are apparent between the luminal and
serosal sides

lesion was depicted as a low echoic area with a high echoic
part with unclear margin (Fig. 9). The injection of Definity
demonstrated that there were no or few vessels in the low
echoic lesion and abundant vessels in the surrounding tissue
(Fig. 9). The ablated area appeared as a perfusion defect,
and the size of the hypovascular defect (13.7 £ 4.2 mm in
diameter) closely mirrored the macroscopic appearance of
the ablated lesion (14.5 + 3.4 mm in diameter) (n = 6,
Fig. 9a,c).
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Fig. 8a—c. Contrast-enhanced harmonic imaging of the dog pancreas.
a Image of the pancreas 5 s after infusion of Definity (20 ul/kg). Signals
from the microbubbles appeared around the main pancreatic duct
(arrows) and in the surrounding vessels (arrowhead). b Image of the
pancreas 6 s after infusion of Definity, in which vessels branching off

Fig. 9a—c. Contrast-enhanced harmonic imaging of the ablated pan-
creas. a Macroscopic appearance of the pancreatic lesion generated by
radiofrequency ablation. A round, white-colored lesion (arrows) was
observed in the ablated area. b Image of the pancreas immediately

Fig. 10a-c. Contrast-enhanced harmonic imaging of the gallbladder
wall in a dog. a Image of the gallbladder 3 s after infusion of Definity
(20 ul/kg). Some vessels flowing into the gallbladder have started to

Gallbladder

After injection of Definity, the signals of the contrast agent
appeared around the gallbladder. Subsequently, the outer
and the inner layers were sequentially resolved by contrast-
enhanced EUS (Fig. 10).

into the pancreas (arrows) are apparent. ¢ Image of the pancreas 10 s
after infusion of Definity, showing homogeneous distribution of the
signal. The main pancreatic duct is clearly delineated by the sharp
contrast with the parenchyma (arrow)

before infusion of Definity (20 ul/kg). An obscure high echoic area was
observed in the ablated area (circle). ¢ Image of the pancreas 20 s after
infusion of Definity. The ablated area was evident as a perfusion defect
(arrowheads)

appear (arrow). b Image of the gallbladder 4 s after infusion of Definity
showing the outer layer (arrowheads). ¢ Image of the gallbladder 6 s
after infusion of Definity, showing the inner layer (arrowheads)

Clinical application

In the patient with a pancreatic carcinoma, fundamental
B-mode EUS revealed a low echoic tumor at the pancreatic
tail (Fig. 11). Contrast-enhanced EUS showed no vessels in
the tumor, whereas the splenic artery was strongly enhanced



Fig. 11a—c. Imaging of a pancreatic carcinoma. a Image on contrast-
enhanced computed tomography. Contrast-enhanced computed
tomography shows a tumor with low density (arrowheads) at the pan-
creatic tail. The arrow indicates the splenic artery. b Image using fun-
damental B-mode. A low echoic tumor 4 cm in maximal diameter

(arrowheads) is observed at the pancreatic tail. Arrows show the
splenic artery. ¢ Image using EXPHD mode. No vascular signals are
observed in the tumor (arrowheads), although the splenic artery
(arrows) is enhanced

Fig. 12a,b. Imaging of a gastrointestinal stromal tumor of the stomach.
a Image using fundamental B-mode. An oval tumor 3 cm in diameter
(arrows) contiguous to the fourth layer (arrowheads) of the gastric wall

(Fig. 11). This vascular structure was consistent with that
shown on contrast-enhanced computed tomography (Fig.
11). In the patient with a gastrointestinal stromal tumor,
fundamental B-mode EUS showed an oval tumor contigu-
ous to the fourth layer of the gastric wall. Diffuse fine
vessels were clearly visualized over the tumor in a real-time
fashion by contrast-enhanced EUS (Fig. 12).

Discussion

A wide variety of ultrasound (US) contrast agents for intra-
venous infusion have been developed, and the use of micro-
bubble agents such as Levovist, Albunex, and Optison have
been shown to enable visualization of slow flow in fine
vessels and characterization of tumor vascularity in color-
or power-Doppler studies using EUS.**' However, there
are several limitations to ultrasound contrast agents in
Doppler US studies, e.g., blooming artifacts, poor spatial
resolution, and low sensitivity to slow flow. In the present
study, we first attempted to visualize contrast harmonic
images of digestive organs using a prototype echoendo-
scope equipped with a wideband transducer, which is suited
to contrast harmonic imaging using a second-generation

is observed. b Images using ExXPHD mode. Diffuse fine vascular struc-
ture (arrowheads) is visualized over the tumor (arrows)

contrast agent. In in vitro experiments, we attempted to
determine the optimal mechanical indices for obtaining
signals from microbubbles. The changes in echo intensity at
the first frame reached maximum level with mechanical
indices of 0.35-0.40, which were regarded to be appropriate
for producing parenchymal perfusion images with intermit-
tent imaging. On the other hand, the changes in echo inten-
sity after transferring the signals 8 times/s for 1s reached
maximum level with mechanical indices of 0.24-0.30.
However, they were lowered by mechanical indices greater
than 0.24 and 0.30 for 2.5 and 5 ul/l Definity, respectively.
These results suggest that the optimal mechanical indices
for observing vessel images by real-time continuous imaging
at 8 Hz are in the range 0.24-0.30. Based on these results,
we observed digestive organs in a real-time fashion using a
mechanical index lower than 0.30. Under these conditions,
we succeeded in observing fine vessels in digestive organs
by means of EUS with a prototype transducer. This method
prevented artifacts such as blooming and overpainting that
are seen with power Doppler US. In the pancreas, paren-
chymal vasculature was observed. In addition, it was possi-
ble to demonstrate that the area of lesions produced after
radiofrequency ablation had no blood flow. The ablated
area was clearly depicted as a perfusion defect, which closely
correlated with the histological findings. In the stomach and
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gallbladder, the characteristic microcirculation for each
layer was observed. Interestingly, stretched vessels were
visualized in the area injected with saline. These results
indicate that contrast-enhanced harmonic EUS could play
an important role not only in differential diagnosis but also
in evaluation of the pathophysiological conditions of diges-
tive diseases.

In clinical application, contrast-enhanced EUS was per-
formed in two patients, one with a pancreatic carcinoma
and one with a gastrointestinal stromal tumor. In the patient
with a pancreatic carcinoma, the splenic artery was strongly
enhanced, whereas no vessels were observed in the tumor,
which was consistent with images from contrast-enhanced
computed tomography. In the patient with a gastrointesti-
nal stromal tumor, diffuse fine vessels were observed over
the tumor. These results suggest that evaluation of vascular-
ity by contrast-enhanced EUS may apply to clinical inves-
tigations for digestive diseases, such as gastrointestinal
submucosal tumors and pancreatic carcinomas.

In conclusion, contrast-enhanced harmonic EUS is a
useful modality for depicting the microcirculation of diges-
tive organs. Further studies on patients with digestive dis-
eases will be necessary to further substantiate the conclusions
of this study.
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