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Abstract
Ultrasonic imaging is becoming the most popular medi-
cal imaging modality, owing to the low price per ex-
amination and its safety. However, blood is a poor scat-
terer of ultrasound waves at clinical diagnostic transmit 
frequencies. For perfusion imaging, markers have been 
designed to enhance the contrast in B-mode imaging. 
These so-called ultrasound contrast agents consist of 
microscopically small gas bubbles encapsulated in bio-
degradable shells. In this review, the physical principles 
of ultrasound contrast agent microbubble behavior and 
their adjustment for drug delivery including sonopora-
tion are described. Furthermore, an outline of clinical 
imaging applications of contrast-enhanced ultrasound 
is given. It is a challenging task to quantify and predict 
which bubble phenomenon occurs under which acoustic 
condition, and how these phenomena may be utilized in 

ultrasonic imaging. Aided by high-speed photography, 
our improved understanding of encapsulated microbub-
ble behavior will lead to more sophisticated detection 
and delivery techniques. More sophisticated methods 
use quantitative approaches to measure the amount 
and the time course of bolus or reperfusion curves, and 
have shown great promise in revealing effective tumor 
responses to anti-angiogenic drugs in humans before 
tumor shrinkage occurs. These are beginning to be ac-
cepted into clinical practice. In the long term, targeted 
microbubbles for molecular imaging and eventually for 
directed anti-tumor therapy are expected to be tested.
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INTRODUCTION
Advanced medical imaging has a strong impact on re-
search and clinical decision-making in real-time assessment 
of  angiogenesis in digestive cancers. Ultrasonic imaging 
is becoming the most popular medical imaging modality, 
owing to the low price per examination[1] and its safety[2]. 
A B-mode ultrasound scan shows contrasted regions from 
transitions in acoustic impedance, i.e. transitions in tissue 
type, in the form of  brighter pixels. However, blood is a 
poor scatterer of  ultrasound waves at clinical diagnostic 
transmit frequencies, which lie between 1 and 40 MHz. 
For perfusion imaging, markers have been designed to en-
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hance the contrast in B-mode imaging. These so-called ul-
trasound contrast agents consist of  microscopically small 
gas bubbles encapsulated in biodegradable shells.

Contrast-enhanced ultrasound (CEUS) represents a 
significant advancement in the evaluation of  angiogenesis 
in digestive cancers. In particular, in the study of  focal 
liver lesions, CEUS has been widely used for detection 
and characterization of  malignancy. The unique feature of  
CEUS of  non-invasive assessment in real-time liver per-
fusion throughout the vascular phases has led to a great 
improvement in diagnostic accuracy of  ultrasound, but 
also in guidance and evaluation of  responses to therapy. 
Currently, CEUS is part of  the state-of-the-art diagnostic 
work-up of  focal liver lesions, resulting in safe and cost-
effective patient management.

In this review, the physical principles of  ultrasound 
contrast agent microbubble behavior and adjustments for 
drug delivery, including sonoporation, are described. Fur-
thermore, an outline of  clinical imaging applications of  
CEUS is given.

Ultrasound
The sound that humans can perceive lies within the fre-
quency range 20 Hz-20 kHz. Ultrasound is by definition 
all sound higher than 20 kHz. The ultrasound frequen-
cies utilized in medical imaging are mainly in the range 
1-40 MHz. Such high frequencies cannot be transmitted 
through air but can be transmitted satisfactorily through 
solid or fluid materials. An ultrasonic transducer serves 
a dual function as both transmitter and receiver of  ultra-
sound. A signal generated by an ultrasonic transducer typi-
cally consists of  a pulse of  a few μs with a certain center 
frequency. Part of  this signal propagates through target 
tissue, part is reflected by macroscopic tissue structures, 
part is absorbed by tissue, and part is scattered by struc-
tures in the tissue smaller than the acoustic wavelength. 
Only a small portion of  the transmitted acoustic energy 
is received by the transducer, but this portion is used to 
build an ultrasonic image. The received signal is the su-
perposition of  specular reflections at tissue boundaries 
and echoes from tissue backscattering[3]. Current real-time 
2-dimensional imaging capabilities are in excess of  30 
frames per second[4]. Contemporary imaging techniques 
have been summarized by Wells[5].

The quality of  a B-mode scan is expressed by the 
contrast-to-noise ratio, which is defined as the absolute 
difference of  the signal-to-noise ratio in the target tissue 
and the signal-to-noise ratio in the surrounding tissue[4].

On clinical ultrasound devices, the intensity of  the 
ultrasonic field is generally adjusted with a switch for the 
mechanical index (MI) instead of  the acoustic amplitude. 
The MI depends on the maximum value of  peak nega-
tive pressure and the centre frequency of  the ultrasound 
field[6]. For MI < 0.3, the acoustic amplitude is considered 
low. For 0.3 < MI < 0.7, there is a possibility of  minor 
damage to neonatal lung or intestine[6]. These are consid-
ered moderate acoustic amplitudes. For MI > 0.7, there 
is a risk of  cavitation if  an ultrasound contrast agent 

containing gas microspheres is being used, and there is 
a theoretical risk of  cavitation without the presence of  
ultrasound contrast agents[6]. The risk increases with MI 
values above this threshold[6]. These are considered high 
acoustic amplitudes[7]. In commercial scanners, the MI has 
been limited to 1.9 for medical imaging[8]. Figure 1 shows 
examples of  B-mode scans recorded at different MI. At 
higher MI, the contrast-to-noise ratio increases.

Microbubble physics
The density and compressibility parameters of  blood cells 
hardly differ from those of  plasma. Therefore, blood cells 
are poor scatterers in the clinical diagnostic frequency 
range[9]. Since imaging blood flow and measuring organ 
perfusion are desirable for diagnostic purposes, markers 
should be added to the blood to differentiate between 
blood and other tissue types. Such markers must have 
resonance frequencies in the medical ultrasonic range. 
Figure 2 shows the resonance frequencies of  free and en-
capsulated gas microbubbles as a function of  their equi-
librium radius. The resonance frequencies of  encapsulated 
microbubbles lie slightly higher than those of  free gas 
bubbles[10,11], but clearly well within the clinical diagnostic 
range, too. Based on their acoustic properties, microbub-
bles are well suited as an ultrasound contrast agent.

The pressure inside a bubble must be higher than the 
ambient pressure[12]. This difference is generally referred 
to as the surface pressure. The smaller the bubble, the 
higher is the surface pressure. Since fluids are forced to 
flow from a location with a higher pressure to a loca-
tion with a lower pressure, a bubble cannot exist in true 
equilibrium. For example, a free air bubble with a 6 μm 
diameter dissolves within 100 ms[13]. To prevent quick dis-
solution, ultrasound contrast agent microbubbles contain 
low-solubility gas, such as SF6 or C3F8

[14]. The encapsu-
lating shells are made of  biodegradable materials, such 
as phospholipids or albumin[15]. With mean diameters 
below 6 μm, these microbubbles are small enough to 
pass through the lung capillaries. Detailed overviews of  
the compositions of  the ultrasound contrast agents used 
most in imaging research have been given by Postema 
et al[3], Sboros[16] and Tinkov et al[17]. In this section, we 
classify ultrasound contrast agents into only 4 categories, 
based on the presence of  an encapsulating shell and its 
thickness, similar to Tinkov et al[17].

A bubble in a low-amplitude sound field can be con-
sidered a forced damped harmonic oscillator[18,19] and 
its oscillating behavior can, as a result, be modeled as a 
mass-spring-dashpot system[20]. The spherically symmetric 
oscillating behavior of  ultrasound contrast agent micro-
bubbles has been described with models based on the 
Rayleigh-Plesset equation[21], modified for the presence 
of  an encapsulating shell[22-32]. Generally, the presence 
of  blood has a relatively small effect on bubble dynam-
ics[33]. To give an indication of  the vast amount of  existing 
models: Qin et al[34] defined 16 separate dynamic bubble 
model classes. The reason for the high number of  existing 
models is the fact that most physical properties of  en-
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capsulated microbubbles cannot actually be measured, so 
that pseudo-material properties have to be chosen when 
predicting ultrasound contrast agent microbubble behav-
ior. Examples of  such pseudo-material properties are shell 
elasticity parameters and shell friction parameters. At low-
amplitude driving pressures, an ultrasound contrast agent 
microbubble oscillates linearly, i.e. the bubble excursion if  
proportional to the instantaneous pressure. However, at 
high-amplitude driving pressures, it oscillates nonlinearly. 
Figure 3 demonstrates the oscillation behavior of  2 con-
trast microbubbles subjected to continuous sine pressure 
waves with low, moderate, and high amplitudes. Both bub-
bles oscillate linearly at MI = 0.01. With increasing driving 
amplitude, asymmetries in radial excursion and expansion 
time rise, especially for the bigger bubble, which is closer 
to the resonance size. At MI = 0.8, both bubbles expand 
to a factor of  the initial size, followed by a rapid collapse 
of  the smaller bubble. The bigger bubble demonstrates 
collapse at MI = 0.18 and higher.

A dynamic bubble generates an acoustic signal that de-
pends on the fluid displacement by the bubble as a func-

tion of  time. Detection strategies have been developed to 
discriminate acoustic signal-generated by ultrasound con-
trast agent microbubbles from other acoustic signals such 
as specular reflections and tissue scattering. These strate-
gies are the reason that CEUS is suitable for the detec-
tion of  blood. The 10 most common detection strategies 
include coded excitation, harmonic power Doppler, phase 
inversion and power modulation[34,35]. All single-pulse and 
multi-pulse imaging detection strategies make use of  the 
nonlinear behavior of  microbubbles[34,35].

Other types of  nonlinear behavior than asymmetric 
oscillations are discussed below.

If  a bubble with a negligible shell collapses near a free 
or a solid boundary, the retardation of  the liquid near the 
boundary may cause bubble asymmetry. This asymmetry 
causes differences in acceleration on the bubble surface. 
During further collapse, a funnel-shaped jet may protrude 
through the bubble, shooting liquid to the boundary[36]. 
Such jets have been observed in high-speed observations 
of  ultrasound contrast agent microbubbles[37-40]. Empirical 
relations exist between the collapsing bubble radius, the jet 
length, and the pressure at the tip of  jets[41-43]. It has been 
speculated whether microbubble jetting can be applied for 
ultrasound-guided drug delivery[38,39,42].

During the collapse phase, a bubble may fragment into 
a number of  smaller bubbles[44]. Fragmentation has been 
observed with contrast agents with thin elastic shells. The 
number of  fragments into which a contrast microbubble 
breaks up has been associated with asymmetric oscilla-
tions[40,45]. Fragmentation can be predicted from the mo-
ment when the kinetic energy of  the bubble surpasses its 
surface energy[27]. Bubble fragmentation costs energy, but 
the subsequent coalescence of  bubble fragments gener-
ates enough acoustic energy to be detected[27].

Thick-shelled microbubbles have demonstrated sonic 
cracking during a high-amplitude ultrasonic cycle[46,47]. The 
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Figure 1  B-mode images of the liver recorded at decreasing mechanical index values (A-E). A: Mechanical index (MI) = 1.0; B: MI = 0.7; C: MI = 0.4; D: MI = 0.26; 
E: MI = 0.13.
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Figure 2  Resonance frequencies of free (unencapsulated) (solid line) and 
lipid-encapsulated (dotted line) microbubbles as a function of equilibrium 
radius.
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increased pressure difference between inside and outside of  
the microbubble during the expansion phase of  the wave[48] 
causes the shell to be stretched until it surpasses a critical 
deformation[49], resulting in its mechanical cracking. The 

released bubble has an expansion amplitude much higher 
than an encapsulated bubble of  identical size. Therefore, 
the acoustic signal from an ultrasound contrast agent after 
gas release differs from that of  the same contrast agent be-
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Figure 3  Simulated radius-time curves (radius R normalized with equilibrium radius R0, time t normalized with period T0) of ultrasound contrast micro-
bubbles with 0.55 μm (left column) and 2.3 μm (right column) equilibrium radii, respectively, modeled with a conservative Rayleigh-Plesset equation[3], 
using a conservative shell stiffness parameter[148]. The modeled ultrasound field was a continuous sine wave with a frequency of 0.5 MHz and acoustic amplitudes 
corresponding to (top-bottom) mechanical index = 0.01, 0.10, 0.18, 0.35, and 0.80, similar to the experiments by Karshafian et al[92].
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fore gas release, until the released gas has dissolved[50].
After a disruptive ultrasonic burst, the disappearance 

of  microbubble fragments or released gas can be traced 
with low-amplitude ultrasound, as well as the wash-in rate 
of  fresh contrast agent[51]. Hence, the efficiency of  the 
disruptive burst can be measured.

Bubble translation in the direction of  the sound field 
is caused by a primary radiation force resulting from a 
pressure gradient across the bubble surface[52]. The trans-
lation is maximal in the contraction phase of  the oscillat-
ing microbubble. Making use of  this phenomenon, ultra-
sound contrast agent microbubbles can be forced to move 
farther away from the transducer, towards vessel walls[53-61], 
increasing the success rate of  targeting to a boundary.

In a standing sound wave field[62], bubbles can ag-
gregate to clusters ultimately a quarter of  the acoustic 
wavelength apart[61]. The formation of  ultrasound contrast 
agent microbubble clusters and the ultrasonic pushing of  
these clusters towards a vessel wall have been recently ob-
served using high-speed photography[61].

The occurrence of  the above-mentioned phenomena 
is influenced by (1) the ultrasonic parameters: transmit fre-
quency, acoustic amplitude, pulse length, pulse repetition 
rate and transmit phase; (2) the ultrasound contrast agent 
composition: the composition of  the shell, the bubble 
sizes, the size distribution and the gas; and (3) the physical 
properties of  the medium: viscosity, surface tension, satu-
ration.

Figure 4 gives an overview of  the nonlinear phenom-
ena that have been observed with ultrasound contrast 
agents, the type of  ultrasound contrast agent in which they 
have occurred, and the minimum acoustic regime required.

Molecular imaging
Dayton et al[35] defined molecular imaging as the non-inva-
sive application of  an imaging modality to discern changes 
in physiology on a molecular level[12]. Although ultrasound 
contrast agents were intended for perfusion imaging, they 

have proven useful in molecular imaging as well, after mod-
ification of  the microbubble shell. Dayton et al[35] discerned 
2 targeting strategies: active targeting, in which a ligand 
specific for the molecular target, and passive targeting, in 
which the physiochemical properties of  the agent are used 
to achieve retention at the target site[12]. Molecular imaging 
and targeting have been reviewed elsewhere in depth[35,63]. 
In summary, the main applications include the detection of  
angiogenesis, inflammation, plaques and thrombi[8,12,17].

Drug delivery
It has been proven by numerous groups, that the cellular 
uptake of  drugs and genes is increased, when the region 
of  interest is under sonication, and even more so when a 
contrast agent is present[12,64-91]. This increased uptake has 
been attributed to the formation of  transient porosities in 
the cell membrane, which are big enough for the transport 
of  drugs into the cell. The transient permeabilization and 
resealing of  a cell membrane is called sonoporation[64]. 
The sonoporation-induced cellular uptake of  markers 
with molecular weights between 10 kDa and 3 MDa has 
been reported in several studies[17,74,92]. Schlicher et al[93] 
showed that ultrasound-induced cavitation facilitated cel-
lular uptake of  macromolecules with diameters up to 56 
nm. Even solid spheres with a 100 nm diameter have been 
successfully delivered with the aid of  sonoporation[82]. 
This implies that drug size is not a limiting factor for in-
tracellular delivery[92]. However, the pore opening times 
can be so short that, if  the drug is to be effectively inter-
nalized, it should be released close to the cell membrane 
when poration occurs[94].

There are 2 hypotheses for explaining the sonopora-
tion phenomenon, the first being microbubble oscillations 
near a cell membrane, the second being microbubble 
jetting through the cell membrane. Based on model-
ing, high-speed photography, and recent cellular uptake 
measurements, we concluded that microbubble jetting 
behavior can be excluded as the dominant sonoporation 
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Phenomenon Schematic representation Microbubble classification Acoustic regime

Translation Ⅰ[40], Ⅱ[34,40,149], Ⅲ[150], Ⅳ[56] L[34,56,149], M, H[40]

Fragmentation Ⅰ[151], Ⅱ[40,152-155] L[152], M[151,152,154,155], H[40,152,153]

Coalescence Ⅰ[151], Ⅱ[154,156] L[154], M[151], H[156]

Jetting Ⅰ[38,39], Ⅱ[37,39] H[38,39]

Clustering Ⅱ[61], Ⅲ[150] L[61], M[54], H[61,150]

Cracking Ⅱ[157], Ⅲ[47,158,159], Ⅳ[159] L[158], M[159], H[47]

Figure 4  Nonlinear phenomena and the regimes for their occurrence. Microbubble shell classes: (Ⅰ) free or released gas; (Ⅱ) thin shells < 10 nm; (Ⅲ) thick 
shells < 500 nm; (Ⅳ) very thick shells > 500 nm. Acoustic regimes: low (L) for mechanical index (MI) < 0.3; medium (M) for 0.3 < MI < 0.7; high (H) for MI > 0.7. The 
figure has been based on Postema[12].
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mechanism[7]. The influence of  microbubble disruption, 
i.e. fragmentation or sonic cracking, on sonoporation will 
have to be further investigated[7]. Without the presence of  
an agent, it has been assumed that sonoporation is caused 
by bubbles, which have been generated in the transducer 
focus as a result of  inertial cavitation[95,96].

Instead of  just facilitating the transient opening up 
of  cell membranes, a microbubble might also act as the 
vehicle itself  to carry a drug or gene load to a perfused re-
gion of  interest, in which case the load has to be released 
with the assistance of  ultrasound. Apart from mixing 
ultrasound contrast agent with a therapeutic agent, several 
schemes have been proposed to combine microbubbles 
with a therapeutic load[97]. Tinkov et al[17] discriminated the 
following 7 microbubble structure classes for drug deliv-
ery: (1) attachment to the outer shell surface; (2) intercala-
tion between monolayer phospholipids; (3) incorporation 
in a layer of  oil; (4) formation of  complexes with smaller 
particles (secondary carriers); (5) physical encapsulation in 
a polymer layer and coating with biocompatible material; 
(6) surface loading of  protein-shelled microbubbles; and 
(7) entire volume loading of  protein-shelled microbubbles. 
The drugs are to be released at the site of  interest during 
insonication[98], presumably by disrupting the microbubble 
shell. It has been demonstrated in vitro, that higher doses 
of  DNA were delivered during ultrasound insonication 
when the DNA was loaded on albumin-encapsulated 
microbubbles than when unloaded microbubbles were 
mixed with plasmid DNA[67]. Amounts of  DNA loading 
on microbubbles have been between 0.002 (pg/μm2)[99] 

and 2.4 (pg/μm2)[17,67].
Instead of  attaching a drug to the capsule, therapeutic 

compounds in the gas phase might be encapsulated with 
thick shells, to keep them from dissolving. At the region 
of  interest, the shell should be cracked with ultrasound, 
releasing the gaseous content[46,47,100,101]. However, only a 
few therapeutic compounds exist in the gaseous phase, e.g. 
nitric oxide[48] and several gaseous anesthetics.

A therapeutic agent inside the microbubble shell may 
react with the shell and dampen the bubble oscillations. 
Therefore, it might be more suitable to have the therapeu-
tic agent in the core of  the microbubble, separated from 
the shell by a gaseous layer. Incorporating a liquid drop 
containing drugs or genes inside an ultrasound contrast 
agent microbubble, however, is technically challenging[102]. 
As opposed to bubbles, antibubbles consist of  a liquid 
core encapsulated by gas[103]. Such a droplet inside a bub-
ble may be generated with the jetting phenomenon: the 
collapse of  a bubble near a free surface produces a liquid 
jet[104], which may break up into one or several droplets[105]. 
Another option would be to stabilize the liquid core by 
means of  a biodegradable skeleton attached to the micro-
bubble shell.

It has been noted, that, if  microbubbles can create 
pores, it is also possible to create severe cell and tissue dam-
age[106]. There is an inverse correlation between cell perme-
ability and cell viability[92,107-109], i.e. not all cell membrane 
pores are temporary. This indicates that sonoporation is 

just a transitory membrane damage in the surviving cell[92]. 
Cell lysis results from irreversible mechanical cell mem-
brane damage[110], which allows the intracellular content 
to leak out[64]. Only recently, ultrasound-induced apopto-
sis has been observed with cancer cells in vitro[110,111], and 
also in the presence of  an ultrasound contrast agent[112]. 
Apart from situations where lysis is desired (sonolysis)[113], 
ultrasonic settings should be chosen such that cell lysis 
is minimal. Side effects observed are capillary rupture, 
hemorrhage, and dye extravasation[106]. These side effects, 
however, have been associated with relatively high micro-
bubble concentrations, long ultrasonic pulse lengths, and 
high acoustic intensities[106].

CLINICAL IMAGING APPLICATIONS
Liver
Ultrasonography is the most commonly used imaging 
modality worldwide for diseases of  the liver. However, 
it has limited sensitivity in the detection of  small tumor 
nodules. In addition, ultrasonographic findings are often 
nonspecific, as images of  benign and malignant liver le-
sions overlap considerably. The introduction of  micro-
bubble contrast agents and the development of  contrast-
specific techniques have opened new prospects in liver 
ultrasonography. The advent of  second-generation agents 
that enable continuous real-time contrast-enhanced imag-
ing has been instrumental in improving the acceptance 
and reproducibility of  the examination. With the publica-
tion of  guidelines for the use of  contrast agents in liver 
ultrasonography by the European Federation of  Societies 
for Ultrasound in Medicine and Biology (EFSUMB)[114,115], 
CEUS is now routinely used in clinical practice.

As opposed to contrast media used with computed to-
mography (CT) and magnetic resonance (MR) imaging, ul-
trasound contrast agents can visualize the capillary net of  
the examined tissue, because CEUS is considerably more 
sensitive to very small amounts of  contrast agent, even 
to single bubbles. Furthermore, because sonography is a 
dynamic method that is performed in real time, additional 
information about tissue perfusion can be deduced from 
the influx and washout of  the contrast media, thus facili-
tating the differential diagnosis of  tumors. In addition, 
signals from the microbubbles enable the visualization of  
slow flow in microscopic vessels without Doppler-related 
artifacts. Various software packages have been developed 
to enable quantification of  changes in contrast intensity 
and to provide additional objective information over the 
entire course of  the contrast examination.

Microbubbles enable dynamic imaging of  tumor an-
giogenesis. This approach is now routinely used for diag-
nosis, particularly for the detection and characterization 
of  various liver tumors. 

The most common malignancy of  the liver is metasta-
ses. Hepatic metastasis is a sign of  advanced tumor stage, 
and curative treatment is only possible in a very small 
number of  patients. When the objective is cure, liver re-
section is the most effective therapy, but several ablation 
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techniques have evolved. For directed tumor therapy, ac-
curate imaging of  the number and distribution of  the me-
tastases is required. On grey-scale ultrasound images, me-
tastases may appear as hypo-, iso- or hyperechoic lesions, 
and some of  them have a halo (Figure 5). Unenhanced 
ultrasonography achieves a sensitivity between 45% and 
80% in detecting liver metastases[116,117]. Not surprisingly, 
this compares unfavorably with the results of  studies with 
contrast-enhanced CT and MR. However, the application 
of  an intravascular ultrasound contrast agent during trans-
cutaneous ultrasonography of  the liver improves detec-
tion of  metastases significantly[118-120].

After injection, 3 phases of  contrast enhancement can 
be differentiated: the arterial phase, in which the contrast 
agent reaches the liver first via the hepatic artery; the por-
tal phase, where the contrast agent has passed circulation 
and spreads through the liver in the portal branches; and 
the late or parenchymal phase, in which the agent slowly 
distributes within the entire liver parenchyma. Metastases 
show characteristic features in all 3 phases after contrast 
agent injection. Differentiation of  hypervascular from 
hypovascular metastases is achieved perfectly by real-time 
imaging during the arterial phase: hypervascular metas-
tases, e.g. from malignant melanoma, thyroid carcinoma, 
or neuroendocrine carcinoma, appear as hyperenhanc-
ing, usually with a typical rim enhancement of  varying 
size (Figure 6). In contrast, hypovascular metastases le-

sions, e.g. from colorectal carcinoma (great variability) or 
bronchogenic carcinoma, may appear as hypoenhancing 
lesions in the arterial phase. Large metastases may have 
inhomogeneous enhancement because of  necrosis, as 
shown in Figure 6. At the beginning of  the portal phase, 
the enhancement fades and the entire lesion becomes 
increasingly hypoechoic. In the late phase, both hypo-
vascular and hypervascular metastases invariably appear 
as dark defects, whereas the enhancement persists in the 
normal liver parenchyma (Figure 7). During this phase, 
the lesions are usually particularly well defined, often with 
sharp punched-out borders. Both portal venous and late-
phase imaging markedly increase the contrast between the 
enhancing normal liver and the nonenhancing metastases 
and thus improve detection, particularly of  small lesions, 
i.e. < 1 cm in diameter. The improved detection obtained 
by the use of  ultrasound contrast agents allows for the im-
plementation of  CEUS for the follow-up of  patients un-
dergoing surgery and chemotherapy, to assess the efficacy 
of  antineoplastic treatment[121-124]. To determine the utility 
of  CEUS as a prognostic tool for metastatic renal cell car-
cinoma patients receiving sunitinib, Lassau and co-workers 
studied 38 patients receiving 50 mg/d sunitinib[125]. They 
found that time to peak intensity and slope of  the wash-in 
curve were significantly associated with disease-free sur-
vival; time to peak intensity was also significantly associ-
ated with overall survival[125]. Furthermore, they concluded 
that CEUS is a useful tool for predicting early efficacy of  
sunitinib in metastatic renal cell carcinoma patients[125].

Hepatocellular carcinoma
Hepatocellular carcinoma (HCC) is the second common 
malignant liver tumor and the most common primary liver 
cancer, usually occurring as a complication of  chronic 
liver disease and most often arising in a cirrhotic liver. 
The accurate and early diagnosis of  HCC is essential for 
treatment of  the affected patients. Surgical resection, liver 
transplantation, percutaneous alcohol ablation and radio-
frequency ablation are potentially curative therapies. On 
grey-scale sonography, HCCs may be hypoechoic (26%), 
hyperechoic (13%) or have mixed (61%) echogenicity 
depending on the size of  the tumor, the fat content, the 
degree of  differentiation and the scarring of  necrosis[126]. 
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Figure 5  B-mode image of a metastasis from a colon cancer to the liver ap-
pearing hyperechoic with a dark halo.

Figure 6  Contrast-enhanced ultrasound B-mode image of a colon cancer 
metastasis (same as in Figure 5) in the arterial phase showing marked 
hyperenhancement in the right panel. Note also the dark centre of the tumor, 
indicating a necrotic portion of the metastasis.
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Figure 7  Contrast-enhanced ultrasound B-mode image of a colon cancer 
metastasis (same as in Figure 5) in the sinusoidal (late) phase, showing 
marked hypoenhancement in the right panel.
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HCCs with well-demarcated margins, perilesional halos or 
a hypoechoic pattern have a greater rate of  detection by 
ultrasonography (Figure 8). Controversially, infiltrative or 
iso-hyperechoic HCCs without peripheral halos, as well as 
HCCs with internal septa or posterior echo enhancement, 
are harder to detect, with lower reported sensitivities. The 
use of  Doppler in HCC can sometimes reveal a basket 
pattern around the tumor, depicting the anatomy of  the 
arterial tumor supply (Figure 9).

When CEUS is applied, HCCs are typically character-
ized by hypervascularity in the arterial phase. Using real-

time evaluation with low MI, early and usually intense arte-
rial enhancement is identified and in most cases a feeding 
artery is clearly visible. Tumor vessels, often appearing 
with a basket-like pattern, tend to enhance in a centripetal 
fashion extending from the periphery to the centre of  the 
tumor (Figure 10). Arterial enhancement may be inhomo-
geneous, because the tumor contains septa, regions of  dif-
ferent tissue differentiation and shunting among the neo-
formed vessels, and sometimes necrosis[127]. Because of  
the high circulation velocity within HCC, there is relatively 
rapid nodular washout, often starting in the portal phase 
(Figure 11). Typically, HCC is hypovascular (hypoechoic) 
during the late phase of  perfusion (Figure 12). At the same 
time, normal liver parenchyma increases the echogenicity 
and homogeneity because of  portal venous enhancement.

Surveillance of  patients at risk of  developing HCC is 
based on ultrasound examinations performed at either 6 
or 12 mo intervals. Early detection of  HCC in patients 
with cirrhosis is a clinical challenge, since the different en-
tities that are involved in the multi-step process of  hepato-
carcinogenesis, such as low-grade and high-grade dysplas-
tic nodule, share common ultrasonic features. However, 
CEUS allows for reliable detection of  arterial angiogenesis 
associated with a malignant transformation. When whole 
lesion enhancement or mosaic enhancement in the arte-
rial phase with an enhancement defect in the portal phase 
was regarded as a positive finding of  HCC, a sensitivity of  
92% and a specificity of  87% were found[128]. It has been 
shown that the ability of  CEUS to diagnose HCC cur-
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Figure 8  B-mode image of hepatocellular carcinoma with well-demarcated 
margins and a perilesional halo.
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Figure 9  Color Doppler in hepatocellular carcinoma reveals a basket pat-
tern around the tumor, illustrating the anatomy of the arterial tumor supply.
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Figure 10  Contrast-enhanced ultrasound allows for visualization of the 
arteriogram of hepatocellular carcinoma in the early arterial phase. The 
feeding vessel is visible on the tumor right side. Typically there is initial periph-
eral enhancement before the centripetal influx to the center of the tumor.
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Figure 11  The portal phase of hepatocellular carcinoma. Because of high 
circulation velocity within hepatocellular carcinoma, there is relatively rapid 
washout, often starting in the portal phase.
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Figure 12  The sinusoidal (late) phase of hepatocellular carcinoma is shown. 
Typically, hepatocellular carcinoma is hypovascular (hypoechoic) during the late 
phase of perfusion confirming the malignant nature of the tumor.
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rently approaches that of  optimized multi-detector CT or 
dynamic MR imaging protocols[129-136]. The use of  CEUS 
to characterize nodular lesions in cirrhosis have been rec-
ommended by the clinical practice guidelines issued by 
the European Federation of  Societies for Ultrasound in 
Medicine and Biology and the American Association for 
the Study of  Liver Diseases[115].

Pancreas
The pancreas, lying deep to the stomach and duodenum, 
is among the most inaccessible organs in the body for 
visualization with ultrasonography. Hence, confirmation 
of  pancreatic disease has remained a great challenge in 
clinical imaging. However, transabdominal ultrasonogra-
phy has developed to be a useful tool in the differential 
diagnosis of  pancreatic tumors because the technique is 
inexpensive, easy to perform, and widely available. Never-
theless, only after the introduction of  second-generation 
contrast media[3], has transabdominal sonography yielded 
results comparable to those of  other diagnostic modali-
ties. CEUS can be used to improve detection of  pancre-
atic lesions or to characterize pancreatic lesions already 
visible with ultrasonography. Furthermore, the staging of  
some pancreatic lesions can be improved by the use of  
contrast media. However, there is an important difference 
between a pancreatic CEUS study and the well-established 
liver CEUS study: the blood supply of  the pancreas is 
entirely arterial and the enhancement of  the gland begins 
almost together with the aortic enhancement. With CEUS 
the enhancement reaches its peak between 15 and 20 s 
after injection of  the ultrasound contrast agent. Accord-
ingly, pancreatic tissue enhancement is earlier and shorter 
than that of  the liver because of  the absence of  a venous 
blood supply such as the portal vein in the liver. After a 
marked parenchymal enhancement in the early contrast-
enhanced arterial phase, there is a progressive washout of  
contrast medium with gradual loss of  echogenicity. 

Ductal adenocarcinoma is the most frequent tumor 
of  the pancreas, comprising between 80% and 90% of  
all tumors of  the exocrine pancreas. Ultrasonographic 
findings typically are a hypoechoic lesion with ill-defined 
margins, often with spicules and tending to alter the gland 
contour[137-139]. Characteristically, ductal adenocarcinoma 

shows poor enhancement in all CEUS phases (Figure 13). 
On the contrary, neuroendocrine tumors (NETs) appear 
hypervascular in CEUS imaging. Imaging is important for 
the differentiation between NETs and ductal adenocar-
cinoma in selecting the correct therapeutic strategy and 
determining prognosis. With color- and power-Doppler 
ultrasonography a spotted pattern can sometimes be 
observed inside endocrine tumors[140]. However, Doppler 
signals are not always detected because of  the small size 
of  the lesion or of  the tumor vascular network. Typically, 
NETs show a rapid intense enhancement in the early 
contrast-enhanced phases (Figure 14), with the exception 
of  possible necrotic intralesional areas.

Gastrointestinal tract
Colon cancer is one of  the world’s most common malig-
nancies. The main therapy is surgical resection. To diag-
nose colon cancer, endoscopy is the preferred method, 
but in many places around the world, X-ray is still used. 
Using ultrasonography, the normal gastrointestinal (GI) 
wall is visualized as a layered structure consisting of  5 to 
9 layers, depending on transmitted frequency[141-143]. When 
digestive cancers develop, the wall layers become blurred, 
wall thickness is increased, and the ultrasound appearance 
of  the GI wall resembles a kidney, i.e. pseudo-kidney 
sign or target lesion. However, CEUS does not yet have 
a place in the work-up of  patients with suspected colonic 
cancer.

In oncology, early evaluation of  targeted treatment 
response with functional imaging is of  major importance. 
Dynamic CEUS is now recognized as a functional imaging 
technique able to evaluate new antiangiogenic drugs tar-
geting cancers in the abdomen. This therapy evaluation is 
based on analysis of  the curve of  signal intensity over time 
after injection of  ultrasound contrast agents (Figure 15).  
Novel quantification software allows for objective quan-
tification of  tumor perfusion parameters including maxi-
mum intensity of  enhancement, mean transit time, time 
to peak, and wash-in slope coefficient. CEUS allows for 
early prediction of  tumor response to treatment based 
on changes in vascularity, before morphological changes 
become apparent[144]. Lassau and co-workers evaluated 
CEUS with perfusion software as a predictor of  early 
tumor response to imatinib (Glivec) in c-kit-positive gas-
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Figure 13  Ductal adenocarcinoma (between arrows) of the pancreas 
showing poor enhancement in the arterial phase. The same is true for the 
late venous phase.
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Figure 14  Neuroendocrine tumour (arrow) shows a rapid intense enhance-
ment in the early arterial phase of contrast-enhanced ultrasound examination.
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trointestinal stromal tumors (GISTs)[145]. They studied 
59 tumors with metastases or a recurrence from a GIST 
prospectively and found that initial contrast uptake at day 
1 was predictive of  the future response[145]. A strong cor-
relation was found between the decline in tumor contrast 
uptake at days 7 and 14 and tumor response[145]. They 
concluded that CEUS is a non-invasive imaging technique 
that allows the early prediction of  tumor response in c-kit-
positive GISTs treated with Glivec[145].

Tumor growth is dependent on both endothelial and 
tumor cells. One question is whether changes in tumor 
vasculature are implicated in tumor tissue degeneration 
during antiangiogenic therapies. In a study using CEUS, 
it was shown that tumor cells abruptly became necrotic 
following antivascular therapy, whereas untreated tumors 
were protected from degeneration by a significant blood 
supply[146]. Because antiangiogenic therapies inhibit the 
growth of  new tumor-associated blood vessels, as well as 
prune newly formed vasculature, they would be expected 
to reduce the supply of  oxygen and thus increase tumor 
hypoxia. Franco and co-workers used DC101, an anti-
vascular endothelial growth factor receptor 2 antibody 
to study tumor hypoxia[147]. Using ultrasonography, they 
observed consistent reductions in microvascular density, 
blood flow, and perfusion[147]. The increase in tumor hy-
poxia was evident within 5 d and remained so throughout 
the entire course of  treatment[147]. These results suggest 
that sustained hypoxia and impairment of  vascular func-
tion can be 2 consistent consequences of  antiangiogenic 
drug treatment.

Concluding remarks
It is a challenging task to quantify and predict which 
bubble phenomenon occurs under which acoustic condi-
tion, and how these may be utilized in ultrasonic imaging. 
Aided by high-speed photography, our improved under-
standing of  encapsulated microbubble behavior will lead 
to more sophisticated detection and delivery techniques.

More sophisticated methods use quantitative approach-
es to measure the amount and the time course of  bolus 
or reperfusion curves and have shown great promise in 
revealing an effective tumor response to anti-angiogenic 

drugs in humans before tumor shrinkage occurs. These 
are beginning to be accepted into clinical practice. In the 
long term, targeted microbubbles for molecular imaging 
and eventually for directed anti-tumor therapy are ex-
pected to be developed.

In principle, in any perfused region that can be reached 
by ultrasound, ultrasound-directed drug delivery could 
be performed. However, since the ultrasonic fields used 
with diagnostic ultrasound scanners differ greatly per 
organ targeted, some regions will be far from ideal. The 
ultrasonic frequencies transmitted in endoscopy are much 
higher than the resonance frequencies of  conventional 
ultrasound contrast agents. Therefore, for such applica-
tions, smaller carriers will have to be developed for ultra-
sound-directed drug delivery.

In conclusion, combining ultrasound contrast agents 
with therapeutic substances may lead to simple and eco-
nomic methods of  treatment with fewer side effects, us-
ing conventional ultrasound scanners. Ultrasound-directed 
drug delivery has great potential in the treatment of  ma-
lignancies in the digestive system.
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