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Abstract | Ultrasound, which is routinely used
for diagnostic imaging applications, is now
being adopted in various drug delivery and
other therapeutic applications. Ultrasound
has been shown to facilitate the delivery of
drugs across the skin, promote gene therapy
to targeted tissues, deliver chemotherapeutic
drugs into tumours and deliver thrombolytic
drugs into blood clots. In addition, ultrasound
has also been shown to facilitate the healing
of wounds and bone fractures. This article
reviews the principles and current status of
ultrasound-based treatments.

Ultrasound has a long history of use in medi-
cine for diagnostic imaging applications1,2. In
recent years, however, medical ultrasound has
taken on a new life in the form of a flurry of
new therapeutic applications. Ultrasound is
being used, either by itself or in combination
with drugs, in the treatment of diabetes,
stroke, cancer, cardiovascular diseases, infec-
tions, osteoporosis, thrombosis, glaucoma,
nerve damage, skin wounds and bone frac-
tures (FIG. 1). Some of these treatments have
already been approved by the US FDA for
clinical use, whereas others are at various
stages of development. What makes ultra-
sound such a versatile tool in disease manage-
ment? This article summarizes some of the
examples of ultrasound-based therapies and
the principles behind them.

The key to the versatility of ultrasound in
medical therapies lies in the multiplicity of its

interactions with cells and tissues. A medium
exposed to ultrasound experiences periodic
pressure oscillations at a frequency and
amplitude determined by the ultrasound
source. Although simple pressure oscillations
are themselves capable of affecting the cells
and tissues, the secondary effects of pressure
oscillations are often more significant and
capable of yielding therapeutic effects.

The immediate secondary effect of ultra-
sound is the elevation of temperature due to
absorption of sound waves. Tissues possessing
higher ultrasound-absorption coefficients,
such as bones, experience higher temperature
enhancements compared with muscle tissues,
which possess a lower absorption coefficient3.
Perhaps the most significant secondary effect
of ultrasound involves the nucleation, growth
and oscillation of gaseous cavities, a phenom-
enon referred to as cavitation3. Cavitation
involves either rapid growth and collapse of
bubbles (inertial cavitation) or sustained
oscillatory motion of bubbles (stable cavita-
tion). Both types of cavitation induce strong
physical, chemical and biological effects in
tissues (FIG. 2). Stable oscillations of bubbles
induce fluid velocities and exert shear forces
on the surrounding tissues3, whereas the
collapse of cavitation bubbles generates shock
waves with amplitudes exceeding 10,000
atmospheres depending on the bubble size4.
Although cavitation-induced shock waves
persist for a very short period of time, the large
spatio-temporal pressure gradients associated
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in the range of 20 kHz to 16 MHz has been
used to reversibly permeabilize the skin and
allow transdermal drug administration.
Sonophoresis is particularly effective at lower
frequencies (f <100 kHz)7–9. Several drugs,
including hydrocortisone, salicylic acid and
lidocaine, have been delivered in clinical
applications using sonophoresis10. Preclinical
data have been collected for the use of ultra-
sound with several drugs, including insulin
(diabetes treatment), low-molecular-weight
heparin (treatment of deep vein thrombosis),
oligonucleotides (treatment of skin inflamma-
tion) and vaccines10. The use of sonophoresis
for vaccination is particularly appealing
because a transdermally delivered vaccine
can be effectively captured by the skin’s
immune cells.

The mechanisms of sonophoresis have
received considerable attention; the consen-
sus reached is that acoustic cavitation has the
dominant role in sonophoresis, particularly
under low-frequency conditions11. Experi-
mental and theoretical studies have led to a
mechanistic picture which suggests that the
shock waves generated after the collapse of
cavitation bubbles microscopically disrupts
the topmost layer of the skin, the stratum
corneum, and thereby enhances skin per-
meability12. The skin eventually recovers,
possibly through natural barrier-recovery
mechanisms13.

Enhanced uptake in cells and tissues
Ultrasound has been shown to enhance the
uptake of low- and high-molecular-mass
molecules (other than DNA, which is dis-
cussed in the next section) in cells and tissues.
Enhanced uptake is achieved through trans-
iently compromising the integrity of cell
membranes or tissues (a phenomenon termed
sonoporation); by encapsulating the drug in a
carrier and releasing the drug using ultra-
sound at the site of interest; or by a combina-
tion of both mechanisms. Sonoporation, as
well as local release, can provide high drug
concentrations at the site of interest while
minimizing systemic drug exposure. One of
the advantages of sonoporation compared
with other physical methods of transport
enhancement is that ultrasound can be focused
on target tissues to perform minimally invasive
localized therapy.

A large number of studies have shown
that ultrasound enhances drug uptake in
cells, tumours and solid tissues such as the
brain. For example, ultrasound has been
shown to enhance the uptake of radionuclides
(111In-DOTA-Tyr(3)-octreotate) in pancreatic
tumour cells in vitro14. In another study,
ultrasound was shown to inhibit the growth of

and clinical therapies. Some of the most-
studied and well-documented reports are
summarized below.

Enhanced transdermal drug delivery
In 1954, the successful treatment of digital
polyarthritis using hydrocortisone in combi-
nation with ultrasound was reported6. Half a
century later, this technique, named sono-
phoresis or phonophoresis, has emerged as a
powerful tool for facilitating transdermal
drug delivery to achieve needle-free drug
administration (FIG. 3a). Skin, the protective
barrier of the human body, prohibits the
transport of macromolecular drugs such as
proteins, and needles are therefore required as
the primary mode of administration of macro-
molecules. Ultrasound at various frequencies

with shock waves can disrupt tissues. During
the collapse, the temperature of the bubble
core can increase by more than 1,000 K and
induce chemical changes in the medium (an
effect termed sonochemistry5). Of particular
importance is the generation of highly reac-
tive species, such as free radicals, that can
induce chemical transformations in the
surrounding medium. Secondary effects of
ultrasound can eventually be converted into
cellular- or tissue-level effects. The severity of
the effects of ultrasound on tissues is gov-
erned by several parameters, primarily the
frequency and amplitude (power or intensity)
of the ultrasound.

The effects of ultrasound on tissues have
been studied for more than 50 years and many
have been transformed into experimental
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Figure 1 | A partial summary of ultrasound frequencies used for medical applications. Each item in
the figure corresponds to one or more literature reports. The figure provides an overview of the conditions
used for medical ultrasound applications and does not necessarily depict optimal or recommended
conditions. For many applications, more than one condition has been used. Only selected conditions are
represented in the figure for clarity. Ultrasound parameters other than frequency that are also crucial to
medical applications, including the intensity (or pressure amplitude) and duty cycle (pulse width and
repetition frequency), are not listed in the figure, for clarity. A significant clustering of applications is found
around a frequency of 1 MHz.



P E R S P E C T I V E S

administration of micelle-encapsulated doxo-
rubicin and 70-kHz ultrasound exposure24.
Ultrasound has also been used to trigger the
release of drugs from other carriers, includ-
ing liposomes25, self-assembled polymeric
constructs26 and polymeric microspheres27.

A significant number of studies have
described the mechanisms by which ultra-
sound permeabilizes cell membranes and
tissues. Dependencies of transport on ultra-
sound parameters and solute properties have
been investigated in detail28,29. It is com-
monly believed that acoustic cavitation has a
significant — if not the dominant — role in
this phenomenon. Theoretical studies have
been performed to relate the dynamics of
bubble collapse to membrane permeabiliza-
tion30. These studies indicate that collapsing
cavitation bubbles are capable of inducing
structural deformations in cell membranes
and enhance transport. Structural details of
membrane disruption are not completely
clear. However, it is commonly observed, at
least in cell suspensions, that the enhanced
uptake in cells is accompanied by a level of
undesired side effects, such as cell lysis.
Accordingly, striking a balance between
safety and efficacy is important to success-
ful applications of this methodology.
Understanding this balance is crucial in
converting these exciting early studies into
clinical therapies.

leukaemia cells in the presence of chemothera-
peutic drugs in vitro15. On the basis of similar
principles, it has also been shown that ultra-
sound reduces antibiotic resistance of bacterial
films16. Ultrasound has also been used to
enhance the diffusion of a chemotherapeu-
tic drug (BCNU; carmustine) in brain tissue
in vitro for the treatment of brain tumours
(S.M. and S. Paliwal, unpublished data).

Relatively fewer studies have reported on
the in vivo effectiveness of ultrasound in
enhancing drug transport. Early studies
reported that ultrasound can deliver anti-
inflammatory drugs deep into muscles17. More
recently, ultrasound has been used in combi-
nation with adriamycin to treat ovarian cancer
in vivo in mice18. Ultrasound-enhanced effec-
tiveness of adriamycin was attributed to
increased drug loading in the tumour. In
another in vivo report, focused ultrasound was
used to induce reversible and non-destructive
disruption of the blood–brain barrier (BBB)
to facilitate drug delivery to the brain19.
Ultrasound was suggested to disrupt the BBB
by opening the tight junctions of capillary
endothelial cells. This effect can be further
enhanced by systemic administration of
microbubbles that act as cavitation nuclei at
the site of ultrasound application20. Ultra-
sound (880 kHz) has also been used to
enhance solute transport into the eye (ocular
drug delivery). Application of 880-kHz ultra-
sound provided up to tenfold enhancement
of drug delivery through the cornea while
producing minor changes in the corneal
epithelium21. Enhanced ocular drug delivery
was also reported for glaucoma drugs at lower
ultrasound frequencies22.

Ultrasound has been shown to trigger the
release of drugs from their carriers23 (FIG. 3b).
In one study, doxorubicin was encapsulated
in micelles to reduce its systemic concentra-
tion and was released using ultrasound to
provide high local concentrations at the
tumour site. In vivo studies with rats carrying
DHD/K12/TRb tumours showed that tumour
volume reduced significantly after systemic

NATURE REVIEWS | DRUG DISCOVERY VOLUME 4 | MARCH 2005 | 257

a cb d

Figure 2 | Mechanisms of cavitation-based ultrasound therapies. a | Acoustic streaming: cavitation
bubbles can oscillate around their resonant size and generate velocities that induce shear stresses on
cells and tissues (implicated in gene and drug delivery into cells). b | Sonochemistry: sudden collapse of
bubbles generates momentary high temperatures in the bubble core. The hot bubble can induce chemical
changes in the surrounding medium, including free-radical generation (implicated in sonodynamic
therapy). c | Shock waves: sudden collapse of cavitation bubbles leads to the formation of shock waves
that are capable of disrupting the tissues and enhancing drug transport (implicated in sonophoresis and
sonoporation). d | Liquid microjets: collapsing bubbles near a surface experience non-uniformities in their
surroundings that results in the formation of high-velocity microjets. The microjet can penetrate into the
tissue or generate secondary stress waves in the tissue (implicated in sonophoresis). For details of the effects
of cavitation, see REF. 3. Additional effects — for example, increased temperature — are also important
in certain therapies such as those treating hyperthermia and haemostasis.

a  b

c

Tumour

DrugTransducer

Endothelial cell

Blood
clot
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Figure 3 | Schematic representation of a few ultrasound-mediated therapies. a | Transdermal drug
delivery: ultrasound is used to permeabilize a small area of skin (sonophoresis). A drug patch or ointment
is subsequently placed on the permeabilized skin for systemic or local delivery of drugs, such as lidocaine,
insulin or vaccines. b | Targeted drug delivery: the drug is systemically injected into blood circulation and
activated at the tumour site using ultrasound. This increases the local concentration/toxicity of the drug
at the target site while minimizing systemic toxicity. c | Clot lysis: ultrasound is delivered along with an
enzyme using a catheter to dissolve a blood clot. d | Healing of bone fractures: an ultrasound transducer
is placed in the cast and activated periodically to accelerate fracture healing. Part a image courtesy of
Sontra Medical Corp. Part d image courtesy of Smith & Nephew Inc.
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carcinoembryonic antigen39). Administration
of this conjugate followed by ultrasound
application yielded significant inhibition of
tumour growth in vivo39. In another study,
the sonodynamically induced in vivo anti-
tumour effect of porfimer sodium was
reported on mammary tumours in rats40.
Several additional reports documenting simi-
lar effects of ultrasound and drugs have been
published41. Recently, ultrasound has also
been shown to selectively induce cytotoxicity
in skin and prostrate cancer cells in vitro in
the presence of the bioflavonoid quercetin42.

The precise mechanisms of sonodynamic
therapy are not clear, although it has been
postulated that it operates through several
mechanisms, including the generation of free
radicals that induce peroxidation of mem-
brane lipids43 and alterations in other bio-
logical components. Alternatively, drugs
(sonosensitizers) could destabilize the cell
membrane, thereby rendering the cell more
susceptible to shear forces induced by ultra-
sound43. Membrane defects have been
reported in cells exposed to ultrasound and
sonosensitizers37. Sonosensitizers might also
facilitate the formation of free radicals, and
thereby enhance overall cytotoxicity. Free
radicals might be produced by the reaction
of sonosensitizers with hydrogen and
hydroxyl radicals formed by cavitation-
induced cleavage of water molecules or by
direct pyrolysis of sonosensitizers. Either
way, an increase in local free-radical concen-
tration is likely to enhance cytotoxicity.
Increased drug loading into cells is always an
important consideration in enhanced cyto-
toxicity, although the literature does not
always make a clear distinction between
sonoporation and chemical contributions to
sonodynamic therapy. As of today, no clinical
reports of sonodynamic therapy could be
found in peer-reviewed literature.

Treatment of vascular thrombosis
Ultrasound has been used to facilitate the dis-
solution of clots for the treatment of stroke44,45,
a process sometimes called sonothrombolysis
(FIG. 3c). Ultrasound exposure can dissolve clots
through pure mechanical disruption in the
absence of any drug or by enhanced delivery
of a clot-dissolving enzyme such as tissue
plasminogen activator (tPA) or urokinase into
the clot. In a typical procedure, thrombolytic
agents are delivered to the site of the clot fol-
lowed by targeted or non-targeted application
of ultrasound. Animal and clinical studies of
sonothrombolysis have reported successful
clot lysis and accelerated recanalization of
occluded peripheral, coronary and intracere-
bral arteries46. In a recent study, patients with

has been shown that only a fraction of cells
with ultrasonically delivered DNA exhibit
transfection, which indicates the presence of
additional delivery hurdles35. It is also not
clear whether ultrasound enhances DNA
transport across the nuclear membrane. As
of now, ultrasonic gene therapy has not
been tested in humans. Ultrasonic gene
therapy would be especially appealing for
cutaneous DNA immunization and presents
an opportunity for future investigations.

Localized activation of drugs
Ultrasound has been used to enhance the toxi-
city of certain compounds, including haemato-
porphyrin, pheophorbide, erythrosin B and
ATX-70, to various types of cancer, a treat-
ment referred to as sonodynamic therapy36.
Although enhanced cytotoxicity of drugs
might partly result from enhanced delivery,
other effects (for example, sonochemistry) are
often implicated in sonodynamic therapy.

Ultrasound (25 kHz) was shown to induce
toxicity in leukaemia cells in the presence of
the photosensitive drug merocyanine 540 
in vitro37. Under comparable conditions,
ultrasound was also shown to induce toxicity
in vitro in adult T-cell leukaemia cells in the
presence of photofrin38. To target sonodynamic
therapy towards cancer cells, sensitizing agents
have been linked to tumour-targeting anti-
bodies (for example, a conjugate of ATX-70
linked to a monoclonal antibody against

Facilitated gene therapy
Ultrasound has been successfully used for
delivering DNA into various cells in vitro as
well as in vivo31. Focused ultrasound (0.85
MHz) has been shown to enhance in vivo
gene transfer into rabbit carotid arteries in
the presence of gas-filled albumin micro-
spheres32. In another study, in vivo gene
therapy in tumours by systemic administra-
tion of DNA–cationic lipid complexes fol-
lowed by localized application of ultrasound
in mice was reported33. Increased gene
expression was observed and led to signifi-
cant inhibition of tumour growth. Similar
success was also reported for transfection of
p53 plasmid into the carotid artery after
balloon injury in rats34. Significant increase
in p53 protein expression was found in
ultrasound-treated sites34.

Most studies in ultrasonic gene therapy
have been focused on demonstrating in vitro
or in vivo efficacy; relatively little attention
has been paid to the assessment of the
underlying mechanisms. The mechanism of
ultrasonic gene delivery seems to be based
on cavitation-induced permeabilization of
the cell membrane, which leads to an
enhanced intracellular DNA concentration.
Cytosolic DNA might eventually enter the
nucleus through mechanisms that may or
may not be specific to ultrasound-mediated
gene delivery. Trajectories of ultrasound-
delivered DNA in cells remain unknown. It

Box 1 | Commercial products based on therapeutic ultrasound

Basic discoveries in biomedical ultrasound have been actively transformed into commercial
products. Some examples of these products are listed here. Ultrasound physiotherapy devices
have been available in the market for a long time. For example, Enraf Nonius makes ultrasound
devices for physiotherapy applications. One of their recent models (Sonopuls 190) received US
FDA market clearance in 2000. Ultrasonic hyperthermia devices have also been commercially
available for more than a decade. Sonotherm 1000 (Labthermics Technologies, Inc.) was the first
ultrasonic hyperthermia device to receive FDA approval, in 1989, for cancer treatment. Smith &
Nephew manufactures an ultrasound device for accelerated healing of bone fractures (Exogen
2000+). The first such product received FDA approval in 1994 (then manufactured by Exogen,
Inc.). Sontra Medical Corp. develops products for ultrasound-based transdermal drug delivery.
Sontra’s product (SonoPrep) received FDA approval for topical anaesthesia in 2004. Additional
products, including those for glucose monitoring and transcutaneous vaccination, are under
development. Mentor Corp. markets an ultrasound-assisted lipoplasty device (Contour genesis);
this device was approved by the FDA in 2001. Ultrasonic nebulizers (made by several different
manufacturers) are commonly used for delivering asthma medications, especially in children.
As an example, Shinmed SW-988, manufactured by Shining World Health Care, received FDA
market approval in 2004. EKOS Corp. is developing ultrasonic thrombolytic catheters and other
drug-delivery products. EKOS received FDA marketing approval for ultrasound catheters in
2003. ImaRx Therapeutics is also developing ultrasound-based products for thrombolysis
(preclinical/early clinical) and cancer therapy. Two other companies, OmniSonics and Vascular
Solutions, Inc. (acquired from Angiosonics, Inc. in 2002), also make thrombolysis products.
Therus Corp. is developing devices to seal arterial punctures during interventional procedures.
Gendel Ltd. is developing chemotherapeutic strategies based on loading drugs in red blood cells
and selectively bursting them at the target site using ultrasound. There also exist several smaller,
early-stage companies working on additional applications of ultrasound.
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Summary
Ultrasound has been used in a remarkably
diverse set of therapeutic medical applica-
tions. Many of these applications, including
transdermal drug delivery, bone-fracture
healing, lipoplasty and tumour ablation, have
already been approved for clinical use. Some
of the remaining applications are being
actively developed in industry and academia
(BOX 1). A wealth of information about the
mechanisms of these applications is being
generated in several laboratories; however, a
mechanistic account of the effects of ultra-
sound is far from complete. A large number
of parameters, including frequency and inten-
sity, need to be explored to develop sufficient
understanding of the phenomenon. Further-
more, the effects of ultrasound are tissue
specific, thereby further complicating experi-
mental analysis. Several investigators repre-
senting a range of disciplines including physics,
chemistry, engineering, medicine and biology
are actively working to understand the effects
of ultrasound on cells and tissues. The infu-
sion of investigators from such diverse fields,
as well as the availability of newer transduc-
ers with appropriate geometries and power
ratings, has fuelled the latest discoveries in
this field. A large number of opportunities
exist in the future to convert some of the
early-stage discoveries into useful therapies.
The challenge lies in developing a better
understanding of the mechanisms responsible
for the beneficial effects of ultrasound and
addressing safety concerns (BOX 2). With the
ability of ultrasound to mediate such a diverse
range of effects, and with the possibility of
applying ultrasound selectively to tissues,
ultrasound forms a powerful tool in current
and future medical therapies.
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acute ischaemic stroke were treated with
intravenous tPA and exposed to continuous
2-MHz ultrasound. Complete recanalization
occurred within 2 hours of administration of
tPA in 49% of patients, compared with 30%
in placebo44.

Mechanistic studies have shown that
acoustic cavitation is partially responsible
for enhanced thrombolysis47. It has been
suggested that cavitation induces changes in
fibrin ultrastructure and disaggregation of
fibrin into smaller fibres48. Ultrasound has
also been shown to enhance the delivery
and deeper penetration of fibrinolytic
enzymes into the clot, which is also expected
to facilitate clot dissolution49.

Direct effects of ultrasound
Therapies described above use ultrasound to
facilitate the action of another agent (drug,
DNA or enzyme). However, ultrasound in
itself is capable of inducing biological effects
that have therapeutic implications. For exam-
ple, ultrasound is used to facilitate the healing
of wounds in skin, muscle and other tissues50.
Animal studies have shown that transcuta-
neous ultrasound (2.25 MHz) significantly
accelerates the recovery of the sciatic nerve
after an induced injury51. Ultrasound (1.5
MHz) has also been shown to facilitate heal-
ing of bone fractures52 (FIG. 3d). Similar effects
of ultrasound have been reported for cartilage
damage53. In a related application, ultrasound
has also been proposed as a treatment for
osteoporosis on the basis of experiments in
rats54. Although the detailed mechanisms
that are responsible for the healing effects of
ultrasound are unclear, it has been shown

that ultrasound induces protein synthesis,
release of angiogenic factors and cellular pro-
liferation55. Interestingly, ultrasound has also
been reported to induce the opposite effect —
that is, apoptosis — selectively in leukaemia
cells in vitro56.

In another application, ultrasound (700
kHz) was shown to reduce the extent of arte-
rial hyperplasia during restenosis in pigs57.
The effect of ultrasound was thought to orig-
inate from the direct effect of ultrasound on
proliferation of smooth-muscle cells. The
precise mechanisms of this effect remain
unknown. Ultrasound (19.5 kHz) has also
been indicated for direct intra-coronary
angioplasty in conjunction with balloon
angioplasty in humans58.

Ultrasonic devices have also been used for
lipoplasty (the disruption and removal of
undesired fatty tissue)59. Ultrasound-assisted
lipoplasty is thought to result from a combi-
nation of heating and mechanical disruption.
Ultrasound has been used to induce hyper-
thermia (increase in temperature due to
energy absorption) for medical applica-
tions. This phenomenon has been effectively
used for ablation of tumours, especially in
the prostate60 and kidney61. It has also been
used to induce haemostasis (formation of
blood clot) to minimize blood loss after
injury62. Ultrasound-mediated haemostasis
occurs through hyperthermia and cavitation,
which might cause the release of coagulation-
inducing factors62. Several additional non-
therapeutic (for example, surgical and ex
vivo) medical applications of ultrasound
have been reported and are not included in
the discussion here.
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Box 2 | Ultrasound safety

Along with the multitude of interactions of ultrasound with biological tissues, which form the
very basis of its biomedical applications, comes a safety concern stemming from undesired tissue
interactions. Accordingly, the selection of appropriate parameters is crucial for the safe use of
ultrasound. Several parameters, including frequency, intensity, duty cycle and application time,
determine the window of safe operation. Additional parameters, including tissue type and
environmental conditions, also influence the results. To help establish guidelines for safe use of
ultrasound the American Institute of Ultrasound in Medicine (AIUM) was founded in 1952
(REF. 63). AIUM, however, has focused much of its attention on diagnostic ultrasound.

The safety concerns of ultrasound include auditory effects due to air-borne ultrasound and direct
effects on tissues. The ability of ultrasound to induce tissue effects has been quantified through two
parameters: the thermal index and the mechanical index. The former is defined on the basis of the
energy required to raise tissue temperature by 1 oC and the latter is defined using a combination of
pressure amplitude and frequency64. The US FDA has set upper limits on these indices for safety
of diagnostic ultrasound. Extension of these limits for therapeutic applications remains
questionable, especially because many important parameters that are relevant for therapeutic
applications (for example, repeated exposure) are missing from these definitions. The use of these
definitions is further confounded by the fact that unlike diagnostic ultrasound, in which the goal is
to minimize ultrasound interactions with tissues, therapeutic ultrasound is based on tissue
interactions. Understanding the safety of therapeutic ultrasound and the development of
generalized rules that account for ultrasound safety remains a topic for future research activities.
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