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High-frequency
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The gastrointestinal (Gl) tract, with its layered structure, can be imaged by ultrasound using a
transabdominal approach or intraluminal high-frequency probes. New ultrasound technology
can be used to characterize tissue hardness, study motility in real-time, direct diagnostic
and therapeutic intervention, evaluate Gl wall perfusion and tissue viability, and perform
3D imaging. Ultrasound is a safe imaging modality, and development of smaller devices has
improved its application as a flexible clinical tool, which also can be used bedside. Recently,
microbubbles have been injected into the blood stream loaded with contrast agents, or other
diagnostic and therapeutic agents. Such bubbles can be destroyed by ultrasound waves, thus
releasing their content at a given area of interest. In this article, we present a review of the Gl
wall anatomy and discuss currently available ultrasound technology for diagnosis and treatment

of Gl wall disorders.
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e wall layers

Advances in medical imaging have improved the
ability to study the wall of the gastrointestinal
(GI) tract. In this respect, ultrasonography (US)
with its many modalities has gained a central role
because of its safety, relatively low cost and abil-
ity to generate high-resolution images. The GI
wall can be imaged in detail using transabdominal
US or endosonography (ES), and a recognizable
wall layer structure that correlates closely to layers
seen on histology can be visualized. Furthermore,
intramural vessels can be displayed allowing blood
flow to be evaluated with Doppler US.

To achieve better and safer diagnostic and
treatment procedures with fewer side effects
has always been a goal for physicians. In cancer
and other chronic diseases of the GI tract, new
ultrasound-based technologies (e.g., Doppler US,
contrast-enhanced US, sonoelastography and
US-guided interventions) have improved imag-
ing of intramural disease, such as early cancer,
abnormal wall structure in inflammatory bowel
disease and ischemic disorders. Furthermore, US
is a suitable tool for obtaining guided biopsies
and performing minimal invasive and endoscopic
surgery. US can also add value to other diagnostic
or therapeutic techniques, such as the emerging
nanotechnology. Ultrasound can be applied to
deliver certain agents or molecules into a tumor

and areas of inflammation, potentially leading
to improvements in the treatment of cancer
and inflammatory bowel disease as well as other
disorders in the near future.

Anatomy & pathology of the GI wall
General
The GI tract is a functional unit for digestion
of food with well-coordinated anatomical parts
that have different functions. The different steps
of passage and degradation of food occur within
defined time periods that are subject to rhythmic
variations, ranging from minutes to hours and up
to circadian periods. Whenever imaging of the
GI tract is performed, normal and pathological
motility aspects should also be considered.
High-frequency ultrasound imaging techniques
have a resolution that can produce images
reflecting even small anatomical structures.
Therefore, the present article will be restricted
to structural aspects that are relevant for newer
and detailed US imaging [1.2]. A general scheme
for the structures in the GI tract in this size range
is given in FiGure 1.

Esophagus
The esophagus is a muscular tube lined by squa-
mous epithelium that extends down to a border
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Figure 1. Overall histological organization of the digestive tube.

Adapted with permission from [1] © Elsevier.

zone to the stomach, consisting of 1.5-2 cm of columnar mucosal
glands. The distance from the upper limit at the cricopharyngeal
sphincter down to the functional sphincter at the gastrooesopha-
geal junction is approximately 25 cm. The mucosa of the esopha-
gus consists of nonkeratinising squamous epithelium that overlies
connective tissue papillae containing blood and lymphatic vessels.
Under this is a narrow muscular layer of the mucosa followed by
the submucosal layer with fibrous collagen tissue. As in the rest of
the GI tract there is a circular and a longitudinal muscular layer
(muscularis propria) in the esophageal wall, on which the outer
layer, adventitia (serosa), is situated. Besides the rhythmic muscular
movements connected to the swallowing procedure, an important
function of the esophagus is to prevent regurgitation of the acidic
gastric content by its lower sphincter function.

Stomach
The stomach has a pear shape and is arbitrarily divided into four
regions: the upper one, cardia, a 2-3 cm wide zone surrounding
the esophageal opening; the fundus, projecting to the left of the
esophageal junction; the body, or corpus, consisting of the middle
and largest portion; and the antrum that ends with pylorus, or
the exit to the upper part of the small intestines, the duodenum.
The cardia is lined by a mucosa with simple tubular or cystic
glands consisting of mucus-secreting cells. In addition, there are
numerous endocrine cells as well as some scattered parietal (acid-
secreting) and chief (pepsinogen-secreting) cells. The mucosa of
the corpus, comprising about two-thirds of the internal surface

of the organ, is made up of tightly packed tubular glands. Their
upper part, close to the lumen, consists of parietal cells and the
lower part of chief cells. The triangular-shaped antrum is lined by
branched, tortuous and less tightly packed glands than the corpus,
but otherwise the same types of cells.

In general, the superficial mucosal lining of the gastric wall
consists of mucous cells down to the ‘neck’ of the glands. The
produced mucins are glyocproteins with high molecular mass,
which in 5% aqueous solution makes an insoluble 0.1-mm thick
layer forming an acid- and protease-resistant barrier on the surface
cells. Among the glandular cells are also numerous neuroendocrine
cells. Under the epithelial layer is a lamina propria, consisting of
loose connective tissue together with lymphoid cells and small
blood vessels. As in esophagus, there is a narrow muscular layer
of the mucosa and thereafter a submucosa with connective tissue,
blood, lymphatic vessels, nerves and ganglia. In addition, here a
muscularis propria and a serosa form the outer layers.

The mucosa of a normal, contracted stomach will protrude
into numerous, mainly longitudinal folds, which are reduced
on dilatation. These folds can be seen with imaging techniques.
Their pattern is disturbed in different pathological conditions, for
example, by ulcers and tumors.

Small intestine

The main functions of the small intestine are enzymatic digestion
together with absorption of nutrients. The mucosa has an enor-
mous surface because of the formation of villi protruding from
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the surface. Each villus is lined by epithelial cells, which have their
surface covered by microvilli, which further increase the surface
where absorption can occur. In addition to villi, the mucosa is
organized into crypts. Among the absorptive epithelial cells are
scattered goblet cells in addition to endocrine cells producing a wide
variety of peptide hormones with local regulatory effects. At the base
of the crypts there are cells containing lysosome-rich granules, the
so-called Paneth cells, which may have growth and differentiation
controlling functions on neighboring, local stem cells. In addi-
tion, the duodenal submucosa contains groups of alkaline mucus-
secreting acini, Brunner’s glands, which are essential for protection
of the mucosa against acid degradation from gastric fluid. The next
part of the small intestine is jejunum, followed by the ileum, which
ends in the large intestine. Villi may be less prominent in the distal
parts of the small intestine and Brunner’s glands are not present.

An important feature of the small intestine is the lymphoid
tissue in the lamina propria, consisting of prominent lymphatics,
blood capillaries and lymphocytes, plasma cells, granulocytes
and mast cells infiltrating the loose connective tissue. In addi-
tion, there are many lymph follicles, being most numerous in the
terminal ileum, called Peyer’s patches. Altogether, the lymphoid
cells are responsible for the mucosa-associated lymphoid tissue.
Thus, the lamina propria in both the small and large intestine
forms the mucosal immune system. Enlarged Peyer’s patches can
be visualized with imaging techniques.

Large intestine (colon) & rectum

The large intestine (colon) and rectum have a length of approxi-
mately 1.5 m out of a total of 5-7 m for the entire small and large
intestine and are responsible for storage, further passage and elimina-
tion of food residues. The colon also has an important role in main-
taining the fluid and electrolyte balance. Vast numbers of bacteria
are involved in the degradation of complex carbohydrates and other
nutrients. The large intestine comprises altogether five different ana-
tomical parts: coecum, ascending colon, transverse colon, sigmoi-
deum and rectum. The mucosa only has perpendicular crypts going
from the relatively flat surface and down to muscularis mucosae,
consisting of ordinary columnar epithelial cells and an abundance
of mucous-producing goblet cells. In between is a lamina propria
with local immune functions as in the small intestine.

As in the rest of the GI tract, the colon and rectum walls con-
sist of a muscularis mucosa, a submucosal layer and a muscularis
propria with one longitudinal and one circular muscular layer.
The outermost part is a serosal layer with loose connective tissue
that is partly covered by a mesothelial cell layer of the peritoneum
(FIGURE 1).

It should be noted that the whole GI tract has a complex nerve
and ganglial network consisting of autonomic and sensory neu-
rones in addition to a separate enteric nervous system. Altogether,
this amounts to approximately a fifth of the size of the CNS in
man [12].

Some pathological conditions
During chronic inflammation a remodeling of the tissues may
occur. A chronic ulcer is in principle an unstable equilibrium
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Figure 2. Relationship between histological and
ultrasonographic gastrointestinal wall layers. (A) The
ultrasonographic five-layer and (B) nine-layer gastrointestinal wall
structure. The interface echoes of the ultrasound image will
appear continuous with the echo-rich wall layers. By thickening
of the Mm and a visible interface echo generated between the
inner and outer part of the muscularis propria, up to nine
different layers can be separated by ultrasonography.

Mm: Muscularis mucosae.

Reproduced with permission from [s6].

between noxious influences degrading the surface of the mucosa
and local regenerative processes. If the mucosa is unable to regen-
erate, granulation tissue is formed instead, including inflamma-
tory cells and ingrowth of capillaries. Underneath, a fibrotic tissue
with contractile myofibroblasts may be formed, leading to the
strengthening of the wall and gradual reduction of the size of
the ulcer. Depending on the extent and depth of the ulcer, the
regeneration may lead to increased thickness of the gut wall, where
collagen fibrous tissue may give altered echoic properties. Both
ulcers of the stomach and in the small and large intestine may
be accompanied by such tissue remodeling. However, the type of
inflammation may vary. In Crohn’s disease, in the small or large
intestine, deep ulcer clefts surrounded by extensive inflamma-
tion with granulation tissue and fibrosis are common, leading to
increased thickness of the whole wall. By contrast, ulcerative coli-
tis is accompanied by more superficial and broader ulcers together
with hyperplasia of the adjacent mucosa. Remaining mucosa near
to ulcers may protrude as so-called pseudopolyps. In addition,
lymphoid hyperplasia is often present in the submucosa. In the
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Figure 3. A five-layered structure of the gastric wall
showing Menetriers disease. A thickened layer 2
corresponding to the gastric mucosa is seen (arrows).
Reproduced with permission from [s6].

small intestine, a wall thickness above 3 mm and in the colon
from 2 to 3.5 mm in the proximal and distal end, respectively,
are considered as pathologic [3].

Tumor diagnostics is another important area for imaging. For
example in colon cancer formation, approximately half of the
cases occur through different sizes of polyps or adenomas with
increasing degrees of atypia and genetic aberrations, ending with
an invasive tumor. In the colon, the invasive process is considered
to be slow, whereby early diagnostics may be highly profitable. By
contrast, adenocarcinomas of the lower esophagus and gastric wall
tend to invade more rapidly and metastasize early. In addition,
these tumors often show diffuse infiltration of tumor cells with
general thickening of the wall, whereby a localized tumor may
be difficult to discern.

A particularly high diagnostic potential is provided when imaging
techniques are combined with site-directed biopsies where morpho-
logical diagnostics are used together with immunohistological and
molecular methods, which only require small amounts of tissue.

Ultrasound imaging of the GI wall

The GI wall has long been overlooked during abdominal US. In
fact, the GI tract is often looked on as a nuisance by ultrasono-
graphers because air within the lumen obscures ultrasound
imaging of other intra-abdominal organs.

Early sonographers observed that the wall of the GI tract can
be seen with transabdominal US in some situations. For example,
in a thin patient with a fluid-filled stomach, a layered structure
can be imaged in the healthy stomach and in patients with peptic
ulcer disease [4]. Water can even be introduced in to the colon by

enema to facilitate transabdominal US delineation of pathological
thickening as seen in ulcerative colitis or colorectal cancer [5-7].
A layered structure can also be visualized and is helpful in the
diagnosis of acute appendicitis [8.9].

The advent of endoscopic US (EUS) in the mid-1980s brought
new attention to the use of ultrasound to image the GI tract
wall. By taking the US transducer inside the body, and therefore
close to the GI wall, higher frequency EUS transducers with their
attendant-improved resolution led to a more detailed delineation

of the GI wall.

Interpretation of Gl ultrasound images

Early endosonographers noted that the GI wall usually demon-
strated five layers, when examined under ideal circumstances with
7.5- to 12-MHz US transducers. The anatomic correlates of these
layers were demonstrated by careful comparison of US images
of excised human GI tissue to the histology of the exact area of
tissue [10].

An understanding of these high-frequency US images requires
a basic knowledge of what causes US echoes. Most of these echoes
are produced by the interaction of the US beam with the tissue
itself. For example, collagen and fat are very reflective of the US
beam and therefore produce bright echoes on images. This is why
the submucosa and subserosal areas of the GI wall are so echoic.
The other source of echoes is at the boundaries between tissues
of different acoustical properties, the so-called interface echoes.
This thin line of echoes at interfaces adds or detracts thickness
caused by the echoes produced by the tissue itself.

The first layer seen on imaging from within the GI tract using
ultrasound endoscopes is echoic and is caused by the interface
between water in the lumen and the mucosal surface. This layer is
less visible when the US transducer, or water-filled balloon around
the transducer, is placed directly against the mucosa. The next
layer of the GI wall is echo poor or hypoechoic and corresponds
to the rest of the mucosa. The middle layer of the five-layered GI
wall is echoic, mostly due to the submucosa. The fourth layer
is hypoechoic, mostly due to the muscularis propria. The outer
or fifth layer is echoic, due to subserosal or, in the esophagus,
adventitial fat (FIGURES 2 & 3).

When precise measurements of the histologic layers were com-
pared with measurements of the layers on US images, it was found
that the third layer on US images was slightly thicker than the
corresponding histologic submucosa and that the fourth layer on
US images was slightly thinner than the histologic muscularis
propria. This is due to the interface echo stripe from the bound-
ary between the submucosa and the muscularis propria that adds
thickness to the submucosal layer on the images and detracts from
the thickness of the muscularis propria layer. The thickness of this
interface echo is related to the axial resolution of the US trans-
ducer and is only approximately 300 p with the high-frequency
transducers used in ES [10]. The muscularis mucosae also adds
thickness to the third US layer, as the normal muscularis mucosae
is thinner than the interface echoes and therefore is obscured by
this interface echo between the lamina propria and the muscularis
mucosae, which then blends with the echoes from the underlying
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submucosa [11]. These small discrepancies
from histology have not proved to be clini-
cally important in the interpretation of
EUS images of the GI wall.

When even higher frequency transducers
such as 20-MHz US probes are used, addi-
tional layers can be seen in the normal GI
wall. An additional echoic line is sometimes
seen in the middle of the fourth hypoechoic
layer. This is caused by fibrous tissue that
may be present between the inner circular
and outer longitudinal components of the
muscularis propria or from an interface
echo between these two muscle layers.

The muscularis mucosae can also be
distinguished as a separate layer when it
is thickened and when high-frequency
transducers are used. In this situation,
there are actually two additional layers at
the bottom of the mucosal layer. There is an
echoic line at the bottom of the mucosa due
to the interface of the lamina propria and
the muscularis mucosae, and then another
hypoechoic layer deep to this interface echo
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Figure 4. Elastography in Crohn’s disease of the gastrointestinal tract.
(A) Elastogram in which the blue color indicates a hard and thickened anterior and
posterior gastrointestinal wall. (B) Corresponding grayscale ultrasound image.

from the muscularis mucosae itself [11.12].
This additional set of layers from the muscularis mucosae has not
yet been shown to aid in clinical diagnosis or cancer staging.
New US probes operating with high frequencies have improved
the ability for transabdominal imaging of the GI wall. Nylund
et al. recently imaged the GI tract and measured GI wall thick-
ness in healthy subjects using 8- and 12-MHz transducers [13].
The mean wall thickness ranged from 0.9 to 1.2 mm in different
areas from the jejunum to the sigmoid colon. The thickness of
the gastric antrum and duodenum was 2.1 and 1.6 mm, respec-
tively. Imaging and measurement of individual GI wall layers is
also possible. With an anterior access, however, the posterior wall
of the GI tract is often obscured by bowel content and may thus
be difficult to visualize.

Clinical applications of Gl ultrasound imaging

The ability of high-frequency US to image the different histologic
layers of the GI tract has helped the GI endoscopist in the dif-
ferential diagnosis of intramural masses in the GI tract and also
in the staging of GI cancer.

The echo pattern and the location of intramural GI masses con-
tribute to a differential diagnosis of the cause of the mass [14,15].
Some findings are sufficient for diagnosis, such as an anechoic cyst
or echoic third layer lipoma, whereas other findings only narrow
the differential diagnosis. For example, hypoechoic third or fourth
layer masses can be from a number of underlying causes with
varying clinical significance. The accuracy of EUS imaging alone
is only approximately 50% in diagnosing these masses, indicating
the need for tissue sampling to confirm the diagnosis [16). The
various causes of intramural GI masses and their location and echo
pattern are listed in Tasie 1.

The T stage of the tumor node metastasis cancer staging for GI
cancers refers to the depth of invasion of the cancer into the GI
wall. The ability of ultrasound to image the GI wall has made ES
the most accurate imaging modality for T staging of esophageal,
gastric and rectal cancer [17-19]. Numerous clinical studies have
shown that EUS is approximately 90% accurate in the T staging
of GI cancers.

Table 1. Ultrasonography layer location and

echogenicity of gastrointestinal intramural masses.

2 Hypoechoic Leiomyoma of muscularis mucosae
Granular cell tumor
2,30r4  Anechoic Duplication cyst
Varices (+ Doppler signal)
2o0r3 Hypoechoic Pancreatic rest
Carcinoid
Granular cell tumor
Leiomyoma of muscularis mucosae
3 Hyperechoic Lipoma
Fibroma
3or4d Hypoechoic Lymphangioma
4 Hypoechoic Gl stromal tumor
Leiomyoma
Schwannoma
5 Variable Normal and abnormal extramural

organs and pathologic structures
(e.g., pseudocyst)
Gl: Gastrointestinal; US: Ultrasonography.
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Figure 5. Gastric contraction demonstrated by intraluminal
ultrasonography. (A) An ultrasound miniprobe (p) is placed in
the relaxed water-filled antral part of the stomach. (B) A
contraction with thickening of the mp is seen.

m: Mucosa; mp: Muscularis propria; p: Probe; sm: Submucosa.
Reproduced with permission from [s6].

Sonoelastography

A major challenge when diagnosing lesions in the GI wall, as
in many other organs, is to distinguish between malignancy
and benign conditions, such as adenomas, myomas, ulcers or
inflammatory changes. In general, tissue sampling is necessary
to prove malignancy in cases of nonadvanced neoplasms.
Recently, new ultrasound-based elastography methods have
been introduced with the potential to map distribution of tissue
elasticity thus revealing harder or softer portions within a lesion
or in relation to adjacent unaffected reference tissue. Two different
algorithms are currently available, one quantitative shear wave
tracking system and a qualitative or semiquantitative method to
map strain distribution [20-23]. Strain imaging is based on changes
in radiofrequency signals reflecting strain or deformation when
stress is applied on the tissue. Malignancy is generally supposed to
increase tissue hardness owing to a fibrogenic infiltration process

called desmoplasia [24]. In commercially available elastography
facilities, the elastogram can be superimposed on B-mode
US images, thus indicating areas with increased suspicion of
malignancy. The first clinical experience with elastography is
promising, but its relevance and accuracy in diagnosing GI wall
lesions has to be further evaluated (Ficure 4).

Motility & biomechanics
Abnormal GI motility may cause symptoms that are difficult to
diagnose and characterize. Manometry has been widely used in the
examination of GI contractions, but this method may give unreliable
registrations because incomplete contractions sometimes remain
undetected. However, real-time ultrasound can provide information
about GI tract motility by visualizing contractions and transport
of bowel content. Thus, both transabdominal and intraluminal
US have gained increasing interest for studying biomechanical
function of the GI tract using established, as well as some new,
experimental ultrasound modalities (Ficure 5). Thus, gastroduodenal
motility and gastric emptying have been studied using both 2D
and 3D B-mode US and Doppler techniques. Comparison with
intragastric manometry has demonstrated that ultrasound gives
more detailed information about gastric contractions and can
simultaneously also display the appearance of the individual
wall layers [25-27). A multimodal device that can be inserted into
the esophageus combining bag distension, manometry, high-
frequency intraluminal ultrasound, laser Doppler flowmetry and
symptom registration has been developed. This device was applied
in examining circulatory aspects and simultaneous registration
with biomechanics for investigating pain on bag distension in the
esophagus. Pain elicited by bag distension correlated significantly
with biomechanical parameters of passive wall stress and strain [28].
Endosonography allows detailed information about GI wall
motility to be obtained by the application of high-frequency
ultrasound [29]. Taniguchi ez al. recorded changes occurring in
the layers of the sheep esophageal wall during swallowing using
a 20-MHz M-mode US probe and could demonstrate structural
changes occurring separately in the esophageal wall layers during
peristalsis [30]. Ultrasound registrations reflecting changes in the
thickness of the individual esophageal wall layers were compared
simultaneously with corresponding changes in intraluminal pres-
sure. Miller and coworkers combined manometry with a 20-MHz
ultrasound transducer and were able to correlate wall thickness,
luminal diameter and contractive activity in healthy volunteers [31].
High-frequency intraluminal US also has the potential to
monitor wall thickening and other changes such as contrac-
tions of the gut in real time in response to provocation with
food allergens. Arslan er al. investigated duodenum with
high-frequency US to study wall layers and motility during
allergen provocation (32]. A 20-MHz miniature ultrasound
probe was inserted through a nasoduodenal tube and ultra-
sound examination was performed before and after provoca-
tion. Clinical symptoms were recorded, and the thickness of
mucosa, submucosa and muscularis propria was measured
directly on ultrasonographic images before and after allergen
provocation. Endosonographic changes were observed in 15 of
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Figure 6. Contrast-enhanced ultrasonography of the gastrointestinal wall. (A) B-mode image of the terminal ileum where a
diseased bowel loop has fused causing a sharp turn and an obstruction. (B) The corresponding image in contrast mode at the time of
injection showing only interface echoes in the abdominal wall. (C) Just after the arrival of contrast in the right iliac artery and the bowel
submucosa. (D) The contrast enhancement has reached maximum intensity. It is not only brighter in the submucosa but also filling the

mucosa and proper muscle.
Image courtesy of K Nylund.

the 20 patients. Mucosal thickening, changes in the number
of wall layers and sustained contractions of duodenum were
observed in some patients after provocation.

The GI wall echogenicity and layer structure can be changed
with increasing pressure generated by an ultrasound transducer.

www.expert-reviews.com

This may be particularly important in ES where the probe is often
placed in direct contact with the GI wall [33].

Strain rate imaging (SRI) is a Doppler ultrasound method
that so far has mainly been used in cardiology to assess the
contractility of the myocardium. Recently, this technique has
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Figure 7. 3D ultrasonography of an infiltrating tumor in the
cardia is seen in two scanning planes (b and c). Scanning
plane a goes through the ultrasound probe and is outside the
data set of the tumor. The ultrasound probe is indicated by the
arrow.

tu: Inflitrating tumor.

Reproduced with permission from [56].

also gained increasing interest in examination of gastric motor
function and may be a promising technology in studying active
deformation of the GI wall. However, SRI is challenged by sev-
eral factors as the GI wall is very thin, has a layered structure
with individual elastic properties and the contraction activity is
relatively slow. Nevertheless, studies in patients suffering from
functional GI disorders, for example functional dyspepsia, have
shown that SRI has the potential to becom a method, that can
help in the evaluation of symptoms caused by disturbed GI
motor function [343s).

Contrast-enhanced US
High-frequency, high-resolution US allows imaging of the bowel
wall and small intramural vessels (diameter <0.5 mm), and
Doppler US is a widely used technique that can provide impor-
tant information about GI wall vascularity [36-38]. The evaluation
of vascularity is of major importance in estimating the viabil-
ity of tissue, characterizing inflammation, for follow-up during
treatment and to define tumor-induced angiogenesis.
Ultrasound can be used to evaluate inflammatory bowel disease,
and if new ultrasound-based techniques are applied, additional
information about mural perfusion can be obtained (Ficure 6). It has
been shown that there is a difference between normal and inflamed
bowel wall regarding several perfusion parameters [39]. Contrast
harmonic imaging with quantitative time intensity curve analysis
has shown promise in monitoring patients with active Crohn’s
disease [40]. Furthermore, harmonic flash echo imaging, which is
an intermittent scanning technique using contrast for the evalua-
tion of GI wall microperfusion, may be helpful in predicting the
need for surgery if loss of GI wall stratification and rich perfusion
are seen [41]. When ultrasound contrast agents are injected into

the blood stream, imaging of tissue perfusion is facilitated. The
new generation microbubble contrast agents (<6 pm) that stay
in the bloodstream for minutes can depict GI wall perfusion and
thus have the ability to discriminate between acute and chronic
inflammation [42].

In general, the ultrasound contrast agents are very safe but
should not be used in pregnancy. Anaphylactoid reactions are rare
and no nephrotoxic effects have been encountered [43].

3D & 4D US

3D US images are assumed to be easier to understand and com-
municate than the mental reconstruction of several 2D images
(Fieure 7). 3D techniques are currently under development for most
imaging modalities and 3D US may be applied for improved rec-
ognition of the GI anatomy and pathological lesions. Advanced
software programs containing different rendering or other recon-
struction algorithms are used for postprocessing and display of
3D ultrasound data, which can be studied using anyplane slicing,
segmentation and volume calculation [444s). Increased data power
and reduced processing time allow 3D imaging in real time (4D)
making dynamic display of the individual GI wall layers and gut
motility possible.

US-guided interventions in the GI wall

High-frequency US can image soft tissue on a submillimeter reso-
lution level and is theoretically well suited for detailed preopera-
tive diagnosis of lesions to be treated through the endoscope or
by minimal invasive surgery. Hence, US can guide interventions
indirectly by providing detailed diagnostic information. GI tract
interventions can also be guided directly by US as puncture nee-
dles or other equipment can be monitored in real time when oper-
ated in the US scanning plane. Interventional procedures in the
GI wall can be performed with support from external US probes,
but procedures targeted at small wall lesions are most often carried
out through the endoscope using EUS. Dedicated EUS instru-
ments have been developed for this purpose with a longitudinally
directed scanning plane in the prolongation of the biopsy channel.

Exact staging and tumor delineation may be wanted prior to
endoscopic mucosal resection of early GI cancer or other intra-
mural tumors in the GI tract as well as snare polypectomy. EUS
has been introduced as a useful tool in this regard, but its role in
endoscopic mucosal resection has been disputed, as well as in endo-
scopic treatment of Barrett’s esophagus with high-grade dysplasia,
because of limited accuracy (generally less than 70%) in defining
submucosal tumor infiltration [4647].

Most US probes, including electronic EUS instruments, have
Doppler facilities allowing exact identification and localization
of vessels, thus improving safety during endoscopic interventions
in the GI tract. Doppler US may provide important information
on tissue vascularization and help to differentiate between cystic
and vascular structures (48]. Doppler US can also be helpful in the
diagnosis and evaluation after endoscopic treatment of varices and
vascular malformations in the GI wall [49,50].

EUS-guided fine-needle aspiration (EUS-FNA) is the most
common US-guided intervention in the GI tract. As the needle

270

Expert Rev. Med. Devices 9(3), (2012)



High-frequency ultrasonographic imaging of the gastrointestinal wall

can be monitored in real time, a short, safe and effective puncture
route can be established for sampling of cells or fluid (Ficure 8). For
larger lesions, tissue samples for histological examination can be
accomplished by the application of EUS-guided Trucut biopsy.
Most frequently, these interventions are aimed at structures out-
side the visceral tract, such as the pancreas or mediastinal lymph
nodes, but they can also be targeted at intramural lesions, such as
tumors or cysts. Early studies on EUS-guided fine-needle aspira-
tion indicated that the diagnostic yield from intramural lesions
was lower when compared with extravisceral tumors and lymph
nodes [51].

If a therapeutic agent is delivered directly to a target area
the local concentration of a drug can be increased by reducing
systemic toxicity [s2]. Ultrasound can be applied to guide and
achieve such deposition of small elements carried in small bubbles
in the blood. A shell of microbubbles must be chemically and
mechanically designed making specific treatment possible, for
example delivering genes, drugs or other therapeutic agents
to a specific area [s3]. If the area is exposed to ultrasound with
sufficient energy, the cells may allow transmembrane uptake of
microbubbles and the therapeutic molecules can be released [54,55].
Thus, the cellular uptake of a molecule is facilitated by ‘opening
up’ the cell membrane for a short period (sonoporation).

Expert commentary

Transabdominal and intraluminal high-frequency US can provide
a detailed image of the GI wall, visualizing wall layers and small
intramural structures. Thus, GI wall pathology can be imaged
in great detail and detected at an early stage, and follow-up
during treatment is possible using a patient-friendly technique.
US-guided interventions (e.g., biopsy or endomucosal resection),
biomechanics and motility studies, 3D US, contrast-enhanced
US, SRI, sonoelastography and combination with molecular
imaging and nanotechnology are some of the improvements and
new techniques with a promising future in the diagnosis and
treatment of disorders of the GI wall.

Five-year view

Several imaging techniques (e.g., US, computed tomography, MRI
and PET) are currently available for imaging of the GI wall. High-
frequency US, with the safety and patient-friendly characteristics
of ultrasound, can resolve small details in the GI wall allowing a
detailed evaluation of small lesions of the GI wall in a clinical set-
ting. Technical improvements of hardware and continuous software
development have enabled imaging of small structures and even cel-
lular structures. The combination of endoscopy and high-frequency
ultrasound (EUS) has given new possibilities in imaging of the GI
mucosal surface and the subepithelial GI wall. Real-time 3D imaging,
functional imaging using Doppler technology or other methods for
tissue characterization, ultrasound-guided minimal invasive treat-
ment and integration with other imaging modalities are expected
to evolve in the time to come. Combined monitoring and imag-
ing techniques have been developed to study GI motility including
dynamics in individual GI wall layers. Improved tissue characteriza-
tion using imaging techniques can possibly limit the need for biopsies
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Figure 8. Ultrasound-guided fine-needle puncture. (A-C) t is
seen close to a v. Fine-needle aspiration is performed through the
duodenal wall. The echo of the puncture needle is seen (arrow)
(C). The final diagnosis was sarcoma.

t: Tumor; v: Vessel.

Reproduced with permission from [s6].

in the future. Sonoelastography is a new technique that can visualize
changes in tissue hardness, but its ability to differentiate between
benign and malignant lesions has yet to be established. Another
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new technology not yet established is haptic imaging (virtual ultra-
sound) where ultrasound images are translated into a tactile system
allowing manual virtual palpation of imaged structures. Ultrasound
can be combined with emerging microbubble techniques allowing
transport of diagnostic (e.g., contrast-enhanced ultrasound) as well
as therapeutic (nanoparticles) agents to defined areas of interest. In
conclusion, ultrasound techniques are continuously being improved
and developed and will remain an important clinical imaging tool for
the diagnosis and treatment of diseases of the GI tract.
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Key issues

e Ultrasound is a safe modality that can image details of the gastrointestinal wall with high spatial resolution in real time.
e [t is well suited to guide interventional procedures in the gastrointestinal tract.
e Current development of ultrasound techniques includes high-frequency and 3D imaging, Doppler facilities, air-bubbled contrast agents,

tissue characterization methods and dynamic studies.
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