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Tissue harmonic and contrast-specific
imaging: back to gray scale in ultrasound

Abstract The development of new
US techniques that produce images
based on nonlinear acoustic effects
of US interaction with matter or mi-
crobubble contrast agents has
opened new prospects for gray-scale
US in native tissue and contrast im-
aging. Tissue harmonic imaging uses
higher frequencies generated on
propagation of the US beam
through matter to improve image
quality and resolve small anatomic
structures and details, and is be-
coming a routine approach in US
examination of many abdominal
districts. Contrast-specific imaging
techniques display enhancement of
US agents in gray-scale with optimal
contrast and spatial resolution, and
offer high sensitivity either to mi-
crobubble movement or to micro-
bubble destruction in dependence of
the level of the applied acoustic

peak pressure. Owing to the ability
to exploit the microcirculation, con-
trast-specific techniques have en-
abled the evolution of contrast US
from vascular imaging to the imag-
ing of perfused tissues. Several
studies have shown that these meth-
ods can substantially improve US
detection and characterization of
focal liver lesions, and promising re-
sults have been reported in other
areas of investigation. This article
reviews physical principles, techni-
cal issues, and clinical applications
of tissue harmonic and contrast-spe-
cific imaging. It is foreseen that the
new gray-scale US techniques will
rapidly become a tool in numerous
clinical scenarios.

Keywords Tissue harmonic
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agents - Ultrasound technology

Introduction

Over the past decade, the most important advances in
US have taken place in the Doppler technology. The
combination of color and power Doppler imaging with
US contrast agents, in fact, has dramatically improved
the ability of the Doppler techniques to explore the
vascular system, allowing evaluation of even small and
deep vessels.

However, the development of new US techniques
that produce images based on nonlinear acoustic effects
of US interaction with matter or microbubble contrast
agents — including tissue harmonic and contrast-specific
imaging — has recently brought attention back to gray-

scale US. Tissue harmonic imaging, by using higher fre-
quencies generated on US propagation through matter,
substantially improves image quality with respect to
conventional (fundamental mode) US. Contrast-specif-
ic imaging techniques, by displaying microbubble en-
hancement in gray-scale, maximize contrast and spatial
resolution, and enable the evaluation of the microcircu-
lation, thus prompting the evolution of contrast US
from vascular imaging to the imaging of perfused tis-
sues.

This article gives an overview of tissue-harmonic and
contrast-specific gray-scale US imaging by discussing
physical principles, technical issues, and potential clini-
cal applications.
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Tissue harmonic imaging
Physical principles

In tissue harmonic imaging, harmonic frequencies are
generated on propagation of the US beam through tis-
sue, not on reflection from an object such as in contrast
harmonic US [1, 2, 3]. Harmonics are generated on
pulse propagation because water (and tissue) is not fully
incompressible. Slight changes in density, in fact, occur
when an acoustic pressure is applied. These changes in
density affect the velocity of US propagation through
water: US is a little faster at the peaks of waves than in
the troughs. This leads to a slight change in the shape of
the wave as it propagates. At each instant in wave
propagation, a very small amount of harmonics is gen-
erated [2].

This phenomenon is defined by the following equa-
tion [4]:

Py~ (B/A+Z)%d P2,

where P, is the second harmonic, B/A is a nonlinear
parameter of the tissue (i.e., 5.2 for water), f is frequen-
cy of insonification, p is density of tissue medium, v is
acoustic velocity, p,. is applied acoustic pressure, and d
is distance of propagation.

From this equation, it can be inferred that harmonic
generation increases with distance of propagation and
that source pressure and second harmonic pressure have
a nonlinear relation. These two aspects have a substan-
tial role in understanding why tissue harmonic imaging
can improve image quality.

The growth in harmonic frequencies with distance is
a consequence of the mechanism of their generation.
The original pulse, in fact, is composed only of the
fundamental frequencies and, as soon as it propagates
through tissue, energy builds at the second harmonic
frequency. After a few centimeters, enough energy has
been converted from the fundamental frequency to
produce a significant harmonic frequency energy wave.
Because much of the artifact in a US image is related
to reverberations and scattering at or near the body
wall, these artifacts contain relatively little harmonic
frequency energy; hence, imaging in the harmonic
range will eliminate much of the near-field artifacts
[2].

The nonlinear relation between fundamental fre-
quency energy and harmonic frequency energy can be
understood by considering that harmonics are gener-
ated by the change in density of water and the cor-
responding changes in US velocity through water.
These changes occur more dramatically with higher
energy waves than with lower energy waves; thus, the
generation of harmonics is related nonlinearly
(squared relation between P, and p,.) to fundamental
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Fig.1 Beam profiles of fundamental frequency (dashed line), sec-
ond harmonic frequency (dotted line), and amplified second har-
monic frequency (solid line). Second harmonic beam profile, al-
though much weaker than the fundamental one, has substantial
reduction of side lobes with respect to central beam. When second
harmonic is amplified to bring central beam signal up to the
strength of the fundamental frequency, side lobes remain consid-
erably lower in strength than side lobes in fundamental frequency

frequency energy. Weak fundamental frequencies
produce almost no harmonic frequency energy,
whereas strong fundamental waves generate consider-
able harmonic frequency energy. This is crucial be-
cause much of the artifacts in US result from aber-
rant propagation that is considerably weaker than the
central imaging beam.

The beam profile at the fundamental frequency has a
strong central lobe and weaker but still significant side
lobes, which are responsible for much of the clutter that
occurs (Fig. 1). Side-lobe artifacts result when US ener-
gy outside the main US beam hits an interface and is
reflected back to the transducer, producing artifactual
echoes. The beam profile obtained at the second har-
monic frequency shows a substantial reduction in side-
lobe energy with respect to the central beam. If the sec-
ond harmonic signal is amplified to bring the central
beam signal up to the original fundamental amplitude,
the side lobes remain considerably below where they
would have been in fundamental frequency energy im-
aging (Fig. 1). As a result, much of the near-field arti-
facts can be eliminated [2, 3].

Technical issues

The amount of harmonic frequency energy returning
from tissue is much less than that returning at the fun-
damental frequency. The benefit of harmonic frequency
imaging is therefore dependent on elimination of the
fundamental frequency. To this aim, instrumentation
must meet some important requirements [2]. Firstly,
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Fig.2a, b Effects of narrowing of band pulse and sharp filter on
frequency spectrum passed to demodulator. a When using a wide-
band pulse filtered signal keeps substantial fundamental compo-
nent. b In contrast, use of narrow band pulse results in purely har-

monic filtered signal

since 10-20 dB of signal strength are lost using harmonic
imaging, a wide dynamic range is needed to preserve
signal-to-noise ratio and to image this relatively weak
signal. Secondly, the transmitter must emit a smooth
pulse, with frequencies contained in a narrow band with
very little energy at the harmonic frequency. Since US
beam width is the principal determinant of lateral reso-
lution, the reduced width of the US beam in tissue har-
monic imaging improves lateral resolution [5]. This
narrow band pulse must be coupled with a sharp re-
ceiver filter, so that only the harmonic frequencies are
passed to the demodulator (Fig.2). When all these
technical requirements are met, the improvement in
image quality provided by tissue harmonic imaging can
be substantial [5].

Fig.3a, b Renal cyst. a Conventional US image in fundamental
mode is degraded by reverberation and side-lobe artifacts. b In
tissue harmonic imaging, the overall image quality is improved and
cystic content is blackened

Clinical applications

Tissue harmonic imaging has been shown by many au-
thors to improve image quality by increasing signal-to-
noise ratio — as a result of the reduction of side-lobe ar-
tifacts — and enhancing lateral resolution owing to the
narrower width of the US beam with respect to that of
the fundamental beam [5, 6, 7]. These properties enable
tissue harmonic imaging to obtain an image in which
tissues appear brighter and cavities appear darker and
to resolve small anatomic structures and details [7, §].
Reverberation and side-lobe artifacts commonly de-
grading the assessment of fluid-containing lesions, par-
ticularly in obese patients, are substantially reduced,
and posterior acoustic enhancement is more easily
demonstrated, allowing accurate characterization (Figs.
3, 4). Tissue harmonic imaging has also been shown to
increase lesion conspicuity, improving delineation of
low-contrast solid lesions (Figs. 5, 6). Moreover, elimi-
nation of reverberation artifacts and diminished defo-
cusing effects of ample subcutaneous fat in tissue har-
monic imaging permit more reliable demonstration of
acoustic shadowing from stones or calcifications (Fig. 7)

[7].

The advantages of tissue harmonic imaging over
fundamental mode US have been shown mainly in the
evaluation of abdominal pathologic findings. Shapiro
et al. [5] performed a prospective analysis in 89 patients
to compare the image quality of tissue harmonic imag-
ing with that of fundamental mode in abdominal US.
For tissue harmonic imaging, the transmitted frequency
was 2.0 MHz, and the received frequency was 4.0 MHz.
Tissue harmonic imaging outperformed fundamental
mode for penetration, detail, and total image quality in
the large majority of the examinations. Choudhry et al.
[8] confirmed that tissue harmonic imaging was superior
to conventional US with regard to lesion visibility and
diagnostic confidence, especially for depicting cystic le-

———
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Fig.4a,b Small pancreatic
cyst. a On the conventional US
image, the tiny focal lesion of
the pancreatic body (arrow) has
solid-like appearance. b Tissue
harmonic image shows its cystic
nature by demonstrating an-
echoic content with posterior
acoustic enhancement

Fig.5a,b Hepatocellular car-
cinoma. a Conventional US
shows small hepatocellular car-
cinoma in cirrhotic liver (ar-
rows). b Tissue harmonic image
better delineates the lesion and
shows a tiny satellite nodule
(arrow) that was not prospec-
tively called in fundamental
mode

sions and those containing echogenic tissues such as fat,
calcium, or air.

In the series of Cioni etal. [9], 68 abdominal or
pelvic abnormalities — including nodular lesions of liv-
er, pancreas, or spleen; abdominal or pelvic lymphoa-
denopathies; cystic lesions of liver, kidney, pancreas, or
ovary; and biliary or renal stones — were examined
with both conventional US and tissue harmonic imag-
ing. Masked images were then reviewed, and overall
image quality, lesion conspicuity, quality of lesion de-
lineation, and confidence in diagnosis were assessed.
The overall image quality of tissue harmonic imaging
was shown to be better than that of conventional US,
with the highest difference observed in cystic lesions
and stones. Lesion conspicuity and quality of lesion
delineation also reached a higher score in tissue har-
monic than in conventional US images, although the
confidence in final diagnosis was not significantly in-
creased.

Two recent studies compared tissue harmonic imag-
ing with conventional US in the study of focal liver le-
sions. In one series [10] tissue harmonic imaging pro-

vided the same information as conventional US in 71 %
of patients but added information in the remaining
29 %. In addition, 17 % of patients had lesions revealed
by tissue harmonic imaging only, and 10 % of patients
had a change in therapeutic approach based on tissue
harmonic imaging findings. In another study [11], a total
of 15 reviewers reviewed 100 randomly arranged liver
images, a fundamental gray-scale and a tissue harmonic
image of each of 50 patients taken from the same sec-
tion. The overall accuracy for detecting lesions was sig-
nificantly better with tissue harmonic imaging than with
fundamental mode, with the highest difference found in
patients with liver cirrhosis. In this group the correct
diagnosis of hepatocellular carcinoma was achieved at a
higher rate with tissue harmonic imaging than with fun-
damental US.

Ortega et al. [12] compared tissue harmonic imaging
with conventional US of the biliary tract in 80 patients.
Final diagnoses included malignant biliary obstruction,
choledocholithiasis, sclerosing cholangitis, normal or
nonobstructed ducts, and miscellaneous conditions.
Similar images were taken with each technique in terms
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Fig.6a,b Bladder carcinoma.
a In the conventional US im-
age, the relationship of the tu-
mor with the bladder wall is
unclear. b Tissue harmonic im-
age shows pedunculated lesion

of projection, field of view, focal zone selection, and ev-
idence of disease. Two separate observers blinded to
patient data and technique reviewed and graded images
individually for the appearance of the lumen of the bile
ducts, the length of the visible duct, the appearance of
the duct wall, the presence of any intraluminal masses,
and the appearance of associated acoustic shadows. The
median of tissue harmonic images was one grade higher
than the median for the corresponding conventional
images. Improvements with tissue harmonic imaging
included better sharpness of the duct walls, a clearer lu-
men, identification of a longer length of the common
bile duct, and improved detection of intraluminal mass-
es. Acoustic shadows were better defined and blacker
with tissue harmonic imaging.

Fig.7a,b Renal stone. a On the conventional US image, the stone
(arrow) does not show acoustic shadowing. b Tissue harmonic im-
age delineates the stone much better and clearly outlines acoustic
shadowing

These early experiences show that tissue harmonic
imaging can substantially improve image quality in ab-
dominal US, particularly in those instances in which
conventional US is not fully satisfactory, and are
prompting the routine use of tissue harmonic imaging in
the examination of several abdominal districts [12, 13,
14, 15].

Contrast-specific imaging

Physical principles

Stabilized microbubbles act as effective vascular echo
enhancers due to the large difference in acoustic im-
pedance compared with the surrounding blood, and
were, in fact, primarily designed as blood pool agents.
Microbubble contrast agents contain either air (“first-
generation contrast agents”: Levovist, Schering, Berlin,
Germany; and Albunex, Mallinckrodt, St. Louis, Mo.)
or other gases (“second-generation contrast agents”),
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including sulfur hexafluoride (SonoVue, Bracco, Milan,
Italy) and perfluorocarbons (Optison, Mallinckrodt/
Nycomed Amersham, Oslo, Norway; Echogen, Sonus/
Abbott, Bothell, Wash; Definity, Du Pont Merck, North
Billerica, Mass.; and others) [16, 17, 18, 19, 20, 21]. Sec-
ond-generation contrast agents have been shown to
have prolonged longevity due to the lower solubility of
their gases with respect to air. Another new class of
contrast agents, which includes Sonazoid (Nycomed
Amersham), Sonovist (Schering), and BR14 (Bracco), is
characterized by reticuloendothelial uptake, which fol-
lows the vascular phase [21, 22, 23, 24, 25, 26].

For several years the major diagnostic objective in
using US contrast agents has been to detect flow in
the circulation at a lower level than that otherwise
possible in Doppler techniques; however, it turned out
that enhanced color and power Doppler could provide
fine details on small and deep vessels, but were not
sensitive enough to detect contrast agents in the mi-
crocirculation [27, 28]. New US techniques based on
specific properties of US contrast agents have there-
fore been introduced. These contrast-specific imaging
techniques can display microbubble enhancement in
gray-scale, thus maximizing contrast and spatial reso-
lution, and enabling evaluation of the microcircula-
tion. As a matter of fact, these techniques were in-
strumental in permitting the evolution of contrast US
from vascular imaging to the imaging of perfused tis-
sues.

The novel gray-scale contrast-dedicated techniques
are based on the complex interactions between micro-
bubbles and US beam. The major determinant of this
interaction is the peak negative pressure of the trans-
mitted US pulse, grossly reflected in the mechanical in-
dex (MI) [29]. By scanning with a low peak pressure
(0-100 kPa), microbubbles behave as linear backscat-
terers, alternatively contracting and expanding accord-
ing to the positive and negative pressures of the sinuso-
idal sound waves. This results in simple reflection of US
echoes. As the incident peak pressure increases
(100 kPa to 1 MPa), however, microbubbles begin to
show nonlinear characteristics and start emission of
harmonics. Harmonics are created, since on the nega-
tive portion of the sound waves, microbubbles can be-
come quite large, but on the positive portion there is a
limit to which they can contract: This asymmetry is what
constitutes the harmonic emission. With further in-
crease in the peak pressure of the incident US field, al-
though still within accepted limits for diagnostic imag-
ing, the shell of the microbubbles is disrupted: During
this process a transient, strong, nonlinear echo is emit-
ted [21, 29].

The novel gray-scale contrast-enhanced techniques
use the microbubbles nonlinear and transient scattering
properties to enhance signals from the contrast agents
over the tissue. Different strategies were followed to

cancel fundamental linear components and highlight the
nonlinear harmonic components. In the methods
termed “pulse or phase inversion” (ATL-Philips, Bot-
hell, Wash.; Siemens Medical Systems, Issaquah, Wash.)
[30, 31, 32, 33], two identical but inverted pulses are
transmitted down each ray line: any linear target which
responds equally to positive and negative pressures will
reflect back to the transducer equal but opposite wave-
forms. These are then added in the beamformer and all
linear targets cancel. Microbubbles respond differently
to positive and negative pressures and do not reflect
identical inverted waveforms; hence, when these wave-
forms are added, they do not cancel completely, and the
harmonic components add, giving strong signal. Alter-
nate methods, such as the “C-cube mode” (Esaote Bio-
medica, Genoa, Italy) rely on the transmission of two
identical pulses down each ray line and on the compari-
son of returning signals: This enables identification of
the nonlinear response.

These techniques offer high sensitivity either to mi-
crobubble movement or to microbubble collapse in
dependence of the level of the applied acoustic peak
pressure. At low acoustic peak pressure levels (low
MI), the microbubble destruction can be reasonably
neglected and the microbubble movement effect (due
to blood circulation) is predominant. Conversely, when
increasing the acoustic peak pressure levels (high MI),
the destruction phenomena become most important:
The signal, in fact, is produced by microbubble col-
lapse, and is related to microbubble concentration and
not to blood flow velocity. As a consequence, very slow
blood flow in microcirculation and stationary blood
(i.e., in hepatic sinusoids) can be detected (Figs. 8, 9)
[34].

Technical issues

In gray-scale US, contrast agents cannot be depicted in
the microcirculation and do not create enhancement of
liver parenchyma when the fundamental mode is used.
The echo from the tissue is still far too strong, compared
with that from the small volume of contrast agent in the
microcirculation of the tissue itself. The simplest meth-
od for displaying microbubbles over tissue is to destroy
the microbubbles themselves by using a contrast-specif-
ic technique with high US power (high MI). Destruction
of the microbubbles results in a strong, transient effect
that may be seen as intense enhancement only on the
first frame of the US scan: The interval between frames,
in fact, is far too short to allow replenishment of the
scanning plane with new microbubbles. It is therefore
essential to wait a minimum time interval of 10-15s
between each sweep to have replenishment of new mi-
crobubbles: This is why the method is known as “inter-
val delay” or “intermittent” imaging.
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Fig.8a,b Pulse inversion im-
aging of the liver. a Ultrasound
in fundamental mode hardly
shows focal lesion (arrow) that
is isoechoic with respect to liver
parenchyma. b In the pulse in-
version image obtained in the
late phase following contrast
injection, liver parenchyma is
enhanced due to destruction of
microbubbles in hepatic sinu-
soids. As a result, contrast be-
tween lesion and liver is in-
creased

Fig.9a,b C-cube imaging of
the liver. a Ultrasound in fun-
damental mode shows multiple
focal lesions that are hyper-
echoic with respect to liver pa-
renchyma. b In the C-cube im-
age obtained in the late phase
following contrast injection,
destruction of microbubbles in
hepatic sinusoids results in
strong enhancement of liver
parenchyma, with focal lesions
remaining unenhanced. Nu-
merous additional small nod-
ules become visible

This method has found interesting application in the
study of the liver. Interval delay or intermittent imaging,
in fact, can nicely depict the differential perfusion ki-
netics between normal liver tissue and tumors, thus im-
proving lesion detection and characterization. It can be
performed by using either first- or second-generation
US contrast agents [35, 36, 37].

When the US examination is aimed at lesion detec-
tion, scanning is typically started in the late liver paren-
chymal phase. This usually means a delay of 2-5 min
from the injection of the contrast agents to scanning, a
time interval that allows microbubbles to replenish he-
patic sinusoids and possibly be phagocytosed by Kupffer
cells. The key of the method is to perform a series of
sweeps that could enable adequate coverage of the
whole liver parenchyma, avoiding microbubble de-
struction in the liver volume adjacent to the one under
interrogation. Cine loops of each sweep are then re-
viewed, and liver tumors, appearing as focal defects, are
assessed (Fig. 10) [30, 31, 33, 34, 35].

If the US examination is aimed at lesion character-
ization, the best scan plane to image the lesion is se-

lected, and intermittent images are acquired following
bolus injection of the contrast agents. It is important
to obtain images reflecting the arterial phase (15-25s
after the start of the injection), the portal in-flow
phase (40-55s), the full portal phase (70-85s), and
the delayed phase (180-200s) to have a precise as-
sessment of the lesion enhancement pattern. Since fo-
cal hepatic lesions show, to some extent, differences in
blood supply, it is possible with this technique to
characterize benign and malignant tumors (Fig. 11)
(36, 37, 38, 39].

A limitation of this destructive high-MI method is
that it only produces a transient display of contrast
agent. This may cause inhomogeneity of enhancement,
especially in the near field, as well as shadowing arti-
facts from larger vessels carrying high concentration of
the contrast agent. Moreover, this method has limited
penetration. Newer techniques based on the higher
harmonic emission capabilities of second-generation
contrast agents, such as “contrast tuned imaging” (Esa-
ote Biomedica), overcome some of these limitations.
Their main advantage is that a lower, nondestructive US
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Fig.10a,b Late-phase scan-
ning of liver parenchyma aimed
at lesion detection. a Conven-
tional US detects a question-
able small focal lesion (arrow)
at the anterior margin of the
liver. b In the C-cube image
obtained 3 min after contrast
injection liver parenchyma is
homogenously enhanced, and
focal lesion, corresponding to
liver metastasis, is easily de-
tected

power (very low MI) is used, which enables continuous
imaging without the need for time intervals between
scans for contrast replenishment [40].

The continuous scanning permitted by very low-MI
techniques facilitates examination of liver parenchyma
and improves detection of focal lesions, including hy-
pervascular tumors. Nevertheless, for lesion character-
ization based on accurate assessment of tumor vascu-
larity and neoangiogenesis, the interval-delay modality
at high MI described above can be combined [39, 40],
and offer advantages. Ultrasound imaging strategy may
consist of preliminary continuous scanning at low MI to
detect contrast arrival and evaluate the tumoral vascu-
lar morphology. An interval-delay scan at high MI may
then be performed during the arterial as well as the
portal venous phase to accentuate the differential vas-
cularity between tumor and normal liver tissue. It has to
be considered, however, that for lesions with very slow
internal flow, such as liver hemangiomas, the protocol
needs to be tailored to demonstrate the centripetal pro-
gression of the peripheral nodular enhancement by in-
creasing the interval delays to allow for the accumula-
tion of agents throughout the lesion. For contrast agents
with liver-specific parenchymal phase, a late sweep over
the lesion is performed using any of the nonlinear im-
aging modality either at low MI for second-generation
contrast agents or high MI for first-generation contrast
agents.

Clinical applications
Liver lesion detection
Worldwide, US is the most commonly used imaging
modality to screen for focal liver disease. Populations

at high-risk to develop either primary or secondary
hepatic tumors, such as patients with liver cirrhosis

and those with an history of extrahepatic malignancy,
are usually followed-up with US examination per-
formed every 6 months in order to detect malignant
lesions at an early stage. Early detection of primary
and secondary liver malignancies, in fact, greatly en-
hances the possibility of curative surgical resection or
successful percutaneous ablation. Unfortunately, US
has a limited sensitivity in the detection of small tumor
nodules, especially in the setting of cirrhotic patients
or oncology patients undergoing chemotherapy. Spiral
CT and MR imaging offer higher sensitivity than con-
ventional US but are not suitable for most screening
programs.

The goal of improving lesion detection with contrast-
specific US techniques has been initially pursued by
imaging with high MI (destructive mode) in the late
phase following the administration of either first-gener-
ation or second-generation contrast agents. Dalla Palma
et al. [30] evaluated the capability of contrast US, per-
formed by using pulse inversion harmonic imaging, to
detect liver metastases in comparison with fundamental
B-mode US and spiral CT. Thirty-six consecutive pati-
ents with known malignancies and proved or suspicious
liver metastases on baseline US were examined with
contrast US performed 2, 4, and 6 min following bolus
administration of 2.5 g Levovist at the concentration of
300 mg/ml. The optimum parenchymal enhancement
and contrast difference between liver and metastases
was observed during the 2-min measurements. Contrast
US revealed more lesions than fundamental B-mode US
in 56 % of patients, and more lesions than spiral CT in
22 % of patients; however, in 5 % of patients with lesions
mainly located in anterior superficial and deep liver ar-
eas spiral CT showed more lesions than contrast US.
Harvey et al. [31] investigated 20 consecutive patients
with known liver malignancies that underwent US in
conventional B mode and in pulse inversion mode in the
late parenchymal phase after intravenous administra-
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Fig.11a-d Interval-delay
scanning of focal liver lesion
aimed at tumor characteriza-
tion. a Baseline US shows solid
hypoechoic tumor. b Contrast-
enhanced C-cube image ob-
tained in the arterial phase
shows strong and homogeneous
enhancement of the tumor. ¢ In
the portal phase, tumor starts
wash-out of contrast, and liver
parenchyma is enhanced, re-
sulting in better delineation of
hypoechoic tumor capsule. d In
the delayed phase, the lesion is
hypoechoic to liver. Findings at
the US study are consistent
with hepatocellular carcinoma

tion of Levovist. Subjective and objective lesion con-
spicuity were improved with pulse-inversion mode, and
smaller lesions were depicted with pulse-inversion
mode than with conventional B mode, improving the
detection of metastases less than 1 cm in size. Kim et al.
[32] and Albrecht etal. [33] confirmed that delayed
contrast US was superior to unenhanced imaging in
terms of lesion detection rate, lesion conspicuity, and
lesion-to-liver contrast. The superiority of contrast US
was especially manifest in the depiction of very small
lesions, down to 2 mm in size.

From these experiences, it appears that the US sen-
sitivity in lesion detection can be substantially increased
with the use of contrast-specific imaging. Improved de-
tection of small hypovascular metastases with respect to
baseline US studies, in particular, has been confirmed
by different authors who used different contrast agents
and scanning techniques (Figs. 12, 13). In addition, the
possibility to perform a reliable and comprehensive
continuous real-time examination of the liver paren-
chyma, by using techniques at very low MI in combina-
tion with second-generation contrast agents, seems to
enable even better lesion detection, especially in the
case of hypervascular tumors.

Liver lesion characterization

In focal liver lesions, US findings are often nonspecific,
as there is enough variability and overlap in the US ap-
pearance of benign and malignant tumors to make a
definite distinction problematic. Spiral CT and MR im-
aging, with use of either extracellular or tissue-specific
contrast agents, are commonly used to clarify question-
able US findings. With the introduction of the newer US
techniques, interest has been focused on the evaluation
of the microcirculation of focal liver lesions, with the
aim to improve lesion characterization (Figs. 14, 15, 16,
17) [36, 39, 40].

Kim et al. [36] evaluated contrast agent-enhance-
ment patterns of hepatic lesions at pulse-inversion har-
monic US using a first-generation contrast agent.
Twenty hepatic hemangiomas and 41 malignant hepatic
tumors (33 metastases and 8 hepatocellular carcinomas)
were evaluated. Ultrasound images were obtained be-
fore injection and every 10-15 s after injection of a 4-g
bolus (300 mg/ml) of Levovist for 5 min. Of 20 heman-
giomas, 19 revealed peripheral enhancement, which was
globular in 14 (70%) and rim-like in 5 (25%), with
centripetal fill-in; the remaining one (5% ) showed ho-
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Fig.12a,b Improved detection
of focal liver lesions with use of
contrast-enhanced pulse inver-
sion imaging. a Ultrasound in
fundamental mode detects a
questionable focal lesion (ar-
row). b Pulse inversion image
obtained in the late phase after
contrast injection clearly delin-
eates the small metastasis and
shows an additional 3-mm
metastatic deposit (arrow)

Fig.13a,b Improved detection
of focal liver lesions with use of
contrast-enhanced C-cube im-
aging. a Conventional US de-
tects a small solitary metastasis
(arrow). b C-cube image ob-
tained in the late phase after
contrast injection clearly delin-
eates the lesion and shows two
additional 3-mm metastatic
nodules (arrows)

mogeneous enhancement. In 33 metastases, the en-
hancement was rim-like in 16 (48 %), homogeneous in
7 (21%), and stippled in 2 (6%); in the remaining 8
metastases (24 %), no enhancement was seen. Of 8
hepatocellular carcinomas, 4 (50% ) showed homoge-
neous enhancement and the remaining 4 (50%)
showed heterogeneous enhancement. Centripetal fill-in
of lesions with intratumoral enhancement was not seen
in any malignancy. Bertolotto et al. [37] evaluated the
capabilities of pulse inversion harmonic imaging in
characterization of unifocal liver lesions in 46 consecu-
tive patients. Images were acquired before and 30s,
2 min, and 4 min after bolus administration of Levovist
(2.5 g, 300 mg/ml). Hepatocellular carcinoma was hy-
perechoic on 30-s scan, and hypoechoic (n =5) or iso-
echoic (n = 2) on 2-min scan. Cholangiocarcinoma had
inhomogeneous persistent enhancement. Focal nodular

hyperplasia was hyperechoic (n=5) or isoechoic
(n =2) on 30-s scan, and hyperechoic (n = 4), isoechoic
(n=2) or slightly hypoechoic (n=1) on 2-min scan.
Large hemangioma revealed peripheral enhancement
on 30-s scan which extended centripetally on 2-min
scan. Small hemangioma appeared isoechoic on 2-min
scan in all but 2 cases in which they were hypoechoic
on 2-min scans and hyperechoic on 4-min scan. Me-
tastasis was hypoechoic on all scans, 70 % with rim en-
hancement.

Numata et al. [38] compared findings at contrast-
specific gray-scale US imaging, performed with use of
wideband harmonic mode after intravenous bolus in-
jection of Levovist, with those at spiral CT. In this paper,
57 of 61 hepatocellular carcinomas included in the study
showed hypervascular enhancement, with intratumoral
vessels depicted in 40 of 57 lesions: Spiral CT revealed
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Fig.14a—c Hepatocellular carcinoma. a Baseline US detects a
small hypoechoic lesion (arrow). The tumor shows clear-cut ho-
mogeneous enhancement in b the arterial phase C-cube image,
followed by ¢ wash-out in the late phase

hyperattenuation in 54 of the 61 lesions, whereas the
other lesions showed an equivocal attenuation area.
Wilson et al. [39] used a second-generation US contrast
agent to characterize blood flow in focal hepatic tu-
mors: Lesion enhancement was assessed with continu-
ous, harmonic gray-scale imaging performed with a low
MI after injection of Optison, and brief, high-MI inter-
val-delay imaging, was associated to help determine
tumor vascular volume. In this series, contrast-specific
US imaging enabled accurate assessment of tumor
vascularity. The contrast agent with late reticuloendot-
helial phase Sonazoid was used by Leen et al. [41] to

Fig.15a,b Focal nodular hy-
perplasia of the liver. a The le-
sion shows marked homoge-
neous enhancement in the ar-
terial phase C-cube image, and
b remains slightly hyperechoic
with respect to liver parenchy-
ma in the portal phase

characterize focal liver tumors: The large majority of
malignant lesions, including all of the metastases and
most hepatocellular carcinomas, showed no contrast
uptake in the reticuloendotelial phase and appeared as
complete filling defects. In contrast, benign lesions,
such as focal nodular hyperplasia and hemangiomas,
showed definite contrast uptake. A minority of hepa-
tocellular carcinomas, however, also showed contrast
uptake in the late phase: This behavior was believed to
be associated with well-differentiated tumors contain-
ing Kupffer cells.

Other areas of investigation
Besides liver lesions, the areas of potential clinical in-

terest for contrast-enhanced gray-scale US are numer-
ous. However, as the technique is at a very early stage of
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development, few reports, excluding those related to
cardiological applications, especially with regard to the
evaluation of myocardial perfusion [42, 43, 44, 45], have
been published.

Interest has been attracted by vascular applications of
the new contrast US techniques [46]. Sirlin et al. [47]
compared contrast-enhanced gray-scale US with color
and power Doppler US angiography in the assessment of
atherosclerotic lesions of rabbit aortas. In addition, four
replicas of diseased human carotid arteries were im-
mersed in a tissue-mimicking phantom and imaged with
gray-scale and color and power Doppler US before and
after the administration of the contrast agent. Radio-
paque plastic casts of the rabbit aortas and contact ra-
diographs of the plastic replicas served as standards. Al-
though color and power Doppler US allowed immediate
localization of the lumen, precise estimation of stenoses
and reliable visualization of surface irregularities were
not possible. After contrast administration, angiogram-
like images of the lumen were created with gray-scale
US, allowing rapid assessment of the entire vessel lumen
and wall. Consequently, luminal stenoses were more ac-
curately measured than with unenhanced gray-scale US
or Doppler. In addition, plaques and ulcerations were
visible only with contrast-enhanced gray-scale US.

Fig.16a—d Hepatic hemangioma. a The lesion (arrow) is detected
as a hyperechoic nodule in baseline US scan. b—d After contrast
injection, the lesion, examined by using C-cube imaging and in-
cremental time interval delays, shows peripheral nodular en-
hancement with centripetal progression

Concerning parenchymal organs, interesting studies
focused on kidney and prostate abnormalities. Kim
et al. [48] evaluated the ability of pulse inversion imag-
ing in depicting renal parenchymal changes in acute
pyelonephritis. The detection and conspicuity of renal
parenchymal abnormalities in acute pyelonephritis ob-
served with contrast-enhanced pulse inversion harmon-
ic imaging were significantly better than those on con-
ventional US. Halpern et al. [49, 50] assessed the detec-
tion of prostate cancer with contrast-enhanced trans-
rectal US. Gray-scale imaging was performed in con-
tinuous mode and with intermittent imaging by using
interscan delay times of 0.5, 1.0, 2.0, and 5.0 s. Sextant
biopsy sites were scored prospectively as benign or ma-
lignant at baseline imaging and again during enhanced
transrectal sonography. Baseline imaging demonstrated
prostate cancer in 14 sites in 11 subjects. Enhanced
transrectal US depicted prostate cancer in 24 sites in 15
subjects. The improvement in sensitivity from 38 % at
baseline to 65 % with contrast enhancement was signif-
icant, and no significant loss in specificity was observed.



163

Fig.17a—t Hepatocellular carcinoma treated with radio-frequency
thermal ablation. Before treatment, the lesion (arrow) is detected
as a hypoechoic nodule in a baseline US scan with marked homo-
geneous enhancement on the b arterial phase C-cube image.
¢ Spiral CT confirms hypervascular tumor (arrow). d After the first
radio-frequency treatment session, persistent peripheral enhance-
ment is detected by C-cube image in the anterior aspect of the tu-
mor. e Spiral-CT image confirms the presence of residual viable
enhancing tumor tissue, matching the enhancing portions at con-
trast US. f After second treatment session performed with contrast
US guidance, complete ablation is shown by dual-phase follow-up
CT

Conclusion

Novel gray-scale US techniques, including harmonic
imaging of native tissues and scanning methods based
on nonlinear and transient acoustic effects of US con-
trast agents, has opened new prospects for US. Tissue
harmonic imaging offers an opportunity for a more
rapid, high-quality, and successful US study, and seems
to have the potential to become a routine approach in
most abdominal examination. Convincing reports have
shown that contrast-specific US imaging can substan-
tially improve US detection and characterization of
focal liver lesions, and promising results have been

reported in other areas of investigation. Some issues,
however, are still unresolved. The standardization of
contrast-specific US techniques is a mandatory step to
allow a wide clinical use. The reproducibility and the
comprehensiveness of the contrast US examination is
still to be fully elucidated. Clinical applications outside
the liver are currently at a very early stage, and
further investigation is needed to confirm encourag-
ing preliminary results. Further advances in cur-
rent and future scanning methods will require a com-
plete understanding of the specific properties of each
new contrast agent and of its complex interaction with
US. Nevertheless, it can be foreseen that, with con-
tinuous improvement in US technology and the opti-
mal use of contrast agents, the new gray-scale US
techniques will rapidly become a tool in numerous
clinical scenarios.
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