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Since its introduction to clinical practice in the 1980s, EUS
has been progressively used to stage and diagnose pancrea-
ticobiliary and GI benign and malignant disorders. Compar-
ison studies have shown that EUS is more accurate than
transabdominal US, CT, and magnetic resonance imaging
in the detection and staging of GI and extraluminal lesions.!
In addition, EUS-guided FNA (EUS-FNA) is a well-established
technique allowing for tissue sampling whenever indicated.*
However, EUS presents a few limitations. First, it is very
operator dependent. Second, it requires high levels of train-
ing and a high yearly volume of examinations to maintain
adequate diagnostic skills.> Third, biliary stents and chronic
pancreatitis act as confounding factors limiting EUS accuracy
in pancreaticobiliary exploration.” The same limitations may
hamper EUS-FNA accuracy, t00.511

To limit EUS shortcomings, researchers have used sev-
eral techniques of image enhancement. These imaging
techniques will hopefully make EUS less operator depen-
dent, predict the histologic nature of the lesions before
EUS-FNA, and allow more reliable assessment of malig-
nant infiltration. The purpose of this review is to describe
the methodology of the available techniques and to put
them in the appropriate clinical context.

RESEARCH METHODS

All articles pertinent to the techniques of image en-
hancement in EUS ever published were retrieved by using
a PubMed search. The main search terms were elastogra-
phy, contrast harmonic enhancement, ultrasound contrast
agents, tissue harmonic, power Doppler, color Doppler,
3D imaging, electronic scanning, endoscopic ultrasonog-
raphy, endoscopic ultrasound, EUS, and endosonography.
All of the references of the retrieved articles were scruti-
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nized to identify any additional articles that might have
been missed by the PubMed search. In addition, the au-
thors reported their own experiences both in technical and
clinical aspects correlated with the techniques under
review.

ELECTRONIC EUS

The electronic echoendoscopes represented the first
attempt to enhance the image quality in EUS, compared
with mechanical ones. Initial experiences with an elec-
tronic radial echoendoscope (ER-ES) in humans were re-
ported by Anderson and Scheiman,!? who evaluated the
performance of a prototype ER-ES compared with a me-
chanical sector scanning echoendoscope. Although ER-ES
was not inferior to the mechanical echoendoscope, a sig-
nificant advantage was the ability to use it with the same
processor of the linear echoendoscope, overcoming the
need for multiple US processors. Subsequently, Niwa et
al'3 showed a superiority of the images acquired by the
ER-ES when compared with those acquired by the me-
chanical radial echoendoscope in the investigation of both
cystic and solid diseases of the pancreas.

A prospective, randomized study!* compared electronic
versus mechanical scanning, evaluating both image qual-
ity and performance variables like time needed to obtain a
definitive visualization of defined structure. One advan-
tage of the ER-ES turned out to be the significantly quicker
identification of the common bile duct both by the expe-
rienced endosonographers and by the trainees, irrespec-
tive of the use of Doppler.

BASIC TECHNIQUES OF IMAGE
ENHANCEMENT

Color Doppler EUS

Color Doppler EUS is a powerful and simple method for
detecting blood vessels and can be of great advantage in
difficult cases. After the first seminal studies with mechan-
ical echoendoscopes in the field of portal hypertension
from Caletti et al,’>1¢ several investigators have addressed
the utility of color Doppler EUS in this setting.

Sato et al'” first evaluated the direction of blood flow in
perforating veins (communicating vessels between esoph-
ageal varices and paraesophageal veins) by using color
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Doppler EUS with an ER-ES. Subsequently, they reported
that an ER-ES was superior to the linear echoendoscope in
detecting two additional parameters (palisade veins and
pulsatile waves) deemed useful in choosing esophageal
varices treatment.'® Additionally, they demonstrated that
color Doppler EUS could predict a high risk of hemor-
rhage from gastric varices by evaluating blood flow veloc-
ity and wall thickness at the level of submucosal gastric
varices.!?

Probably the most important finding in this field is the
importance of the analysis of the blood flow of variceal
feeders from the portal venous system for therapeutic
purposes. It has recently been shown that the frequency
of detection of perforating veins and the inflowing type
of perforating veins by using color Doppler EUS was
significantly associated with variceal recurrence after
sclerotherapy.??

Power Doppler EUS

Siftoiu et al?! first showed that power Doppler EUS
provided useful information for the differential diagnosis
between pancreatic cancer and pseudotumoral inflamma-
tory masses, even without the enhancement produced by
US contrast agents (UCAs). In detail, the accuracy of the
absence of power Doppler signals inside the mass in
diagnosing pancreatic cancer was 88%, with a negative
predictive value of 83%, which was comparable with the
accuracy and negative predictive value of EUS-FNA of 93%
and 81%, respectively.

Tissue harmonic EUS

Tissue harmonic imaging is an important derivative
technique of the harmonic imaging method, which was
developed to increase the efficiency of visualization by
using UCAs. Tissue harmonic imaging was first used for
transabdominal US; subsequently, its availability in elec-
tronic processors has allowed its use in EUS, too.

Ishikawa et al?? published the first study comparing
tissue harmonic imaging to fundamental imaging in eval-
uating pancreatic lesions. For cystic and solid lesions,
tissue harmonic imaging was significantly clearer than
fundamental harmonic imaging (ie, standard EUS imaging)
for visualizing boundary and septum and nodules (Fig. 1).
In particular, the microcystic features of serous cystadeno-
mas were clearly delineated only by tissue harmonic
imaging.

EUS elastography

Description of the technique. EUS elastography is an
imaging technique that displays differences in hardness
between tissues, thus estimating elasticity distribution in
normal and pathological areas. The images are obtained in
real time, being overimposed as a transparent color over-
lay on the usual EUS gray-scale images.?324 The probe
generates US waves, inducing slight compression and
decompression of tissues under examination. The back-

16Hz{l

Figure 1. Linear echoendoscope imaging of a pancreatic cyst with
internal vegetation in a patient with intraductal papillary mucinous neo-
plasm. A, Standard endoscopic ultrasound imaging. B, Tissue harmonic
imaging allows better appreciation of the internal vegetation and of the
boundaries between the cyst and the surrounding parenchyma.

scattered US signals are analyzed by the built-in soft-
ware to estimate the axial strain. For an optimal spatial
resolution, the software incorporates 3-dimensional
(3-D) techniques.?> By measuring the tissue strain in-
duced by compression, it is possible to estimate the
mechanical properties of tissues, which may be useful
in diagnosing and differentiating benign and malignant
tumors.

Real-time EUS elastography can be performed with nor-
mal radial (Pentax EG 3670 URK; Hamburg, Germany) or
linear (Pentax 3870 UTK) EUS transducers, based on the
addition of special software that can interpret the deforma-
tion distribution (Hitachi Medical Systems, Europe Holding
Ag, Zug, Switzerland). Until now, elastography was not avail-
able with Olympus echoendoscopes. Similar to color Dopp-
ler examinations, EUS elastography can be performed by
using a two-panel image, with the conventional gray-scale
B-mode EUS image on the right and the elastography image
on the left (Fig. 2). A region of interest for the elastography
calculations is manually selected and should include the
targeted lesion as well as the surrounding soft tissues. For
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Figure 2. EUS elastography images depicting suggestive aspects of chronic pancreatitis (A), pancreatic adenocarcinoma (B), and a pancreatic
neuroendocrine tumor (C). Elastography region of interest is user-defined and shows the relative strain of the tissues, according to a color scale, with

values from 0 to 255.

visualization of an elasticity map inside the region of interest,
different elasticity values are marked with different colors (on
a scale of 0-255). Recent US systems provided the opportu-
nity to calculate average hue histograms (over several com-

pression cycles), that is, graphical representations of the
colors (hues) distribution, describing hardness or elas-
ticity of focal lesions. Consequently, the mean value of
the histogram corresponds to the global hardness or
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Figure 3. EUS elastography of a pancreatic adenocarcinoma, displayed by using the latest software, which shows the compression (displacement) of
tissues induced by heart/respiratory movement as well as transducer compression. The software also has the possibility of averaging images over several
frames and calculating mean hue histogram values, based on a scale from 0 to 255.

elasticity of the focal lesions, based on calculations
inside a selected region of interest, which is smaller than
the whole EUS elastography region of interest (Fig. 3;
Video 1, available online at www.giejournal.org).

Analysis of the literature. EUS elastography was
tested in an initial feasibility study, indicating that qualita-
tive analysis of individual frames might be useful for the
differential diagnosis of lymph nodes and focal pancreatic
masses.20 A subsequent multicenter study with similar
methodology included 222 patients who underwent EUS
examination for the evaluation of pancreatic masses (n =
121) or lymph nodes (n = 101).?” EUS elastography was
considered superior to conventional B-mode imaging, dif-
ferentiating benign from malignant lymph nodes as well as
pancreatic masses with excellent accuracy.

Several groups tested the value of EUS elastography for
the differential diagnosis of lymph nodes. Qualitative pat-
tern analysis yielded high sensitivity, specificity, and accu-
racy for the differential diagnosis of 91.7%, 94.4%, and
92.9%, respectively, with an area under the receiver oper-
ating characteristic curve of 0.95.28 Another group used
similar qualitative criteria and obtained excellent interob-
server agreement (kappa = 0.84).%° After the initial qual-
itative studies, it became evident that quantification of the
color elastography information might be better in order to
improve accuracy.3%3! Quantification of relative elasticity
values can be done easily by hue histogram analysis. This
was demonstrated in a heterogeneous group of patients
that included 78 cervical, mediastinal, or abdominal lymph
nodes, through computer-enhanced dynamic analysis of
EUS elastography movies. The sensitivity, specificity, and
accuracy for the differential diagnosis of benign and ma-
lignant lymph nodes were 85.4%, 91.9%, and 88.5%,
respectively.

EUS elastography of the pancreas was evaluated in an
initial feasibility study that included normal patients, patients
with chronic pancreatitis, and patients with pancreatic can-

cer.?? Although the videos were considered reproducible and
complementary to gray-scale movies, the authors could not
precisely differentiate chronic pancreatitis and pancreatic
cancer, based on qualitative evaluation of EUS elastography
movies. However, another group used 4 elastographic pat-
terns and two blinded investigators to differentiate normal
pancreas and focal pancreatic masses.3 Based on qualitative
pattern analysis, the sensitivity, specificity, and overall accu-
racy for the diagnosis of malignancy were 100%, 85.5%, and
94.0%, respectively, with concordant results between two
blinded observers (kappa = 0.77). A recent study from the
same group was based on calculation of the strain ratio
included in the software of the US system and showed high
values of sensitivity, specificity, and overall accuracy of 100%,
92.9%, and 97.7%, respectively, with an area under the re-
ceiver operating characteristic curve of 0.98.3 However, the
selection of the reference tissue surrounding the pancreas
can induce a high bias, acknowledged by the authors in the
methodology of their study. The addition of quantitative
analysis based on mean hue histogram values calculated for
the region of interest restricted to the focal pancreatic mass
(not the entire elastography region of interest) yielded a
sensitivity, specificity, and accuracy of differentiation of be-
nign and malignant masses of 91.4%, 87.9%, and 89.7%,
respectively.® Furthermore, multilayer perceptron neural
networks with both one and two hidden layers of neurons
(3-layer perceptron and 4-layer perceptron) can be trained to
learn how to classify focal lesions as benign or malignant,
thus yielding an excellent testing performance of 95% accu-
racy on average, for multiple computer runs of the neural
network model. These results were confirmed in a recent
multicenter trial of EUS elastography that included 212 pa-
tients with focal pancreatic masses (pancreatic cancer and
inflammatory masses), indicating a sensitivity of 92.6%, a
specificity of 71.7%, and an overall accuracy of 87.4%, based
on a cut-off value of 175 for mean hue histogram values.3°
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Although the data are still limited and await further
multicenter validation studies, EUS elastography might
provide complementary information to conventional EUS
imaging. The value of EUS elastography might be crucial
in negative EUS-FNA cases in which a strong suspicion of
malignancy still persists. Moreover, EUS elastography can
be combined with contrast-enhanced EUS examinations,
proving that both techniques are complementary and
might help in EUS-FNA-negative cases.’’

Contrast-enhanced EUS

Description of the technique. The use of intrave-
nous UCAs has become standard practice in transabdom-
inal US for the diagnosis and follow-up of hepatic and
pancreatic diseases.3® Experience with the use of UCAs in
EUS is limited in comparison to transabdominal US. Nev-
ertheless, the potential indications for the use of UCAs
with EUS are multiple, including the characterization of
solid tumor vascularization in the pancreas, the differential
diagnosis of lymph nodes, and the prediction of malignant
behavior of GI stromal tumors.

Several challenges have been overcome to produce
microbubbles small enough to cross the lung bed and to
prolong their survival. First, the gases were encapsulated
in a resistant shell that can enhance the pressure that a
small bubble can tolerate. Second, heavy gases were used,
such as perfluorocarbons, which are less water soluble
and less likely to leak out.?® When a gas microbubble is hit
by an US wave, it vibrates, producing a strong backscat-
tered acoustic signal that can be detected by the US probe
and reproduced as a white echo signal in the monitor. The
mechanical index is an arbitrary value reflecting the prob-
ability of cavitation of the microbubbles: the higher the
mechanical index, the faster all the microbubbles are
destroyed.

Contrast-enhanced EUS can be performed by using
color or power Doppler as a generic signal intensifier or,
more appropriately, by using a dedicated contrast har-
monic: contrast harmonic—enhanced EUS (CHE-EUS).

Many publications in the literature dealt with the use of
UCAs with color and power Doppler. The first demonstra-
tion that pancreatic-ductal adenocarcinoma was hypoen-
hancing by contrast-enhanced EUS dates back more than
10 years.®0 Subsequently, larger experiences with the use
of the contrast agent Levovist (Bayer AG, Leverkusen,
Germany) were published. Dietrich et al*! used contrast-
enhanced (color Doppler) EUS to investigate patients with
undetermined pancreatic tumors. Ductal adenocarcinoma
of the pancreas showed hypovascularity in 57 of 62 cases,
whereas all other pancreatic lesions revealed an isovascu-
lar or hypervascular pattern (20 neuroendocrine tumors,
10 serous microcystic adenomas, and 1 teratoma). In their
experience, hypovascularity as a sign of malignancy in
contrast-enhanced EUS demonstrated 92% sensitivity and
100% specificity. Regarding the usefulness of contrast-
enhanced EUS to differentiate inflammation (focal pancre-

atitis) from pancreatic carcinoma, Hocke et al®? reported
that the sensitivity of EUS was increased from 73% to 91%
by the use of Sonovue (sulfur hexafluoride MBs; Bracco
International BV, Amsterdam, The Netherlands). The di-
agnostic yield of contrast-enhanced EUS also was found to
be significantly superior to multidetector CT in the differ-
entiation between small pancreatic adenocarcinomas (=2
cm) from other tumors (sensitivity 83% for contrast-
enhanced EUS vs only 50% for multidetector CT).%3

Contrast-enhanced EUS also has been adopted in the
investigation of pancreatic cystic neoplasms. Particularly,
intraductal papillary mucinous neoplasms present difficult
diagnostic challenges when malignancy is to be detected
inside or among the cysts and the dilated Wirsung duct.
Ohno et al* analyzed intracystic mural nodules with
contrast-enhanced EUS and found it to be very useful in
this setting. In fact, although nonneoplastic mural vegeta-
tions (such as mucus plugs) were completely unenhanced,
adenomas and adenocarcinomas showed mild vascular
enhancement. Given the suboptimal diagnostic yield of
EUS-FNA in this disease, further research with contrast-
enhanced EUS is advocated.

Because of their highly vascular internal structure, pan-
creatic endocrine tumors can be visualized nicely with
contrast-enhanced EUS. Ishikawa et al®® studied 41 pa-
tients with pancreatic endocrine tumors with contrast-
enhanced EUS. Not only was contrast-enhanced EUS more
sensitive than multidetector CT in identifying these small
tumors, but also it allowed for the prediction of malig-
nancy by detecting filling defects (seen as heterogeneous
hypoechoic and anechoic areas), which corresponded to
hemorrhage or necrosis on pathologic examination.

Contrast harmonic—enhanced EUS

CHE-EUS is able to detect signals from microbubbles in
vessels with very slow flow without the burden of
Doppler-related artifacts, such as ballooning and over-
painting, which are common with contrast-enhanced EUS.
In seminal studies from Germany* and Japan,*’ it was
shown that low values of mechanical index allowed good
visualization of the early arterial phase, parenchymal per-
fusion, and microvasculature in the pancreas, unlike
contrast-enhanced EUS, which did not depict the paren-
chymal perfusion images and branching vessels.

Among the available UCAs, Sonovue and Sonazoid
(perfluorobutane; GE Healthcare, Little Chalfont, Bucking-
hamshire, UK; not available in USA and Europe) are the
most commonly used in this setting. For an optimal visu-
alization of the Sonovue microbubbles, we use a mechan-
ical index of 0.25 with the radial (GF-UE160; Olympus)
and linear (GF-UCT180; Olympus) echoendoscopes in
conjunction with the Alfa 10 unit (Aloka, Tokyo, Japan).
However, the settings differ from manufacturer to manu-
facturer and, for instance, a mechanical index of 0.08 to
0.09 can be used for best results with the Pentax-Hitachi
Preirus system. Of note, it is the authors’ experience that
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Figure 4. Contrast harmonic-enhanced EUS of a small pancreatic body adenocarcinoma (thin arrow). A dilated Wirsung duct (thick arrow) is visible
proximal to the lesion. The lesion is hypoenhanced in comparison with the surrounding parenchyma.

no difference in image quality is appreciated by using the
full vial of Sonovue (4.8 mL) or half of it; thus, 2.4 mL as a
standard dose in EUS is exactly analogous to the practice
in transabdominal US.38

After a complete EUS examination is done in B-mode,
the echoendoscope is placed in front of the lesion of
interest and switched to the CHE mode. The intermittent
modality of the monitor is activated to keep a reference
B-mode image beside the CHE image. After injection,
Sonovue uptake and washout are evaluated for at least 120
seconds.

The CHE screen is almost black at baseline. When the
contrast material is infused intravenously, the microbubbles
emit a strong echo signal depicting large and small vessels,
both within the surrounding parenchyma and into the le-
sions. As a result, the microvasculature is clearly visualized.
Perfusion of the lesions is continuous, with dynamic obser-
vation of the shift from the unenhanced phase to the contrast-
enhanced phase. The enhancement pattern is dependent on
the internal vascular architecture of the lesion and is differ-
entiated into 3 uptake patterns (hyperenhancement, isoen-
hancement, hypoenhancement) and 2 distribution patterns
(homogeneous, inhomogeneous). We recommend record-
ing the examination in digital format for later review.

Analysis of the literature. We have reported that
CHE-EUS increases the accuracy of EUS for the diagno-
sis of solid pancreatic tumors.*® The finding of a hy-
poenhancing mass with an inhomogeneous pattern was
a sensitive (96%) and accurate (82%) identifier of pa-
tients with adenocarcinoma; the vast majority of pa-
tients with primary pancreatic adenocarcinoma had hy-
poenhancing masses that were inhomogeneous and had
fast washouts (Fig. 4; Video 2, available online at
www.giejournal.org). This finding was more accurate in
diagnosis than the finding of a hypoechoic lesion when
standard EUS was used. Hyperenhancement specifically ex-
cluded adenocarcinoma (98%), although sensitivity was low

(39%). Of neuroendocrine tumors, 11 of 13 were non-
hypoenhancing (9 hyperenhancing, 2 isoenhancing) (Fig.
5; Video 3, available online at www.giejournal.org). Inter-
estingly, CHE-EUS allowed detection of small lesions in 7
patients who had uncertain standard EUS findings because
of biliary stents or chronic pancreatitis. Targeted EUS-FNA
revealed malignancy in all these lesions.

Napoleon et al* reported similar figures by using the
same apparatus (ie, Olympus echoendoscopes in conjunc-
tion with Aloka alfa 10, CHE-EUS performed after injection
of Sonovue) in 35 patients presenting with solid pancreatic
lesions. The sensitivity, specificity, and accuracy of hy-
poenhancement for diagnosing pancreatic adenocarci-
noma were 89%, 88%, and 89%, respectively, compared
with corresponding values of 72%, 100%, and 86% for
EUS-FNA. Interestingly, 4 of 5 adenocarcinomas with false-
negative results at EUS-FNA were hypoenhanced at CHE-
EUS (thereby raising the suspicion of cancer and mandat-
ing further investigation).

CHE-EUS also has been used for the characterization
of abdominal lesions by Xia et al,>® who analyzed 43
extraintestinal hypoechoic masses of uncertain origin.
After histopathologic evaluation, the majority of these
masses turned out to be both inflammatory and malig-
nant lymph nodes. Interestingly, CHE-EUS with Son-
azoid was very useful in discriminating between malig-
nant (heterogeneous pattern, in which the distorted
tumor vessels could be visualized clearly) and benign
(homogeneous pattern, mainly hyperenhanced) lymph
nodes. Because the benign and malignant lesion groups
differed significantly in terms of enhancement (P <
.001), we speculate that CHE-EUS might prove useful in
selecting which lymph nodes should be targeted first for
obtaining tissue analysis (Fig. 6). Other interesting stud-
ies have been published recently, reporting the use of
CHE-EUS in mixed clinical conditions, including the
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Figure 5. Contrast harmonic—enhanced EUS of a small, pancreatic body neuroendocrine tumor (arrow). A, At baseline, the lesions appears almost
black. B, A few seconds after contrast agent injection, the lesions become markedly hyperenhanced, with a homogeneous internal vascular pattern.

Figure 6. A metastatic lymph node seen behind the pancreas in a patient with rectal cancer. Contrast harmonic—enhanced EUS shows a markedly
hypoenhanced lymph node, predictive of a malignant nature (arrow). EUS-guided FNA confirmed malignancy.

characterization and estimation of malignant potential
of GI stromal tumors.>1,52

CHE-EUS has been used as a qualitative method so far.
Although evaluations of interobserver agreement are cur-
rently underway to assess the reproducibility of the tech-
nique, quantitative assessment of CHE-EUS might prove use-

ful. Seicean et al® presented a preliminary experience of
analyzing the index of the contrast agent uptake ratio, which
was significantly lower in adenocarcinomas than in mass-
forming chronic pancreatitis, with a sensitivity of 80%, a
specificity of 92%, a positive predictive value of 93%, and a
negative predictive value of 78%.
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Software-assisted image analysis

Pixel analysis by dedicated software. EUS images
are composed of individual pixels, based on the resolution
of each specific US system. Digital image analysis includes
a variety of mathematical and statistical parameters de-
rived from the distribution of pixels in an image.>* These
usually represent subtle architectural changes of tissues
induced by pathological conditions, consequently, several
mathematical models can be further used to enhance and
improve the differential diagnosis. Image analysis can be
performed with various software programs, including Im-
age] (free JAVA image analysis software available from the
National Institute of Health at http://rsbweb.nih.gov/ij/).

The most useful analysis is texture analysis, which an-
alyzes blocks of pixels represented by coordinates and
gray-level intensity between 0 and 255 (8-bit images).
Image analyses thus yield a large number of parameters,
which can be reduced through different statistical tech-
niques.> All these parameters can be further fed to artifi-
cial intelligence models needed to apply standard machine
learning algorithms. Furthermore, automatic decision sys-
tems consisting of forward/backward stepwise models
easily can be designed based on machine learning algo-
rithms and used to determine the focal pancreatic diag-
nostic classes, based on as little as possible information.>

Integration with EUS. Digital image analysis was used
to some extent for the analysis of gray-scale images in
EUS, mostly for the differential diagnosis of focal pancre-
atic masses. A simplified version of image analysis, based
on single EUS gray-scale images, was initially tested with a
“self-teaching” neural network program intended to differ-
entiate chronic pancreatitis and pancreatic adenocarci-
noma.>” Although this initial feasibility study was based on
a small number of patients with chronic pancreatitis (N =
14) and pancreatic cancer (N = 21), the accuracy was
similar, being 80% for computer analysis, 83% for blinded
videotape assessment, and 85% for assessment of EUS
images during the procedure. Improved methodology
with analysis of a large number of texture parameters is a
distinct advantage offered by recent advances in software
and hardware. Thus, a recent study included patients with
normal pancreas (N = 22), chronic pancreatitis (N = 12),
and pancreatic cancer (N = 22), whose cases were ana-
lyzed by extraction of 228 features, with only 11 retained
by principal component analysis.>* An artificial neural net-
work was subsequently built, based on the multilayer
perceptron architecture with a back-propagation algo-
rithm. The sensitivity and specificity for the differential
diagnosis of pancreatic cancer were 93% and 92%, with an
area under the receiver operating characteristic curve of
0.93. The same group published a subsequent article, used
for the EUS differential diagnosis of malignant GI subepi-
thelial lesions, including GI stromal tumors, carcinoid tu-
mors, and lipomas.>® The model was regarded as “good”
for the differentiation of carcinoid tumors and GI stromal
tumors and “excellent” for the differentiation of lipomas,

with areas under the receiver operating characteristic
curve of 0.86, 0.89, and 0.92, respectively. The support
vector machine theory was used with a sequential forward
selection process to build, train, and validate a predictive
model, which achieved high values of sensitivity, specific-
ity, and accuracy for the diagnosis of pancreatic cancer,
that is, 98%, 94.3%, and 97.8%, respectively. The data used
in the model were obtained from 153 patients with pan-
creatic cancer, 43 patients with chronic pancreatitis, and
20 patients with normal pancreas, examined by mechani-
cal radial EUS.

Another approach would be to enhance tissue charac-
terization through the use of additional information based
on spectral analysis from the raw backscattered radiofre-
quency spectrum.> Spectral analysis of backscattered US
uses information discarded in the EUS gray-scale images/
movies, dependent on the size and concentration of scat-
terers, as well as the density and sound speed in the
tissues. The authors used US spectrum analysis to differ-
entiate normal pancreas, chronic pancreatitis, and pancre-
atic cancer and also benign and malignant intra-abdominal
and mediastinal lymph nodes in a feasibility study based
on 21 patients. Although this approach is very interesting,
it certainly awaits further clinical validation in large, mul-
ticenter trials and even inclusion in the traditional EUS
systems.%0

There are of course several limitations of software-
assisted analysis applications in EUS, the most important
being the small number of patients included in a limited
number of centers/research groups. Also, the methodology is
not yet validated in multiple centers because of lack of re-
producibility in different clinical settings or different EUS
systems (different manufacturers, mechanical vs digital, radial
vs linear, gray-scale vs spectral analysis vs elastography
and/or contrast enhancement, etc). The ideal digital image
analysis approach should be easy to use and embedded in
the EUS system during real-time imaging, whereas the indi-
cations in the clinical decision-making process should be
firmly established, either for the differential diagnosis or for
selection of better targets for EUS-FNA. Examples of such
technologies recently embedded in state-of-the-art US sys-
tems include time-intensity-curve analysis during second-
generation contrast harmonic-enhanced EUS or hue histo-
gram analysis averaged over several compression cycles in
EUS elastography.®! However, all these technological ad-
vances should be further tested in randomized, multicenter
trials, which should include machine learning technologies
and even intelligent automatic decision systems.

Tridimensional EUS

Types of probes and miniprobes. Tridimensional
EUS (3-D-EUS) allows the capture of a complete data set
volume, with visualization of spatial relationships between
the lesions and neighboring structures, together with ac-
curate calculations of volume.®? Tridimensional EUS has
been used with radial and linear transducers, both with
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Figure 7. Tridimensional picture of advanced chronic pancreatitis, with
a dilated common bile duct (thick arrow) and Wirsung duct, with intra-
ductal stones (up to 10 mm) (thin arrows).

freehand and automatic acquisition techniques (Fig. 7).
Controlled pullback of radial scanning probes has been
applied initially in several studies, with good results.®3
Miniprobes were used extensively, especially with systems
with radial-linear switchable probes that provide helical
scanning and dual-plane reconstructions.®*% Also, linear
scanning echoendoscopes have been used with freehand
techniques or electromagnetic tracking devices, based on
rotation of the scope along its long axis.”%’! Different
studies also used rigid rectal probes for 3-D endorectal US,
enabling pull-back or automatic volume scanning at trans-
verse and longitudinal scan angles.”274

Analysis of the literature. Tridimensional EUS was
used with the initial purpose of improving the staging of
esophageal, gastric, pancreaticobiliary, or rectal tumors,
because it enhances anatomical interpretation and defini-
tion of vascular structures, which is needed to evaluate
staging and resectability of tumors.®? Recent studies
showed a good delineation of tumor stage in esophago-
gastric cancer®% as well as pancreaticobiliary cancer®”.7!
or rectal cancer.®7273 However, the number of patients
was small, and the methodology was not designed to
derive firm conclusions.

Accurate volume measurements usually are possible
with 3-D EUS, being useful for treatment planning and
monitoring of tumor response.®>7! However, based on the
limited published data, it is not yet clear whether the
results obtained by 3-D EUS are significantly better as
compared with the results of 2-dimensional EUS. Conse-
quently, 3-D EUS should be validated in blinded, multi-
center studies including large numbers of patients, in com-

parison with other cross-sectional imaging methods (eg,
magnetic resonance imaging) and pathology validation.

Finally, there is well-established data on the utility of
3-D US in the evaluation of anorectal fistulas.”>7® In par-
ticular, 3-D US is considered useful for the preoperative
evaluation of trans-sphincter fistulas, contributing to plan-
ning of surgery, with a subsequent decrease in postoper-
ative incontinence symptoms.”’” The method is especially
useful for recurrent or complex fistulas, improving visual-
ization of tracts and internal openings. Although the immedi-
ate impact for diagnosis is not clear, volume rendering offers
improved visualization, especially for defining anatomical struc-
tures in the pelvis, the extension of anal sphincter defects, the
anatomy of complex fistulous tracts, and the presence of sub-
mucosal invasion in early rectal cancer.”’

CONCLUSIONS

We provided a comprehensive, updated overview of the
available techniques of image enhancement in EUS. In par-
ticular, insights into both the technical and the clinical aspects
of basic and advanced techniques were given. Power Dopp-
ler, tissue harmonic imaging, EUS elastography, and CHE-
EUS are already part of the endosonographer’s everyday
armamentarium. Others techniques, such as 3-D EUS and
digital image analysis are still mainly experimental. However,
all these methodologies rely on sophisticated software pro-
grams that are actively upgraded by their developers. It is
likely that their further evolution will be very fast, both for the
qualitative and quantitative analysis of EUS pictures. We spec-
ulate that this evolution will result in better care of our patients.
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