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(57) ABSTRACT 

The present invention relates to methods for treating in?am 
mation in body tissues. More speci?cally, certain disclosed 
methods relate to selectively inducing apoptosis in in?am 
matory immune cells by heating cells for a suf?cient time 
and at a suf?cient temperature to induce programmed cell 
death. The disclosed stents can be placed in contact With the 
in?ammatory cells and heated under controlled conditions. 
The disclosed apparatus and methods are particularly suit 
able for treating athersclerotic plaques. 
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METHOD AND APPARATUS FOR HEATING 
INFLAMMED TISSUE 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] The present application claims the bene?t of 35 
U.S.C. 111(b) Provisional application Serial No. 60/114,326 
?led Dec. 31, 1998, and entitled Ultrasonically Heated Stent. 
The present application is also related to patent application 
Ser. No. 09/303,313 entitled Heat Treatment of In?ammed 
Tissue Which is a continuation of US. Pat. No. 5,906,636. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0002] Not applicable. 

BACKGROUND OF THE INVENTION 

[0003] 1. Field of the Invention 

[0004] The present invention generally relates to methods 
for treating in?ammed tissue. More particularly, the inven 
tion relates to stents for treating vessels and other annular 
organs that are capable of being selectively heated by an 
external source of radiation and of transferring that heat to 
surrounding tissue. The invention also relates to methods of 
making and using such heating stents to apply loW-level heat 
to in?ammed tissue 

[0005] 2. Description of Related Art 

[0006] Coronary artery disease is a leading cause of death 
in industrialiZed countries. It is manifested by athersclerotic 
plaques, Which are thickened areas in vessel Walls. Aplaque 
is an accumulation of cholesterol, proliferating smooth 
muscle cells and in?ammatory cells covered by cellular 
secretions of collagen that form a cap over the plaque in the 
vessel Wall. Macrophages migrate into and accumulate in a 
plaque causing in?ammation. In?amed plaques are most 
susceptible to ruptures and the formation of blood clots. 
Falk, E. (1995). 
[0007] Atherosclerotic plaques are thought to develop in 
response to irritation or biochemical damage of the endot 
helial cells that line blood vessel Walls. Agents that are 
knoWn to damage these cells include cigarette smoke, high 
serum cholesterol (especially in the form of oxidiZed loW 
density lipoprotein), hemodynamic alterations (such as those 
found at vessel branch points), some viruses (herpes sim 
plex, cytomegalovirus) or bacteria (e.g., Chlamydia), hyper 
tension, and some plasma hormones (including angiotensisn 
II, norepinephrine) and homocysteine. Atherosclerotic 
plaques groW sloWly over many years in response to the 
cumulative injury of endothelial cells. Ross (1993), Berliner 
(1995). 
[0008] Typically, several doZen plaques are found in arter 
ies af?icted With this disease. It is the rupture of these 
plaques that brings about the terminal stage of the disease. 
The rupture causes a large thrombus (blood clot) to form on 
the inside of the artery, Which may completely occlude the 
blood ?oW through the artery, thereby injuring the heart or 
brain. Falk, E. (1995). 

[0009] In most cases of terminal coronary artery disease, 
only one of several plaques ruptures. Rupture typically is 
caused by in?ammatory cells, primarily macrophages, that 
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lay beneath the surface collagen layer of the plaques. These 
cells release enZymes that tend to degrade the cap. Once a 
plaque ruptures, blood clots are formed and it is these clots 
that are believed to be responsible for over one half of all 
heart attacks and stokes. Falk, E. (1995); Buja (1994). 

[0010] Techniques have been developed to identify those 
plaques that are most likely to rupture because of in?am 
mation. See US. patent application Ser. No. 08/717,449, 
Which is speci?cally incorporated by reference herein. The 
most common treatment for these plaques is percutaneous 
transluminal coronary angioplasty (PTCA), e.g., balloon 
angioplasty. Frequently, hoWever, injury to the vessel Wall 
and disruption of the plaque core occur during restoration of 
vessel patency. The rapid proliferation of smooth muscle 
cells in response to damage and in?ammation induced in the 
intimal and medial layers of the vessel Wall occurs as part of 
the body’s attempt to heal the “Wound” to the vessel. This 
leads to neointimiZation and remodeling of the vessel Wall 
and restenosis. Restenosis is de?ned as the reclosure of a 
previously stenosed and subsequently dilated peripheral or 
coronary vessel. Blood clots may form as a result of the 
spillage of plaque contents and due to triggering of the 
natural clot-forming cascade of the blood, further contrib 
uting to restenosis at the treatment site. Within Weeks to 
months after PTCA, many individuals develop restenosis at 
the angioplasty site. Various approaches to balloon catheter 
angioplasty have been introduced, hoWever each has failed 
at preventing post-angioplasty restenosis. Some of these 
include atherectomy devices, laser and thermal ablative 
devices and stents, examples of Which are Well knoWn by 
those Working in the ?eld. 

[0011] Apoptosis 
[0012] It is clear that in many cases balloon angioplasty 
causes cellular injury and only temporarily eliminates the 
danger from an in?amed plaque until the advent of a 
secondary in?ammatory response. Casscells (1994). 

[0013] It has been shoWn that macrophages have a life 
span of only about a Week or tWo in the vessel Wall. Katsuda 
(1993). Typically, monocytes enter the atherosclerotic 
plaque, divide once, and contribute to plaque development 
by their ability to oxidiZe loW density lipoprotein cholesterol 
and to release factors Which cause smooth muscle prolifera 
tion and angiogenesis. The cells then undergo apoptosis, 
Which is an active process of programmed cell death. This 
process differs from necrosis in that apoptosis requires the 
expenditure of energy, and the synthesis of neW RNA and 
proteins in all but the in?ammatory cells, the active cleavage 
of DNA and the shrinkage and involution of the cell With 
very little in?ammation. Steller (1995); Nagata (1995); 
Thompson (1995); Vaux (1996). 
[0014] Apoptosis is a form of programmed cell death in 
Which the dying cells retain membrane integrity and are 
rapidly phagocytosed and digested by macrophages or by 
neighboring cells. It occurs by means of an intrinsic cellular 
suicide program that results in DNA fragmentation and 
nuclear and cytoplasmic condensation. The dead cells are 
rapidly cleared Without leaking their contents and therefore 
little in?ammatory reaction folloWs. It can be induced by the 
WithdraWal of groWth factors and to some extent by factors 
Which can also cause necrosis such as extreme lack of 
oxygen or glucose, heat, oxidation and other physical fac 
tors. 
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[0015] Previously no method Was known for selectively 
inducing apoptosis in macrophages or other in?ammatory 
cells in a blood vessel Without also inducing apoptosis in 
bene?cial endothelial cells. KnoWn methods for inducing 
apoptosis Were systemic, including treatments With chemi 
cals and elevated temperatures. Such methods are not useful 
as therapeutic methods because of the risk that apoptosis 
Will develop in healthy tissue. 

[0016] A number of studies have shoWn that heat can 
induce programmed cell death. Kunkel (1986) have found 
that indomethacin inhibits macrophage synthesis of prostag 
landin but enhances macrophage production of TNF-I, 
Which suggests that heating may have advantages over 
indomethacin as an anti-in?ammatory treatment. Preventing 
the synthesis of prostaglandin, Which serve as feedback 
inhibitors of macrophage function, limits the anti-in?am 
matory utility of indomethacin and presumably other inhibi 
tors of cyclooxygenase. Field and Morris (1983) surveyed 
many cell types and found that the time needed to kill cells 
at 43° C. varied from four minutes in mouse testis, to 32 
minutes in rat tumor in vivo, to 37 minutes for mouse 
jejunum, to 75 minutes for rat skin, 210 minutes for mouse 
skin and 850 minutes for pig skin. Numerous other cell types 
Were also studied. They observed that, above 42.5° C., an 
increase of 1° C. produces a similar effect as doubling the 
duration of heat exposure. Wike-Hooly (1984) found that a 
loW pH enhanced hyperthermic cell killing, as did a loW 
glucose or insulin exposure and that nitroprusside also 
increased the cell mortality caused by hyperthermia. Raa 
phorst (1985) and Belli (1988) studied Chinese hamster lung 
?broblasts and found that 45° C. heat and radiation Were 
synergistic in cell killing. Raaphorst (1985) also found 
S-phase to be heat-sensitive and least radiosensitive, While 
in G1 and G2 the opposite Was true. Klostergard (1989) 
found that cytotoxicity of macrophages Was decreased by 
heating to 405° C. for 60 minutes. Westra and DeWey 
(1971) found that in CHO cells S phase Was more sensitive 
to heating to 455° C. than Was G1 phase. M phase Was 
intermediate. In contrast, radiation killed cells preferentially 
in phases G1 and M1. Fifty percent of asynchronous 
(cycling) CHO cells Were killed by a 20 minute heat 
treatment at 435° C. Freeman (1980) found that the sensi 
tivity of CHO cells to 41° C. to 45 .5° C. Was increased With 
acidosis and that thermotolerance Was induced by exposure 
to 42° C. for 250 minutes. Haverman and Hahn (1982) used 
an inhibitor of oxidative phosphorylation and found that 
CHO cells Were thereby more prone to heat-induced death 
using 43° C. for one hour. Preheating, hoWever, led to 
tolerance. These experiments could not determine Whether 
hyperthermia increased ATP utiliZation or inhibited its syn 
thesis. GerWeck (1984) found that CHO cells Were more 
easily killed by 44° C. (20% died after a 15-minute expo 
sure) When ATP Was depleted by hypoxia and hypoglycemia, 
but neither condition alone had an effect. Lavie (1992) found 
that peritoneal macrophages from older mice tend to die at 
425° C. for 20 minutes but not macrophages from younger 
mice. Papdimitriou (1993) found that most peritoneal 
murine macrophages undergo apoptosis With a ?ve-hour 
exposure to 41° C., but feW entered apoptosis at 30° C. Most 
circulating monocytes did not undergo apoptosis at 41° C., 
With a ?ve-hour exposure. Mangan (1991) reported that TNF 
alpha and interleukin-1 beta prevent macrophage apoptosis. 
Chen (1987) reported that heat in the range of 41° C. to 43° 
C. stimulated macrophage production of prostaglandins. 
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Prostaglandins serve to suppress macrophage production 
and phagocytosis. Heat did not decrease prostaglandin 
release from tumor cell line or from ?broblasts. They found 
that macrophage death began at 41° C. With a four-hour 
exposure. A six-hour exposure to 43° C. killed half the 
macrophages. Ensor (1995) found no macrophage cell death 
after six hours at 40° C., (vs. 37° C.) but at 43° C. only 4% 
of cells Were viable at six hours. O’Hara (1992) found that 
bone marroW macrophages survive 15 minutes at 45° C. if 
they have been preheated for 110 minutes to 425° C. 

[0017] Fouqueray (1992) found that exposing rat perito 
neal macrophages to 39° C. to 41° C. for 20 minutes 
decreased synthesis of IL-1 and TNF-I. Circulating mono 
cytes Were less sensitive to heat than glomerular or perito 
neal macrophages. This degree of heating did not kill the 
macrophages. Hamilton (1995) found that the cancer drug 
bleomycin blocked expression of HSP-72 in human alveolar 
macrophages in response to exposure to 398° C. This Was 
a relatively speci?c effect since there Was no change in 
overall protein synthesis and, moreover, the effect appeared 
to be post-transcriptional, since there Was no change in 
mRNA levels for HSP-72. The bleomycin exposure did not 
cause much necrosis, but it caused marked DNA fragmen 
tation characteristic of apoptosis. Wang (1995) found that 
induction of HSP-72 prevented necrosis in human endothe 
lial cells exposed to activated neutrophils. The activated 
neutrophils caused necrosis of endothelial cells that had 
been exposed to 30 to 60 minutes of heat shock at 42° C., an 
exposure Which by itself did not induce necrosis or apop 
tosis. Wang (1997) found that endothelial cells did not go to 
apoptosis With a 45-minute exposure to 42° C. or With 
exposure to TNF-I, but exposure to both did trigger apop 
tosis. TNF-I resulted in generation of reactive oxygen spe 
cies, Which the authors believe may be required, together 
With heat shock, to induce apoptosis in endothelial cells. 
Kim (1997) found that nitric oxide protected cultured rat 
hepatocytes from TNF-I induced apoptosis by means of 
inducing HSP-70. Belli (1963) observed that heating 
enhances cell susceptibility to radiation killing. 

[0018] Cytokines are also knoWn to in?uence apoptosis in 
macrophages and other leukocytes. William (1996) found 
that apoptosis in neutrophils Was promoted by heat, TNF-I, 
or endotoxin but inhibited by LPS, GMCSF and IL-2. Bif? 
(1996) found that IL-6 also delayed neutrophil apoptosis. 
Prins (1994) found in human fat tissue explants adipocytes 
underWent apoptosis Within 24 hours of a 60-minute expo 
sure to 430C and then underWent phagocytosis, suggesting 
that at least some macrophages survived longer than some 
adipocytes. O’Hara (1992) shoWed that granulocyte-mac 
rophage precursors take longer (T1/2=36 min.) to become 
heat-tolerant than do stem cells or erythrocyte precursors 
from bone marroW. Verhelj (1996) found that 50 percent of 
con?uent, nondividing, bovine aortic endothelial cells 
underWent apoptosis by 12 hours at 43° C., versus 41° C. for 
dividing human monoblastic leukemia of the U937 line, but 
this difference could Well be attributable to the difference in 
age of the cells, cycling rate or species. D. Elkon and H. E. 
McGrath (1981) presented some evidence that granulocyte 
monocyte stem cells do not take as long as other cells to be 
killed at a temperature of 425° C. Blackburn (1984) 
reported that circulating monocyte precursors are more 
sensitive to heat than are those from bone marroW. Koba 
yashi (1985) reported that granulocyte-macrophage progeni 
tor cells Were more sensitive to 60 minutes at 42° C. When 
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the marrow Was regenerating (during cell division) than 
When it Was stationary, but this is a ?nding in all cell types. 
Cohen (1991) found no difference in heat tolerance of 
epithelial cells and airWay macrophages, as measured by 
immediate release of LDH and chromium-51. 

[0019] A number of studies have examined the relation 
ship betWeen heat shock and cell killing. Nishina (1997) 
found that the stress-activated protein kinases (also knoWn 
as the Jun N-terminal kinases) are activated in response to 
heat shock and other cell stresses. Aknockout of one of these 
genes (SEK-l) resulted in feWer CD4+, CD8+ thymocytes. 
PiZurki and Polla (1994) found that cAMP increased syn 
thesis of heat-shock proteins in heated macrophages. Reddy 
(1982) found that heat shock of murine macrophages 
increased their production of superoxide but did not change 
their production of hydrogen peroxide or their microbicidal 
activity. Sivo (1996) found that heat shock acted in a fashion 
similar to glucocorticoids in inhibiting mouse peritoneal 
macrophages and increased the transfer of glucocorticoid 
receptors to the nucleus. Snyder et. al (1992) found that 
mouse peritoneal macrophages synthesiZed heat-shock pro 
teins (HSPs) maximally after a 12-minute exposure to 45° 
C.; HSPs Were only found tWo to six hours after heat 
treatment. They found no HSP-70 at 42° C. or 43° C. At 2 
and 24 hours after heating, phagocytosis Was normal. They 
did not mention Whether macrophages entered apoptosis 
With this treatment and that the same treatment (12 minutes 
at 45° C.) decreased TNF alpha and IL-1 RNA synthesis in 
mouse peritoneal macrophages. Pizurki et. al (1994) 
reported that circulating human monocytes express HSPs 
tWo hours after 20 minutes of exposure at 45° C. and that 
HSP expression Was enhanced in the presence of cAMP and 
unaffected by indomethacin. 

[0020] A number of studies have shoWn that heating and 
chemical treatments change the activity of immune cells. 
Chen (1987) found that heating murine macrophages to 41° 
C. to 43° C. for one hour caused them to synthesiZe and 
release prostaglandins of the E type. Fouqueray (1992) 
found that a 20-minute exposure of rat peritoneal macroph 
ages to 39° C. to 41° C. decreased synthesis of tumor 
necrosis factor alpha and interleukin-1 Within tWo hours, but 
monocytes circulating in the blood Were less sensitive to 
heating than Were the tissue macrophages. Ribeiro (1996) 
con?rmed that heat exposure decreases macrophage release 
of TNF alpha both in vitro and in vivo. Kunkel (1986) 
shoWed that indomethacin inhibited lipopolysaccharide 
(LPS) induced synthesis of prostaglandins by macrophages 
(and inhibited heat-induced PGEs (Chen, 1987) but 
enhanced macrophage production of TNF-I in response to 
LPS. Morange M. (1986) found that HSPs Were induced at 
loWer temperatures When cells Were exposed to interferonal 
pha and interferon-beta. Ensor (1995) reported that exposing 
a macrophage cell line to 40° C. for 30 minutes prevented 
(Within six hours) synthesis and release of TNF-I in response 
exposure to LPS. The half-life of TNF-I mRNA Was short 
ened. There Was no change in the levels of mRNA for 
GAPDH, 6-actin or IL-6. HSP-72 Was increased at 43° C. 
The same authors previously shoWed that in human mac 
rophages TNF expression Was suppressed at 385° C., but 
HSP-72 Was increased only above 40° C. Papadimitriou 
shoWed that macrophage apoptosis Was minimal at 39° C. 
but substantial at 41° C. 
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[0021] Although the cellular phenomenon of apoptosis has 
been studied in some detail in tissue culture, no studies have 
been directed toWard developing that technique for the 
treatment of in?ammation. NeW methods are needed for 
treating in?amed body tissues and in particular to the 
treatment of atherosclerotic plaques to prevent rupture. Such 
methods should not induce an in?ammatory response and 
should be capable of eliminating or neutraliZing macroph 
ages or other in?ammatory cells Without damaging blood 
vessel Walls. Novel methods for selectively inducing apop 
tosis are also needed. Such methods Will be useful in 
preventing the rupture of atherosclerotic plaques and there 
fore reduce the risk of death from myocardial infarction or 
stroke. 

[0022] Stents 

[0023] An intravascular stent is typically an expandable 
stainless steel Wire mesh cylinder that is transported in 
compressed form into the lumen of a vessel by means of a 
catheter. Once the desired site is reached, the stent is 
deployed so that it presses against the vessel Wall to 
mechanically hold the lumen open. Aside from metals and 
memory metal alloys, plastics have also been used to form 
stents. Over the last decade, cardiovascular stent implanta 
tion has become a preferred mode of treatment folloWing 
angioplasty and atherectomy procedures, and is noW Widely 
used in interventional centers throughout the United States 
and other countries. While various stent devices have almost 
alWays improved short-term results in vessel patency, at the 
present time it is not yet determined Whether any of the 
many stent designs and materials have signi?cant advan 
tages over the others. For example, some stents penetrate the 
plaque, Whereby a gruel-like material is extruded through 
the strut lattice, provoking an intense thrombotic and in?am 
matory response. Other stent designs merely compress the 
plaque mass With less disruption of the plaque core. The 
long-term outcomes With presently available stents, particu 
larly their ability to inhibit restenosis at the site of implan 
tation, are still to be determined. (See Topol et al. 1998; 
Oesterle et al. 1998) Particular problems that have been 
associated With stents include thrombus formation and cel 
lular overgroWth. During stent placement the blood vessel 
Wall can be disturbed or injured, and thrombosis often 
results at the injured site, causing stenosis (narroWing) or 
complete blockage of the vessel. The basic principle that 
extensive medial injury leads to more in?ammation is com 
mon to all coronary interventions. Rupture of a necrotic 
core, With exposure of the plaque contents, appears to be a 
potent stimulus for in?ammation and profuse proliferation 
of smooth muscle cells (Oesterle et al., 1998). 

[0024] Stents that remain in place in a patient for an 
extended period of time also provide a setting for thrombus 
formation and for overgroWth of vascular smooth muscle 
cells on the device itself, Which contributes further to 
stenosis, sometimes referred to as “in-stent restenosis.” For 
example, P. W. Serruys has shoWn (in the “Handbook of 
Coronary Stents” Martin DunitZ Ltd., London 1997, in FIG. 
1.3 on p. 2) by an electron microscope scan of a Wall stent 
at three days post-implantation that deposits of leukocytes, 
platelets and thrombus adhere to the Wire mesh, and that 
there is some protrusion of the vessel Wall into the lumen. 
These deposits are thrombotic and mitotic, eventually caus 
ing neointimal proliferation and thombotic regions. As a 
result, the patient is placed at risk of a variety of compli 
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cations, including heart attack, pulmonary embolism, and 
stroke, depending on the placement of the stent. 

[0025] In addition to the plaque extruding tendency of 
lattice-like stent designs, the metal composition and other 
characteristics of the stent surface are also believed to be 
important factors for the performance of an implanted stent. 
It is Well established that stainless steel implants such as 
pacemakers tend to release chromium and nickel ions, Which 
can destroy or damage certain enZymes and proteins and can 
exacerbate allergies to these metals. 

[0026] Non-metallic stents have also been used for endo 
vascular support. These devices are generally cylindrical 
structures made up of a sheet or sleeve of resilient, elastic 
material Which can be cured or hardened folloWing delivery 
of the stent to a selected region of a vessel. For example, 
US. Pat. No. 5,100,429 (Sinofsky) discloses an endovascu 
lar stent having a tubular body formed as a rolled sheet of a 
biologically compatible material having a cross-linkable 
adhesive material betWeen overlapping portions of the rolled 
sheet. US. Pat. No. 5,591,199 (Porter) is for a vascular stent 
made up of a biocompatible ?brous material that is coated or 
?lled With a curable material so that the ?ber composite can 
be shaped and cured to maintain the shape. US. Pat. No. 
5,282,848 (Schmitt et al.) discloses a self-supporting stent 
having a continuous uniform surface made up of a Woven 
synthetic material. US. Pat. No. 5,814,063 (Freitag) 
describes a method of embedding the supporting metal stent 
structure in a cylindrical elastomeric casing such as silicone. 
HoWever, a potential problem With the sleeve or sheet type 
of stent is that blood may not adequately circulate to the 
vessel Wall adjacent the stent. Fully covering the endothe 
lium of the vessel Wall is also undesirable as the endothelium 
plays an essential role in biologic activity of the coronary 
artery, such as ?brinolysis and vasodilation. 

[0027] Application of a biocompatible coating to a metal 
stent is currently the most Widely-used technique for avoid 
ing problems encountered With bare metal stents. For 
example, the DIAMONDT stent produced by the Phytis 
Company of Hamburg, Germany has been shoWn to avoid 
these metal diffusion problems. Smooth coatings can sig 
ni?cantly reduce the surface roughness of the bare metal 
surface to improve hydrodynamic behavior and to deter 
adsorption of proteins, Which leads to thrombus formation. 
The phosphorylcholine-coated stent manufactured by Bio 
compatibles Ltd., Farnham, Surrey, UK, is an example of a 
more hemocompatible metal-based stent. 

[0028] Stent-coating materials that have been used to 
decrease the inherent thrombogenicity of stents and/or 
reducing in-stent restenosis include the folloWing synthetic 
substances: polyurethane, segmented polyurethaneurea/he 
parin, poly-L-lactic acid, cellulose ester, polyethylene glycol 
and polyphosphate ester. Thrombus inhibitors and other 
therapeutic agents have also been incorporated into the ?ber 
matrix of non-metallic stents, or attached to a biocompatible 
coating that encapsulates a stent. Some of the naturally 
occurring substances that have been described as biocom 
patible or therapeutic coatings for stents include: collagen/ 
laminin, heparin, ?brin, phosphorylcholine, AZ1 (mono 
clonal antibody directed against rabbit platelet integrin 
(xHIbB3) absorbed to cellulose, and AZ1/UK (monoclonal 
antibody directed against rabbit platelet integrin amb[33/ 
urokinase conjugate) adsorbed to cellulose. (Topol et al., 
1998) 
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[0029] US. Pat. No. 5,749,915 (Slepian) describes a 
method of forming a biocompatible polymer coating on a 
vessel Wall by providing a biocompatible polymeric material 
that is non-?uent at body temperature, yet Which becomes 
?uent at an elevated temperature. The material is heated to 
render it ?uent, contacted With a tissue surface to be 
“paved”, and alloWed to cool, thereby providing a non-?uent 
biocompatible polymeric covering on the vessel Wall. 

[0030] Therapeutic stents have also been described as 
vehicles for prolonged local drug administration, as means 
for delivery of gene therapy to cells of the arterial Wall, and 
as carriers of viable endothelial cells to passivate the stent 
surface (See Topol et at., 1998). US. Pat. No. 5,674,192 
(Sahatjian, et al.) describes a drug-carrying balloon catheter 
and stent With a polymer coating such as a sWellable 
hydrogel incorporating the drug. The expandable portion of 
the catheter can be adapted for application of heat to the 
polymer material to control the rate of administration. The 
polymer is meltable and the release of the polymer is aided 
by the application of heat. 

[0031] US. Pat. No. 5,906,636 (Casscells, et al.) discloses 
use of an endolumenal stent to gently heat an in?amed 
atherosclerotic plaque for reducing in?ammation and/or 
inducing apoptosis in plaque cells as a means for preventing 
or delaying restenosis after angioplasty or stenting. 

[0032] The use of electromagnetic energy, including 
microWave, radio frequency (RF), coherent (laser), ultravio 
let (UV) and visible-spectrum light energy, have been used 
in various angioplasty and atherectomy devices, endeavor 
ing to destroy plaque Without harming the vessel Wall. For 
example, US. Pat. No. 5,057,106 (Kasevich) discloses the 
use of microWave energy for heating atherosclerotic plaque 
in the arterial Wall in combination With dilation angioplasty. 
US. Pat. Nos. 4,807,620 (Strul) and 5,087,256 (Taylor) 
provide representative examples of atherectomy or angio 
plasty devices that convert electromagnetic RF energy to 
thermal energy. US. Pat. No. 5,053,033 (Clarke) describes 
the use of an UV laser to inhibit restenosis by irradiation of 
smooth muscle cells With non-ablative cytotoxic light 
energy. US. Pat. Nos. 4,997,431 (Isner); 5,106,386 (Isner); 
5,026,367 (Leckrone); 5,109,859 (Jenkins); and 4,846,171 
(Kauphusman) each disclose the use of laser light transmit 
ted via an optical ?ber or conduit to reduce tissue mass or 
remove arterial plaque by ablation. US. Pat. Nos. 4,878,492 
(Sinofsky) and 4,779,479 (Spears) describe the use of nona 
blative laser light energy of sufficient Wattage to heat the 
arterial plaque during a conventional PTCA dilation proce 
dure in order to fuse fragmented plaque and coagulate 
trapped blood. Typically, these kinds of devices fail to 
distinguish normal vessel Wall from atherosclerotic plaque, 
hoWever. 

[0033] Stent-type devices have also been employed for 
thermal therapy of various annular organs and vessels, 
almost all of Which are directed at inhibiting or killing 
cancer cells and typically generate temperatures in the cell 
necrosing range and beyond. Goldberg (1997) has described 
one type of heating stent for applying RF energy to ind 
Welling metallic stents to induce transluminal coagulative 
necrosis. Another type of heating stent is disclosed in 
Japanese Pat. No. 6063154 (Koji et al.), Which describes a 
heat generating stent for placement in an annular organ for 
tumor treatment. The holloW stent is made of a thermosen 
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sitive magnetic material that is heated by an external high 
energy, alternating magnetic ?eld. Similarly, Japanese Pat. 
No. 6063155 (Koji et al.) describes the application of a 
thermosensitive medicine-containing polymer to the ther 
mosensitive magnetic stent to provide temperature-con 
trolled treatment of an annular organ or vessel. 

[0034] HoWever, problems may arise When the body is 
exposed to a high electromagnetic ?eld. For instance, other 
implanted metallic objects in the body, such as pacemakers, 
de?brillators or cardiovascular stents, may malfunction or 
heat up dangerously if exposed to a strong electromagnetic 
?eld. Additionally, the effects of high magnetic ?elds on 
biological tissue are still not completely understood. Such 
?elds may cause ioniZation of some biomolecules and 
cellular damage. Another disadvantage of techniques requir 
ing high-energy magnetic ?eld production is that they 
require facilities that are costly to maintain and are not 
Widely available to the medical community. 

[0035] Other methods of heating vessels or other annular 
organs, such as resistive heating of a ?uid-?lled balloon 
catheter, for example, Which require passage of electricity to 
the body are inherently dif?cult to control and can also 
present a haZard to the patient. Moreover, all of the con 
ventional intravascular heating methods are invasive and 
catheter-based. 

[0036] Ultrasound (US) is another energy source that is 
applied to the body and is particularly Well knoWn for its 
diagnostic imaging utility, particularly in monitoring fetal 
development and for echocardiography in the diagnosis of 
cardiac conditions. Ultrasound is generally considered to be 
a safe diagnostic and therapeutic tool When employed clini 
cally, and the bene?cial therapeutic effects—both thermal 
and non-thermal—of ultrasound in physical therapy are 
Widely recogniZed, particularly for Wound healing and in 
reducing pain. (See, for example, McDiarnid, et al. 1987). 
Therapeutic use of ultrasound for cardiovascular-related 
conditions include, for example, enhancement of thromboly 
sis by transcutaneous ultrasound treatment, as described by 
Luo et al. (1998). Intravascular ultrasound (IVUS) imaging 
is currently being used to assist stent implantation (Oesterle, 
1998). US. Pat. No. 5,836,896 (Rosenschein) describes a 
method of inhibiting restenosis by applying intravascular 
ultrasonic energy to smooth muscle cells of the vessel Wall 
in order to inhibit the migration and adherence of smooth 
muscle cells. This method, hoWever, takes advantage of the 
non-thermal effect of ultrasound to produce cavitation 
Within a vessel in a region of angioplasty or atherectomy 
injury. 

[0037] Diagnostic and therapeutic uses of ultrasound are 
based on the fact that almost every substance has a charac 
teristic acoustic impedance, Which is based on the speed at 
Which ultrasound Waves travel in that substance, or medium. 
Ultrasound Waves may move, or propagate, through a 
medium more or less freely, or they can be absorbed, 
re?ected or scattered by the molecules of the medium. It is 
the relative contribution of each of these factors that deter 
mines the speed at Which ultrasound Will travel in a given 
medium. Resistance to movement due to absorbance, re?ec 
tance or scattering is generally termed “acoustic impedan 
ce.”The acoustic impedance of a substance is equal to the 
product of the density of the substance and the speed of 
sound therein. 
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[0038] Accordingly, each tissue in the body Will absorb a 
certain percentage of the energy from ultrasound Waves that 
propagate through it. Ultrasound travels at a speed of about 
1.5 ><105 cm/s in most soft tissues. When an ultrasound Wave 
is absorbed, or partly absorbed by tissue, the associated 
kinetic energy is converted to thermal or heat energy, raising 
the temperature of the tissue a corresponding amount. At the 
interface betWeen tWo acoustically different tissues, such as 
bone and soft tissue in the body, even more heat is generated 
by the ultrasound due to re?ectance by the denser medium. 
Re?ectance can produce “standing Waves,” as discussed by 
Roy Williams (1987). Recent tests of the effects of ultra 
sound irradiation on non-living porcine tissue, When placed 
on both metal and plastic surfaces, Were performed by 
Robertson et al. (1995). The results of those studies shoWed 
a markedly higher maximum temperature increase in the 
tissue, and a signi?cantly greater initial rate of heating, When 
the tissue Was on the metal surface rather than on the plastic 
surface. Ultrasound, particularly pulsed high intensity ultra 
sound, can quickly cause excessive heating and even burn 
ing of soft tissue in contact With bone or another acoustically 
re?ective object, such as a conventional metal stent, unless 
the conditions are carefully controlled. 

[0039] Even though ultrasound has been in use both 
diagnostically and therapeutically for over a decade, and its 
bene?cial results have been attributed to both thermal and 
non-thermal effects, there has been little research on the 
effect of treatment dosage on the extent of tissue heating. 
(See, for example, Kimura et al. 1998). Barnett et al. (1994) 
have reported that exposure to even diagnostic levels of loW 
intensity ultrasound produce signi?cant temperature 
increases in vivo, speci?cally at interfaces betWeen bone and 
soft tissue. Fan and Hynynen (1992) have reported the effect 
of Wave re?ection and refraction at soft tissue interfaces 
during ultrasound hyperthermia treatments. A temperature 
increase of more than 5° C. has been reported With diag 
nostic ultrasound equipment, using either pulsed-Wave or 
continuous-Wave loW intensity ultrasound for tissue close to 
bone S. Barnett (1998). Wells (1992)) focuses on the bio 
logical effects due to heating by diagnostic ultrasound, With 
particular reference to the monitoring of prenatal develop 
ment of animals. 

[0040] Today, ultrasound thermal therapy is only used for 
heat delivery to large volumes of tissue, such as tumors, to 
burn sites of internal bleeding to achieve coagulation and 
clot formation, and for physical therapy. High intensity 
focused ultrasound is effective for heating cancerous tissue, 
typically increasing the temperature of the target tissue by 
about 10-20° C. and often up to about 85° C. High intensity 
ultrasound is also used to stop bleeding, in lithotripsy 
procedures, and for deep surgery. For example, the SON 
ABLATETM acoustic ablation device (Focus Surgery, Inc., 
Indianapolis, Ind.) is reported to permit bloodless noninva 
sive surgery in all parts of the body. Generally, in tissues 
Where heat removal by blood ?oW or by conduction is 
signi?cant, higher energy pulsed beams of focused ultra 
sound are sometimes employed in order to more quickly 
achieve the desired level of heating at a target site. Thermal 
therapy devices have particular dif?culty in establishing and 
maintaining the desired therapeutic temperature in highly 
perfused tissues. Also, blood ?oWing through an artery 
makes it very difficult to heat a region of the vessel to a 
desired temperature. Oftentimes, considerable damage to 
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intervening tissue also occurs as a consequence of the higher 
energy ultrasound required With existing ultrasound thermal 
treatment methods. 

[0041] Conventional metal stents, When exposed to a 
focused high intensity ultrasound beam may cause damage 
or burning of the surrounding cardiovascular tissue due to 
re?ectance by the metallic surface of the stent. It Would be 
desirable to have safer stents that could avoid at least some 
of the problems typically encountered With conventional 
stents, as described above. A non-invasive Way to apply 
thermal therapy intravascularly Would be particularly advan 
tageous over the existing catheter-based techniques. It 
Would be even more desirable to have a Way to utiliZe 
existing ultrasound technology to achieve controlled heating 
of stents for particular therapeutic or diagnostic applications, 
While avoiding inadvertent or excessive heating and damage 
to intervening or non-targeted body tissue. 

SUMMARY OF THE INVENTION 

[0042] The present invention provides methods that can be 
used to treat in?ammation in body tissues and in particular 
to treat in?amed atherosclerotic plaques. The methods can 
be used to decrease or eliminate in?ammation in a plaque to 
prevent rupture. Certain disclosed methods are particularly 
useful for inducing apoptosis in localiZed cell clusters such 
as the macrophages that cause an in?ammatory response. 

[0043] The present methods utiliZe localiZed and mild 
hyperthermic treatments to neutraliZe or preferably to induce 
apoptosis in in?ammatory cells. Localized heat treatments 
avoid systemic cell damage and at the same time lead to 
clearance of unWanted cells Without causing a secondary 
in?ammation. 

[0044] The techniques disclosed herein are useful in the 
treatment of in?ammation. The term in?ammation includes 
in?amed atherosclerotic plaques; restenosis; and arteritis 
such as that found in systemic lupus, Takayasu’s arteritis, 
Beheet’s syndrome, temporal (gran+ cell) arteritis, myo 
carditis of the autoimmune etiology; arteriovenous ?stulea, 
dialysis grafts or other vascular prosthesis. The phrase 
“treating in?ammation” also includes treating a region of a 
vein prior to or after balloon angioplasty, rotational or 
directional atherectomy, stenting or related interventions 
that could result in in?ammation and subsequent thrombo 
sis, acute closure or restenosis. Use of the disclosed methods 
on atherosclerotic plaques Will reduce the chance of myo 
cardial infarction or stroke. 

[0045] Certain methods of the present invention are useful 
for inducing apoptosis in in?ammatory cells. In?ammatory 
cells primarily consist of macrophages and other closely 
related cells of the immune system that are involved in 
creating in?ammation. The present methods speci?cally 
contemplate inducing apoptosis in these cells With hyper 
thermic treatments. 

[0046] Some of the present methods are directed to treat 
ing in?amed regions containing deleterious immune cells 
With heat in the range of 385° C.-44° C. for betWeen about 
5 minutes to 60 minutes and more typically for at least about 
15 to 30 minutes. At the high end of the temperature range, 
from about 41° C. to 44° C., apoptosis is more effectively 
induced. Temperatures above 44° C. are not preferred 
because they begin to cause cell killing through necrosis and 
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pathWays that cause secondary in?ammation. Treatments at 
the loW end of the temperature range may also be effective. 
For example, heating With temperatures in the range of 385° 
C. to 40° C., Which are beloW those necessary to cause 
apoptosis on brief exposures (e.g., 15 minutes) can be used 
to decrease macrophage production and their release of 
cytokines. These temperatures are contemplated to be Within 
the present invention. Generally, temperatures of approxi 
mately 42° C. to 43° C. Will be used. 

[0047] In patients, folloWing routine angiography, a heat 
detecting probe, such as is described in Us. patent appli 
cation Ser. No. 08/717,449, Would be used to identify lesions 
that are signi?cantly hotter than the rest of the artery. 
Lesions at higher risk of rupture are about tWo degrees 
Warmer than adjacent tissue. These lesions are detectable by 
heat imaging catheters consisting of any of several ?bers 
that conduct heat, bundled into a standard coronary or other 
angiographic catheter ranging from 4 French to 14 French in 
diameter. Alternatively, a catheter With standard heat sensing 
electrodes on its surface could be used. In one embodiment, 
this Would be a balloon catheter made of a compliant (soft) 
balloon material, so as not to damage the endothelium or 
disrupt the plaque itself. 

[0048] Heat may be transferred to the target cells by a 
variety of methods. For example, heat may be transferred 
into an in?amed plaque in a blood vessel by means of a 
catheter. Several catheters are commercially available that 
are capable of introducing the heat required for these tech 
niques. In addition, the catheter disclosed in US. patent 
application Ser. No. 08/717,449 can easily be equipped to 
emit infrared radiation by one of skill in the catheter arts. 
Preferred catheters are those that can deliver heat Within the 
temperature range of 385-44° C. Catheters that emit heat 
above about 45° C. are not preferred because the use of such 
elevated temperatures may damage endothelial cells and 
produce a secondary in?ammatory response. 

[0049] Preferred embodiments of the present invention 
introduce heat into a region of in?amed tissue by introduc 
ing a stent into the lumen of a blood vessel or the lumen of 
an organ to treat in?ammation in blood vessels, parenchymal 
smooth muscle cells or interstitial cells such as ?broblasts to 
prevent obstruction and/or thrombosis in the lumen. Meth 
ods for positioning stents are Well knoWn in the art. The stent 
is positioned in such a Way as to be in thermal contact With 
a region of in?amed tissue. The stent is then heated. It can 
be heated electrically or With microWave or radio frequency 
radiation or other means. These heating methods can be 
produced from devices such as catheters Within the lumen or 
from energy sources such as radiofrequency sources outside 
the body. It Would be clear to one of skill in the art that the 
stent used in such an application must be able to transmit 
heat. The preferred stents are made of metal. 

[0050] Although the present techniques primarily rely 
upon heating methods, chemical agents or radiation may 
also be employed to augment the effectiveness of heat 
treatments. For example, beta-blocking drugs, cytokines 
such as insulin-like groWth factor, transforming groWth 
factor B1, vascular endothelial groWth factor, ?broblast 
groWth factor, tumor necrosis factor and the like may be 
used to enhance the susceptibility of macrophages to heat 
induced apoptosis or to increase the resistance of endothelial 
cells to apoptosis. Effective amounts of these drugs can 
easily be determined by one of skill in the art. 
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[0051] Preferred embodiments of the present invention 
include ultrasonically heatable stents containing biocompat 
ible material that heats more rapidly than does human soft 
tissue When a focused beam of ultrasound is directed onto 
the implanted stent. The disclosed methods of the invention 
provide a neW Way to invasively or non-invasively heat a 
tissue Which is in contact With one of the coated stents of the 
invention by directing ultrasound at the implanted stent. The 
US-heatable stents of the invention also avoid at least some 
of the problems encountered by other US thermal therapy 
devices in establishing and maintaining the desired thera 
peutic temperature in a target tissue, particularly When one 
is hampered by the presence of blood perfusion in the tissue. 
Blood ?oWing through an artery makes it very difficult to 
heat a region of artery Wall to a desired temperature. The 
ultrasound-absorptive coated stents of the disclosed inven 
tion achieve controlled heating for particular therapeutic or 
diagnostic applications, While avoiding the inadvertent or 
excessive heating and damage to non-targeted body tissue 
commonly encountered With other heating stents. The stents 
of the present invention, and their methods of use, advan 
tageously employ the acoustic impedance properties of 
tissues and of various biocompatible polymers, among other 
things. Also, the “double heating” effect that occurs due to 
re?ectance of ultrasound by metal and at dissimilar acoustic 
interfaces are employed to achieve site-speci?c therapeutic 
heating of targeted regions of vessel Wall. 

[0052] As described in more detail beloW, ultrasonically 
heatable stents are provided Which, after initial endolumenal 
placement, can be either invasively or non-invasively 
Warmed to produce therapeutic levels of heat in the stent. 
Similarly, exemplary methods are also described for heating 
in situ a synthetic vascular graft. 

[0053] In accordance With the present invention, an ultra 
sonically heatable stent is provided. The stent may be 
con?gured, or designed to maintain the patency of a human 
vessel, such as a coronary artery, for example. The stent 
contains an ultrasound-absorptive material that possesses a 
characteristic acoustic impedance value that is greater than 
that of living tissue. For the purposes of this disclosure an 
“ultrasound-absorptive material” is de?ned as one that 
absorbs an appreciable amount of the energy of an ultra 
sound beam Whereby the temperature of the material 
increases. The ultrasound-absorptive material may be used 
to form the entire structure of the stent. Alternatively, the 
basic structure or frameWork of the stent may be made of 
another material, such as Wire mesh, Which provides the 
main support function of the stent and is con?gured to 
maintain patency of the vessel. In the latter embodiment, a 
coating of the ultrasound-absorptive material covers or 
overlies the stent frameWork and is characteriZed by being 
heatable by ultrasound at a faster rate than living soft tissue. 
For example, the stent coating may contain at least one 
US-absorptive material that has a heating rate greater than 
086° C. per minute When subjected to an ultrasound beam 
of 1 mHZ frequency and 1 Watt/cm2 intensity. 

[0054] Certain embodiments of the stent include a poly 
mer that has at least one of the US-absorptive coating 
materials. Examples of some of the synthetic polymers that 
may be used are silicone, polyvinylchloride, nylon and 
polyurethane. Combinations of these materials may also be 
used in order to optimiZe the heating rate of the coating or 
to improve stability or biocompatibility of the coating. In 
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some embodiments, the coating also includes a heat-releas 
able drug for local release at the site of the stent. 

[0055] In an alternative embodiment of the stent of the 
present invention, the US-absorptive coat contains at least 
tWo layers of US-absorptive material. One of the layers 
covers at least one other layer, Which is sandWiched betWeen 
the frameWork and the outer layer. These tWo or more layers 
have dissimilar acoustic impedance characteristics. These 
tWo layers and their distinct interfaces Work together to 
enhance the ultrasound-induced temperature increase of the 
coat When exposed to ultrasound. For example, the coating 
preferably has the characteristic that its temperature Will 
increase 1-5° C. or more in response to ultrasound irradia 
tion at a chosen Wave frequency, intensity and duration. The 
coating Will preferably also have the characteristic that its 
acoustic impedance is greater than that of any intervening 
tissue located betWeen the stent and an external ultrasound 
transducer, When said stent is situated in a vessel and 
ultrasonic radiation is directed toWard said stent. This fea 
ture prevents tissue in the path of the ultrasonic beam from 
being damaged or excessively heated before the stent 
reaches the desired temperature. 

[0056] Also provided by the present invention is a method 
of making the neW ultrasonically heatable stents. The 
method includes obtaining a stent frameWork con?gured for 
maintaining patency of a vessel, and obtaining a biocom 
patible coating material characteriZed by having an acoustic 
impedance greater than that of living tissue. The coating 
material is applied to the stent frameWork in such a Way that 
the ?nal thickness and character of the coating permits the 
stent to be heatable by ultrasound at a faster rate than living 
tissue, as described above. 

[0057] Also in accordance With the present invention, a 
method of making an ultrasonically heatable stent is pro 
vided. One exemplary stent is made by modifying a basic 
metal stent frameWork con?gured for maintaining patency 
of a vessel, such as a commercially available Wire mesh, or 
ZigZag stent. Over the stent frameWork is applied a coat or 
layer of a biocompatible coating material that is character 
iZed by having an acoustic impedance greater than that of 
living tissue, such as that in the human body. The thickness 
and other characteristics of the coating are such that said the 
stent is heatable by ultrasound at a faster rate than living 
tissue. For example, a heating rate greater than 086° C. per 
minute When subjected to an ultrasound beam of 1 mHZ 
frequency and 1 Watt/cm2 intensity is characteristic of 
certain coated stents of the invention. One suitable coating 
material is silicone, and others include nylon, polyvinyl 
chloride, polyurethane and phosphorylcholine, for example. 
Combinations of coating materials may also be used. The 
coating may also be applied in layers of the same or different 
ultrasoundabsorptive material, so as to form additional 
acoustic interfaces. The thickness and manner of coating the 
stent can be varied such that the resulting coated stent is 
heatable by ultrasound at a faster rate than the surrounding 
living tissue. For example, a temperature about 1-5° C. 
above ambient temperature is generated in the stent. 

[0058] The present invention also provides a method of 
treating an atherosclerotic plaque in a living subject. An 
ultrasonically heatable stent, as described above, is posi 
tioned in a vessel lumen in such a Way that it contacts a 
region of vessel Wall Where an atherosclerotic plaque is 
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located. One particular kind of site in need of treatment is a 
stenotic plaque that has recently undergone an angioplasty 
or atherectomy procedure. An ultrasound transducer is 
advantageously positioned outside of the body of the sub 
ject, and operated to cause an ultrasonic beam to be directed 
onto the stent inside the vessel. For the purposes of this 
disclosure, the term “advantageously positioned” means that 
the transducer is located as optimally as possible or practical 
for directing ultrasound Waves toWard a particular target. For 
example, one Would try to avoid having hard or interfering 
surfaces betWeen the transducer and the internal target. Also, 
positioning the transducer close to the target reduces the 
depth of penetration of the ultrasound Waves required in 
order to reach the target stent. Due to the choice of ultra 
sonically heatable coating material covering the stent, and 
the optimal operation of the ultrasound system, the tempera 
ture of the stent is Warmed to and maintained at about 1-5° 
C. above the ambient temperature of the vessel. The ultra 
sonic heating of the stent is continued While the region of 
vessel Wall contacted by the stent is heated at 38-42° C. for 
a suf?cient period of time to achieve the desired therapeutic 
goal, such as reducing post-injury in?ammation or inhibiting 
cellular proliferation. 
[0059] To further optimiZe the procedure, the temperature 
of the stent and/or the heated area of vessel Wall is measured, 
using a conventional remote temperature monitoring 
method. Also, the ultrasound irradiating and temperature 
measuring steps can be repeated at the desired time intervals, 
as considered by the user to be medically bene?cial. Option 
ally, but preferably, a microprocessor and visual display 
system is employed to control the operation of the ultra 
sound transducer and to receive, analyZe and display the 
temperature measurements. It is also preferred in some 
embodiments that the ultrasonic transducer operate in the 
frequency and intensity ranges employed With conventional 
physical therapy equipment, for eXample, about 1-3 mHZ 
frequency and 0.8-1.5 Watts/cm2 intensity for a suf?cient 
time to heat and hold the stent at the desired temperature. In 
some embodiments, at least tWo transducers are arranged in 
an array around the body of the patient and each transducer 
is operated in cooperation With the others so that tWo or 
more ultrasonic beams are directed at the stent from different 
directions. The depth of penetration of the ultrasound signal 
and the amount of heating obtained With a particular stent is 
adjusted by tuning the frequency of the ultrasound signals. 
Also, the Width of the beam can be narroWed by conven 
tional means, for eXample an acoustic lens can be employed 
to focus on a desired spot, if desired. By choosing a suitable 
ultrasound heatable material and by advantageously posi 
tioning the transducers and adjusting and focusing the 
ultrasound appropriately, the temperature of the stent is more 
easily or quickly Warmed up to and held in the desired 
temperature range. For example, the ultrasound heating 
system is adjusted so that the stent is maintained at about 
1-5° C. above ambient vessel temperature for the length of 
time that is needed to heat the area of vessel Wall surround 
ing the stent at 38-42° C. 

[0060] In one embodiment of the present invention, a 
method of treating a site on a vessel Wall includes placing an 
ultrasound transducer inside the esophagus, similar to the 
transducer placement for conventional trans-esophageal 
echocardiography. In some embodiments of the method of 
treating atherosclerotic plaque, an intravascular ultrasound 
transducer is positioned inside the stent instead of position 
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ing one or more transducers outside the body. This is 
particularly desirable if another intravascular procedure is 
being performed on the patient, and the tWo procedures can 
be combined. 

[0061] A method of treating a vascular injury, such as an 
angioplasty or atherectomy site, for inhibiting restenosis is 
also provided by the present invention. Similar to the 
method of treating an atherosclerotic plaque, an ultrasoni 
cally heatable stent is positioned along the vessel Wall at a 
site Where an angioplasty or atherectomy procedure has been 
recently performed. The site is subjected ?rst to ultrasound 
induced heating at 39-40° C. to reduce post-injury in?am 
mation. This 39-40° C. heating can be repeated in a periodic 
manner in order to remove any residual or recurring in?am 
matory deposits on the surface of the stent, as deemed 
medically necessary. Subsequently, especially if restricted 
blood ?oW through said stent is detected, an ultrasound 
transducer may again be applied such that an ultrasonic 
beam is directed onto the stent. In the second phase of 
treatment, the stent is maintained at a temperature about 1-5° 
C. above ambient vessel temperature long enough to heat 
any vascular tissue overgroWth and accumulated in?amma 
tory cells to induce apoptosis. For eXample, the second 
phase heating could be 42° C. for at least 15 minutes, to 
induce apoptosis in smooth muscle cells and in macroph 
ages. If desired, the accuracy and ease of performing the 
procedure can be facilitated by non-invasively monitoring 
the temperature of the stent or the region of vessel Wall. 
Also, a microprocessor and visual display can be used to 
receive, analyZe and display the temperature measurements. 

[0062] Another method encompassed by the present 
invention includes a method of reducing or eliminating a 
population of in?ammatory cells on an implanted synthetic 
vascular graft, such as an arterio-venous (AV) graft, in a 
living subject. According to this method, an ultrasound 
transducer is advantageously positioned With respect to the 
location of the stent and is operated in such a Way that an 
ultrasonic beam is directed on the graft. In this Way the 
temperature of the graft, or a portion thereof, is increased 
about 1-5° C. above the ambient vessel temperature. This 
temperature elevation is maintained for a suf?cient period of 
time to heat the graft, or portion thereof, at a temperature of 
38-42° C. As described before, a microprocessor and moni 
tor may be incorporated in the treatment system and ultra 
sound operation and temperature measurement steps may be 
repeated at therapeutically bene?cial intervals. 

[0063] Still another embodiment of the present invention 
provides a method of inhibiting or regressing in-stent rest 
enosis. After an ultrasonically heatable stent of the invention 
is implanted into the vessel of a subject, vascular and 
in?ammatory cells may invade or over-groW the stent, as 
sometimes occurs With mesh-type stents. In this case, hoW 
ever, an ultrasound transducer is positioned outside of the 
body and a loW-intensity ultrasonic beam is directed at the 
stent. The ultrasound beam is operated in such a Way that the 
temperature of the stent is increased to about 1-5° C. above 
the ambient vessel temperature for a suf?cient period of time 
to heat the stent at a temperature of about 42° C. Optionally, 
ultrasound irradiation and temperature measurement steps 
are repeated at therapeutically bene?cial time intervals. For 
eXample, it is desirable to heat up the stent When blood ?oW 
through the stent has become restricted, When overgroWth of 
vascular smooth muscle cells into the stent is believed to 
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have occurred, or to reduce the size of blood clots in or 
around the stent. This procedure may also employ a micro 
processor and visual display system to control the operation 
of said ultrasound transducer and to receive, analyZe and 
display said temperature measurements, Whereby apoptosis 
is induced in a population of cells of the overgrown tissue. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0064] FIG. 1 is a graph shoWing the percent of cells from 
Watanabe (atherosclerosis) rabbit aorta tissue undergoing 
apoptosis after exposure for 15 minutes at the temperatures 
shoWn. 

[0065] FIG. 2 is a graph shoWing the percent of cells in 
apoptosis from human endarterectomy tissue after heating in 
cell culture for 15 minutes at the temperatures shoWn. 

[0066] FIG. 3 is a graph shoWing the relationship of heat 
as measured by an infrared camera, to cell density in living 
human carotid endarterectomy specimens. 

[0067] FIG. 4A is a photomicrograph of a representative 
specimen of human carotid endarterectomy tissue heated to 
44° C. for 15 minutes. 

[0068] FIG. 4B is a photomicrograph of an unheated 
portion of the specimen of human carotid endarterectomy 
tissue shoWn in FIG. 4A. 

[0069] FIG. 5 is a schematic representation of the test 
set-up for determining the ultrasound heating characteristics 
of a variety of stent materials. 

[0070] FIG. 6 is a graph shoWing the ultrasound heating 
effects (° C./second) of a sample of silicone polymer and a 
soft-tissue specimen situated betWeen the polymer and an 
ultrasound transducer operated in continuous-Wave mode at 
an intensity (poWer) of 1 Watts/cm2. 

[0071] FIG. 7 is a graph shoWing the ultrasound heating 
effects (° C./second) of a sample of TEFLONTM polymer and 
a soft-tissue specimen situated betWeen the polymer and an 
ultrasound transducer operated in continuous-Wave mode at 
an intensity (poWer) of 20 Watts/cm2. 

[0072] FIG. 8 is a graph shoWing the ultrasound heating 
effects (° C./second) of a sample of HAEMOFLOTM poly 
vinylchloride polymer and a soft-tissue specimen situated 
betWeen the polymer and an ultrasound transducer operated 
in continuous-Wave mode at an intensity (poWer) of 20 
Watts/cm2. 
[0073] FIG. 9 is a graph shoWing the ultrasound heating 
effects (° C./second) of a sample of NYLONTM polymer and 
a soft-tissue specimen situated betWeen the polymer and an 
ultrasound transducer operated in continuous-Wave mode at 
an intensity (poWer) of 5 Watts/cm2. 

[0074] FIG. 10 is a graph shoWing the ultrasound heating 
effects (° C./second) of a sample of LEXANTM polymer and 
a soft-tissue specimen situated betWeen the polymer and an 
ultrasound transducer operated in continuous-Wave mode at 
an intensity (poWer) of 5 Watts/cm2. 

[0075] FIG. 11 is a graph shoWing the ultrasound heating 
effects (° C./second) due to ultrasound Waves re?ected from 
a metal coil stent on a soft-tissue specimen situated betWeen 
the metal stent and an ultrasound transducer operated in 
continuous-Wave mode at an intensity (poWer) of 5 Watts/ 
cm2. 
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[0076] FIG. 12 is a graph shoWing the predicted effects of 
heat on macrophages in atherosclerotic plaques. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0077] The folloWing eXamples are offered by Way of 
illustration and are not intended to limit the invention in any 
manner. All temperatures are in degrees Celsius unless 
otherWise noted. 

EXAMPLE I 

[0078] The inventors have discovered that macrophages 
are more susceptible to heat induced apoptosis than endot 
helial cells. This discovery led to the development of the 
present techniques that use heat to reduce in?ammation in 
in?amed tissue and especially in in?amed atherosclerotic 
plaques. HoWever, greater sensitivity to heat-induced apo 
ptosis of macrophages is not a requirement of the invention 
because many athersclerotic plaques are denuded of endot 
helium in Which case induction of endothelial cell apoptosis 
Would be moot. 

[0079] FIG. 1 shoWs the percent of cells from Watanabe 
(atherosclerosis) rabbit aorta tissue undergoing apoptosis 
after eXposure for 15 minutes at the temperatures shoWn, 
folloWed by “TUNEL” staining after a 6 hour incubation at 
37° C. FIG. 2 shoWs similar results When the cells in human 
carotid artery endarterectomy samples Were investigated in 
a similar manner. Living human carotid atherosclerotic 
plaque Was obtained by endarterectomy, immediately placed 
in tissue culture and subjected to varying temperatures for 
?fteen minutes. After four subsequent hours at 37° C. these 
specimens Were ?xed and processed for light and electron 
microscopic histology. The sections Were subjected to his 
tochemistry for the enZyme terminal deoXynucelotidyl trans 
ferase, Which results in a blue color in the apoptotic cell. A 
kit from Trevigen, Inc (Gaithersburg, Md., 20877) Was used 
With the appropriate positive and negative controls. As a 
further control the stained cells Were evaluated by electron 
microscopy. The results shoW a signi?cant number of apo 
ptotic cells at 37° C. There Was an increase in the number of 
apoptotic cells at 42° C. With a peak at 45° C. 

[0080] These results Were con?rmed by electron micro 
scopic ?nding of chromatin margination, protrusions and 
nuclear fragmentation and budding With the production of 
membrane bound apoptotic bodies. Light microscopy sug 
gested that almost all of the cells undergoing apoptosis Were 
macrophages. Finally, a minority of endothelial cells under 
Went apoptosis With 15 minutes of eXposure to 45° C., 
suggesting that there is indeed a WindoW in Which the 
macrophages can selectively be induced to undergo apop 
tosis. 

[0081] FIG. 3 shoWs more directly the relationship 
betWeen cell density and heat produced as measured by an 
infrared camera. The elevated heat produced in areas having 
elevated numbers of macrophages facilitates a detection 
method for identifying in?amed plaques as discussed in US. 
patent application Ser. No. 08/717,449. In FIG. 4 is shoWn 
the results from a study in Which a representative specimen 
of human carotid endarterectomy tissue Was divided and 
half. One half shoWn in FIG. 4A Was incubated at 44° C. for 
15 minutes in a humidi?ed incubator, folloWed by 6 hours at 
37° C. The other half Was maintained at body temperature. 
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“TUNEL” staining for DNA Was employed to demonstrate 
apoptosis. The cells are indicated by the dark stain. No 
counterstain Was used in this section. The capillary nuclei 
are faintly shoWn as unstained macrophage nuclei. The 
photograph demonstrates the difference betWeen the nuclei 
of heated and unheated cells. 

EXAMPLE II 

Treatment of In?amed Plaques 

[0082] Typically, heat induced apoptosis of in?ammatory 
cells to prevent rupture and/or thrombosis of atherosclerotic 
plaques in the coronary, carotid, iliac femoral or super?cial 
femoral arteries Will be carried out in patients presenting 
With symptoms of ischemia. For example, patients With 
angina or a positive stress test, or patients With a recent 
myocardial infarction Who are undergoing coronary angiog 
raphy, Will have an infrared catheter passed doWn the artery 
in a fashion similar to that of intravascular ultrasound or 
angioscopy, as described further beloW. 

[0083] Some patients Will be referred for this procedure 
for other reasons. For example, patients having plasma that 
shoWs biochemical evidence of in?ammation or thrombosis, 
or endothelial damage or silent myocardial damage, may 
require coronary catheteriZation. Alternative tests Which 
might bring non-symptomatic people to coronary angiogra 
phy and infrared testing might include a magnetic resonance 
imaging scan Which can give a kind of non-invasive ther 
mometry, or positron emission tomography, Which gives a 
non-invasive image of glucose utiliZation (this may indicate 
macrophage presence because of their high glucose con 
sumption When activated). 
[0084] The patients Who come for peripheral angiography 
have come either because of claudication or embolism to the 
feet or because a doctor has found diminished pulses on 
physical examination. Patients requiring carotid angiogra 
phy typically have had a stroke or transient ischemic attack 
or a bruit has been detected on physical examination or a 
carotid narroWing has been detected in the course of mag 
netic resonance imaging, Doppler imaging or angiography 
performed for other reasons. 

[0085] In the patients described above, folloWing routine 
angiography, a heat detecting probe, such as is described in 
US. patent application Ser. No. 08/717,449, Will be used to 
identify lesions that are signi?cantly hotter than the rest of 
the artery. Lesions at higher risk of rupture are generally 
abouttWo degrees Warmer than adjacent tissue. These lesions 
could be detected by an imaging catheter consisting of any 
of several ?bers that conduct heat, bundled into a standard 
coronary or other angiographic catheter ranging from four 
French to seven French in diameter. Alternatively, a catheter 
With standard electrodes on its surface could be used. In one 
method this Will be a balloon catheter made of a compliant 
(soft) balloon material, so as not to damage the endothelium 
or disrupt the plaque itself. 

[0086] Additional evidence that a particular lesion may 
pose a high risk to the patient, even though the stenosis may 
be no more than tWenty or thirty percent in cross sectional 
diameter, may be provided by other techniques such as 
intravascular ultrasound (to determine hoW thin the ?brous 
cap is), optical coherence tomography Which detects cracks 
in the plaque surface, and/or angioscopy Which detects 
super?cial thrombosis. 
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[0087] Treatment of an in?amed lesion Will be performed 
in several Ways. One method is to gently heat the in?amed 
tissue With heat from about 38.5 ° C. to approximately 44° C. 
The treatment is gentle so as not cause cell death due to 

protein denaturation, desiccation, vesication and/or necrosis. 
This heating step Will be carried out for approximately 15 
minutes. This treatment Will trigger programmed cell death 
(apoptosis) in the in?ammatory cells and spares endothelial 
cells. A catheter equipped to radiate heat Will be used in this 
method by placing the tip at the location of the “hot” plaque 
and directing heat into the plaque. Subsequently, thermog 
raphy can be repeated to determine the success of the 
treatment. 

[0088] LoWer amounts of heat Will also be used to treat 
in?amed tissue. For example, heating to 385° to 41° (Which 
induces apoptosis in a smaller percentage of macrophages) 
Will have the bene?cial effect of decreasing in?ammation 
produced by macrophages by reducing the production of 
cytokines such as interleukin 1 and interferon gamma. 
LikeWise heating times can be varied. Thus, it is envisioned 
that some treatments Will be for approximately 60 minutes, 
particularly When loWer temperatures Will be used. In some 
cases heating times may be as short as 5 minutes, especially 
When higher temperatures Will be used. 

[0089] Adjunctive treatments Will include the use of 
cytokines that are knoWn to deactivate macrophages. 
Examples of cytokines envisioned for these treatments 
include TGF-Bl and TNF-I. Other adjunctive therapies Will 
be those directed to preventing the attachment of cytokines 
to their receptors, the attachment of monocytes, lympho 
cytes or neutrophils to cells, the expression of selectins or 
cytokines or chemotactic factors by endothelial cells, 
soluble receptors and other antagonists of in?ammatory 
cytokines and chemotactic factors, as Well as chemical 
treatments that destroy in?ammatory cells. 

[0090] The present invention has been described in terms 
of particular embodiments found or proposed to comprise 
preferred modes for the practice of the invention. It Will be 
appreciated by those of skill in the art that, in light of the 
present disclosure, numerous modi?cations and changes can 
be made in the particular embodiments exempli?ed Without 
departing from the intended scope of the invention. For 
example, a catheter equipped With a laser or other heat 
source can be substituted for a catheter that produces infra 
red radiation. In addition, this technique could be adapted to 
prevent or delay the onset of tissue rejection and treatments 
of other in?amed tissues, such as restenosis after balloon 
angioplasty or related interventions including stenting and 
rotational or directional atherectomy (since macrophage 
density in these tissues predicts restenosis (Moreno) elimi 
nation of macrophages by heat-induction of apoptosis Will 
reduce the likelihood that restenosis Will occur). Another 
application Will be stenosis of arteriovenous ?stulae, dialysis 
grafts, and other vascular prostheses. In these applications, 
heat therapy can be applied either from Within the vessel or 
across the skin by means of infrared radiation, radiofre 
quency, heated metal, etc. Still another application Would be 
the use of microWave or radiofrequency to preferentially 
heat a metal stent to induce macrophage apoptosis to prevent 
stenosis or resterosis. All such modi?cations are intended to 
be included Within the scope of the appended claims. 

[0091] The methods and devices of the present invention 
take advantage of the properties of certain types of plastics, 
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polymers and other coating materials that make some of 
them more susceptible to heating than others. For example, 
some plastics melt When heated to a given temperature, and 
others do not. The inventors observed that not only do a 
variety of biocompatible plastics and other conventional 
coating materials for medical devices differ in their melting 
temperatures, they also differ in the amount of heating they 
undergo in response to ultrasound radiation. In the case of 
ultrasound, the amount of heating that occurs depends upon 
hoW large a part of the ultrasound Wave is absorbed by a 
medium and converted to thermal energy. The present inven 
tion also takes advantage of the “double heating” effect that 
occurs With ultrasound irradiation due to re?ectance of 
sound Waves at dissimilar acoustical interfaces. 

[0092] “Double heating” means that not only is a medium 
heated by absorbance of a portion of the primary ultrasound 
Waves, but it is also heated by absorbance of secondary 
Waves that initially propagated through the medium and are 
re?ected back into the medium. This re?ectance occurs at 
the interface betWeen the medium and another medium that 
has a higher acoustic impedance. As discussed in more detail 
beloW, by directing one or more beams of ultrasound from 
a transducer positioned outside the body onto a plastic 
covered stent, for eXample, the temperature of the vessel 
tissue surrounding the stent can be increased by about 1-5° 
C., or more. High re?ectance of the metallic stent framework 
and high US absorbency and good thermal conduction 
properties of the coating material all contribute to achieving 
good heating of the surrounding tissue for therapeutic pur 
poses. 

[0093] Making an Ultrasonically Heatable Therapeutic 
Stent 

[0094] Avascular stent such as the commercially available 
PALMAZ-SCHATZTM stent (Cordis Corporation (a Johnson 
& Johnson company), Miami Lakes, Fla.) provides the basic 
stent structure or frameWork for the neW ultrasonically 
heatable stent. HoWever, substantially any conventional 
cardiovascular Wire stent that is con?gured for placement in 
a vessel of the body Would also serve satisfactorily, depend 
ing primarily on the user’s choice of stent con?guration and 
chemical composition for particular medical applications. 

[0095] Auniform coating of silicone is then applied to the 
entire stent base by dipping it into melted or liqui?ed 
silicone, or an organic solution thereof, and then hardening 
or drying the silicone to form a smooth coating. Silicone is 
a preferred coating material, in part, due to its high acoustic 
impedence and US heating rate relative to that of vessel 
tissue, and due to its eXcellent biocompatibility and chemi 
cal stability, even under conventional steriliZation tempera 
tures. Other desirable polymers that provide good ultrasoni 
cally heatable coatings are polyvinylchloride, nylon and 
polyurethane, and the like. The best coating materials are 
those that are not only good absorbers of ultrasound, but also 
receive the ultrasound Waves re?ected by the metal surface 
of the stent frameWork Without breaking doWn. Ideally this 
“double heating” effect enhances the ability of the coated 
stent to heat the adjacent tissue in a controlled manner. 

[0096] Several synthetic polymers Were tested in vitro to 
determine their ultrasound heating characteristics compared 
to a non-living tissue specimen. A schematic representation 
of the test set-up is shoWn in FIG. 5. A ?rst piece of fresh 
beef muscle tissue 12, representative of human soft tissue, 

Dec. 19, 2002 

Was placed betWeen a sample of polymer material 14 and the 
ultrasound transducer 16. A second piece of fresh beef 
muscle tissue 18 Was placed beloW the polymer material 14. 
The tissue specimens Were held at about 4° C. until com 
mencement of the test, Whereupon they Were equilibrated at 
room temperature. The temperature of tissues 12 and 18 and 
of polymer sample 14 at ?Xed distances from transducer 16 
Was monitored by Way of thermocouples 20, placed as 
shoWn in FIG. 5. The ultrasound transducer Was operated in 
continuous-Wave mode at an intensity (poWer) in the range 
of 1-20 Watts/cm2 and at a frequency of 1 mHZ. The heating 
rates of the various materials are shoWn in FIGS. 6-11. FIG. 
6 is a graph shoWing the ultrasound heating effects (° 
C./second) of a sample of silicone and a soft-tissue specimen 
situated betWeen the polymer and the ultrasound transducer. 
FIGS. 7-10 are similar graphs for TEFLONTM, polyvinyl 
chloride (HAEMOFLOTM), NYLONTM and LEXANTM, 
respectively. These data shoW that LEXANTM heated at 
about the same rate as the intervening tissue, While the 
intervening tissue heated signi?cantly faster When the 
“stent” material Was TEFLONTM. By contrast, silicone and 
polyvinylchloride samples heated much faster than the tis 
sue. Even nylon Was heated by ultrasound at a faster rate 
than the intervening tissue specimen. 
[0097] The enhanced or double heating effect of ultra 
sound heating on soft tissue due to re?ectance of ultrasound 
Waves back into the tissue can be seen from the graph shoWn 
in FIG. 11. A metal coil Was placed inside a soft-tissue 
specimen, similar to the polymer test conditions shoWn in 
FIG. 5, With thermocouples located neXt to the metal coil 
and inside the tissue. The ultrasound transducer Was oper 
ated in continuous-Wave mode at an intensity (power) of 5 
Watts/cm2. It can be readily seen that the temperature of the 
tissue betWeen the ultrasound transducer and the metal coil 
increases at about the same rate as the metal coil, at least up 
to about 300 seconds of continuous ultrasonication at 5 
Watts/cm2. Given that about 90% of an ultrasound Wave is 
re?ected by a metal surface, the temperature of the metal 
coil in this test should be indicative of the temperature of the 
adjacent tissue. Comparing the heating rate of tissue using a 
metal “stent” to the rate using a silicone “stent,” it can also 
be seen that after about 300 seconds the mass of intervening 
tissue betWeen the metal coil and the transducer Was about 
3° C. hotter than that betWeen the silicone sample and the 
transducer. This strongly suggests that a silicone coated 
stent, for eXample, can be selectively Warmed by ultrasound 
Without excessively Warming a mass of intervening tissue, 
and that the heated stent can Warm a small region of 
immediately adjacent tissue by thermal conduction. 
[0098] For a given coating material, the thicker the coat, 
the more heat can be generated by ultrasound irradiation. 
HoWever, due to differences in acoustic impedence proper 
ties of different coating materials, a thinner coat of one 
polymer may be more desirable than a thicker coat of 
another polymer, for eXample. In any case, the polymer coat 
should not be so thick as to close up the mesh of a Wire mesh 
frameWork and should not increase the diameter of the 
?nished stent so much that it cannot be readily maneuvered 
into place in a vessel. The particular coating material that is 
selected, and the thickness and layering characteristics of the 
coat, Will provide an ultrasound-induced temperature 
increase of about 1-5° C. When irradiated With loW, mid or 
high intensity ultrasound. The most preferred coating mate 
rials are those Which permit heating of the stent by loW 
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intensity ultrasound. Such coated stents Will permit adjacent 
tissue to be heated at about 38-42° C., by thermal conduc 
tance from the coating material. By optimizing the choice of 
coating material and the re?ective interface characteristics, 
and by ?ne tuning the depth of penetration and the intensity 
of the ultrasound beam, the temperature of the stent can be 
raised a feW degrees higher than 5° C., if desired. 

[0099] As an alternative to using silicone, another bio 
compatible, chemically stable coating material may be used, 
provided that it has an acoustic impedence value that is 
higher than that of the target vessel tissue at the site of 
placement of the stent. It is essential that the coating material 
chosen be able to be heated by ultrasound and to conduct 
heat to the surrounding tissue at a heating rate that is 
signi?cantly greater than the rate at Which the tissue is 
directly heated by the ultrasound traveling through it. Coat 
ings of choice Will not have the acoustic behavior charac 
teristics of metal (i.e., maximum re?ectance and minimum 
absorbency). Other suitable synthetic polymers that may be 
used for the ultrasonically heatable coating include polyure 
thane, polyvinylchloride and nylon, for example. An alter 
native to applying the coating by dipping or spraying, the 
polymer coating may also be applied by vapor deposition, if 
appropriate. Examples of polymers that are particularly 
suited to vapor or plasma deposition onto a metal framework 
are polyimide, parylene and parylene derivatives. If desired, 
a mixture of polymers, co-polymers, or other coating mate 
rials may be used to optimiZe the impedance characteristics 
of the coat. Whichever coating material is selected, it should 
adhere Well to the metal stent structure or framework, should 
be steriliZable, and should not appreciably detract from the 
?exibility, strength and other critical features of the basic 
stent structure. Suitable coatings are at least someWhat 
elastic and ?exible enough to expand and contract along 
With the underlying stent frameWork Without cracking or 
splitting, and stable at temperatures up to about 42° C. 

[0100] If desired, the coating may also include a drug for 
release at the stent implantation site. In this case, the coating 
material selected is a US-heatable polymer that releases a 
portion of the drug upon being heated to a threshold tem 
perature. Of the various naturally occurring substances that 
have been mentioned as coatings for medical devices, 
including collagen/laminin, heparin, ?brin, AZ1 (mono 
clonal antibody directed against rabbit platelet integrin) 
(xHIbB3) absorbed to cellulose, and AZl/UK (monoclonal 
antibody directed against rabbit platelet integrin amb[33/ 
urokinase conjugate) adsorbed to cellulose, some may also 
be of use in making an ultrasound heatable stent, particularly 
in combination With a more ultrasound-absorptive material. 
Inclusion of these types of coating materials may be useful 
in applications Where particular vascular therapeutic effects 
are desired. An alternative temperature sensitive drug-re 
leasing stent comprises a biodegradable stent material 
Which, after several gentle heating repetitions, becomes 
completely absorbed or dissolved in the tissue, for example, 
after about 6 months to a year. Such a stent Would provide 
temperature controlled stent degradation along With timed 
drug release. 

[0101] To take further advantage of ultrasound Wave 
re?ectance that occurs at interfaces, for the purpose of 
enhancing the heating properties of the stent, some coating 
materials may be advantageously applied in discontinuous 
layers. One Way this can be accomplished by applying 
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multiple thin layers of the same coating material. If desired, 
one or more different layers of coating material may be 
applied over the initial coat. This is especially advantageous 
if additional “double heating” effects are needed to produce 
a higher temperature in the coating of the therapeutic stent, 
for example, more than about 1-5° C. above ambient. By 
choosing a ?rst coating material (inner layer) having a 
higher acoustic impedence than the second (outer) coating, 
a certain amount of re?ectance at the interface of the tWo 
dissimilar coating materials can be expected. This is in 
addition to the re?ectance that occurs at the metal/?rst 
coating interface and that increases the heating of the inner 
layer. Another advantage of applying an outer layer is that it 
could also serve to insulate the body from a less Well 
tolerated polymer used for the inner coating. For example, a 
hemocompatible and phosphorylcholine outer coating may 
be applied over a rapidly heating polymer to provide the 
advantage of hemocompatability or resistance to clot for 
mation. 

[0102] Since the tissue around the neW stent is Warmed 
primarily by conduction of heat aWay from the coated stent, 
the choice of material used for each layer should also take 
into consideration the relative thermal conductance proper 
ties of a material. For many applications it is desirable to 
limit the thermal conduction through the metal frameWork 
and into the circulating blood. Therefore, a coating material 
With loWer thermal conductive properties is preferred on the 
inside (lumen) of the stent. Since there are suitable materials 
that absorb more US energy and others that absorb less, a 
multi-layer coating can be constructed Which permits heat 
ing of the outside of the stent While isolating the heat from 
the interior of the stent to prevent overheating of the blood. 
For some uses, hoWever, such as When in-stent stenosis 
occurs, it is desirable to heat both sides of the stent. As 
discussed in more detail beloW, When the stent is covered 
With proliferated smooth muscle cells and in?ltrated in?am 
matory cells it is necessary to heat the internal part of the 
stent in particular. 

[0103] As an alternative to applying one or more ultra 
sonically heatable coatings to a metal frameWork, a satis 
factory ultrasonically heatable stent can also be made by 
forming the entire device, including the frameWork, out of a 
suitable biocompatible material. Suitable materials are those 
that have an acoustic impedance that is greater than that of 
the vessel tissue. For example, a stent may be molded of a 
polymer such as silicone. Another biocompatible polymer 
With suitable acoustic impedence characteristics could also 
be employed, provided that the stent structure is of suf?cient 
strength to hold open a section of vessel Wall. In order to 
deter conduction of heat from the ultrasonically heatable 
stent material to the blood passing through the interior of the 
stent, an insulative coating may be applied to the interior 
surfaces. 

[0104] Use of the Ultrasonically Heatable Stent to Heat a 
Site on a Vessel Wall 

[0105] In the absence of heat dissipation by blood ?oW or 
conduction, most soft tissues in the body experience an 
increase in temperature at a rate of about 086° C. per minute 
When subjected to an ultrasound beam of 1 mHZ at an 
intensity of 1 Watt/cm2 (R. Williams in “Production and 
Transmission of Ultrasound,” Physiotherapy, pp. 5-7 
(March/April 1987)). Generally, if higher ultrasonic fre 














