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Radial Artery Approach
 

MAURICIO G. COHEN and SUNIL V. RAO

INTRODUCTION

In 1989, Lucien Campeau published his successful series of
100 coronary angiographies performedvia theleftradial artery
with minimal occurrence of complications.’ Subsequently in
1993, Kiemeneij performed percutaneous coronary interven-
tions (PCI) using 6F guiding catheters in a time when most
interventional procedures were performed with larger 8F
catheters.’ Since then, transradial access (TRA) has continued

to gain popularity in some regions of Europe, Canada, South
America, Japan, andother sites outside of the United States
where TRA is used in more than 60% of the cases.? The most

compelling reason for adopting TRA is the increased patient
safety that results from the virtual elimination of access
site bleeding and vascular complications. In addition, TRA
is associated with early sheath removal, improved patient
comfort, faster recovery, and lower costs in comparison with
transfemoral access.*° However, a relatively steep learning
curve, increased radiation exposure, incompatibility of the
radial artery with sheaths larger than 6F required for large
rotablator burrs and complexbifurcation stenting, and higher
access failure rates have been cited as reasons for not system-
atically adopting TRA.”" An early analysis of the American
College of Cardiology National Cardiovascular Data Reg-
istry (ACC/NCDR) of procedures performed between 2004
and 2007 demonstrated a minimal use of TRA in the United

States, with almost 90% of centers performingless than 2% of
cases using the radial artery approach. However, interven-
tional cardiologists have been more open to change and TRA
has gained renewed momentum in the United States with the
recognition of access site bleeding as a predictor of adverse
outcomes post-PCl,” wider access to training opportuni-
ties, and the inception of dedicated micropuncture needles,
hydrophilic-coated sheaths, and radial hemostasis devices.
A morerecent analysis including 1,776,625 patients treated
at more than 1,200 U.S, hospitals demonstrated a significant
uptake in TRA use from 1.3% in 2007 to 12.7% in 2011."

The ACC/AHA/SCAIguidelines now include TRA asa class
IIA recommendation with a level of evidence A to decrease

access site complications.’? A class I[A recommendation for
TRA is also included in the most recent European guidelines
for the management of acute ST segmentelevation myocar-
dial infarction in the setting of primary PCI, if performed by
an experienced radial operator."

ANATOMICAL CONSIDERATIONS

The radial artery arises together with the ulnar artery from
the bifureation of the brachial artery just below the bend
of the elbow. The radial artery passes along the lateral side
of the forearm from the neck of the radius to the forepart ol
the styloid process in the wrist and is smaller in caliber thar.
the ulnar artery. It then winds backward, around thelatera.
side of the carpus. The distal portion of the artery in the fore:
arm is superficial, being covered by the integument and the
superficial and deep fascia, lying between the tendons ofthe
brachioradialis and flexor carpiradialis over the prominence
of the radius. With an average diameterof 2.8 mm in female:
and 3.1 mm in males, the radial artery is compatible with 61
sheaths, The artery is accompanied by a pair of venae comi
tantes throughoutits whole course, which can be used to per
form right heart catheterization (RHC),.!"”

Several anatomic characteristics explain the markec
safety advantage of the radial artery over the femoral arter)
approach. The flat, bony prominence of the radius provide:
ease of compression and hemostasis after sheath removal, thi
vast collateralization of the radial artery through the palma
arch preventsischemia of the hand; because the puncturesit'
is not overlying a joint, motion of the hand or the wrist doe:
not increase the risk of bleeding; and becauseof the absenc:
of major adjacent nerve structures, there is no risk of neuro
logic sequelae.”® In contrast, the ulnar artery is deep lying
mobile, adjacent to the ulnar nerve, and consequently no
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ideal for first-line vascular access, Despite this, ulnar access
has been used successfully for coronary procedures, without
evidence of an increased rate of complications when com-
pared with TRA.*! The ulnar artery should notbe used after
a failed ipsilateral radial attempt because of a possible small
tisk of complete obstruction of circulation to the hand,

The interventional cardiologist should be aware ofrela-
tively uncommon anatomic anomalies that may impede the
advancementof catheters to the aorta or increase the risk of

failure or complications. Variations include tortuous radial
configurations, stenoses, hypoplasia, radioulnar loops, aber-
rant tight subclavian artery (arteria lusoria), and abnormal
origin of the radial artery.7 In a series of 1,540 transradial
proceclures, anatomic anomalies were found in about 15% of
cases. A high radial artery origin at the level of the mid or
upper humerus was found in 7% of cases and was associated
withafailure rate of 4.6%, a loop in the proximalradial artery
was found in2,3% of cases and associated with a highfailure
rate of 37.1%, severe tortuosity was found in 2 %, and other
miscellaneous anomalies in 2.5% of cases. These anomalies

are usually unilateral, therefore vascular access crossover to
the left radial artery may beindicated in cases of extreme tor-
tuosity or angulated radial loops.” Significant subclavian or
brachiocephalic tortuosity is present in about 10% of cases
and is usually associated with advanced age, short stature,
and long-standing history of hypertension, However, subcla-
vian tortuosity is rarely a cause of proceduralfailure because
it can be easily negotiated by the use of deep inspiration or
supportive guidewires,"! In rare cases (<19%), the right sub-
clavian artery arises directly from the distal segmentof the
posterior aspect of the aortic arch and has a retroesophageal
course toward the right upper extremity. This anomaly is
known as arteria lusoria and represents a formidable chal-
lenge for advancing a catheter from the subclavian artery to
the ascending aorta. This anomaly is mostly asymptomatic
butcan be associated with dysphagia,”

Preprocedure Assessment—Testing
for Dual Circulation to the Hand
All patients undergoing TRA procedures in the catheteriza-
ton laboratory should be assessed and undergo preparation
according to a standardized protocol. Depending on the oper-
ator’s preference, the groins can be prepped along with the
Wrists, Placementof intravenouslines in the vicinity of the
Wrist should be avoided, Sedation is strongly recommended
‘0 decrease catecholamine release that can potentially con-
tribute to radial spasm,

There is significant variability in the vascular anatomy
ae hand, The superficial palmar arch that connects the
Fi e anc radial arteries is complete in approximately 80%

ases and the predominant blood supply to the hand is

 

thoughtto be from the ulnarartery in the majority of cases,?*
In 1929, Edgar Van Nuys Allen introduced a “compression
test” to diagnose arterial occlusion resulting from thrombo-
angiitis obliterans or Buerger disease. The test consists of
simultaneously compressing the ulnar and theradialarter-
ies at the level of the wrist for approximately 1 or 2 minutes,
the patient closes the handtightly to squeeze as much blood
out as possible, then quickly opens the hand and extendsthe
fingers, then the operatorreleases compression of the ulnar
artery and waits for the hand to regain color. In individuals
with integrity of the hand circulation and a patent palmar
arch, the pallor of the hand is quickly replaced by blushing
of higher intensity than normal in about 5 to 9 seconds.
Because the Allen’s test is largely subjective and yields more
than 30% of falsely abnormal results, Barbeau and cowork-
ers modified the test by attaching a pulse oximeter to the
thumb to record oxygen saturation and plethysmography.
In a study including 1,010 patients, Barbeau and colleagues
described four reading patterns: no damping ofthe pulse
waveform immediately after 2 minutes of radial compres-
sion, positive oximetry (Type A, frequency 15%); damping
of the pulse waveform and positive oximetry, followed by
complete recovery within 2 minutes of compression, (Type
B, frequency 75%); loss of pulse waveform, negative oxim-
etry, with partial progressive recovery of the pulse wave-
form and oximetry within 2 minutes of compression (Type
C, frequency 5%); loss of pulse waveform, negative oxim-
etry, without recovery of either pulse waveform or oxim-
etry after 2 minutes of compression (Type D, frequency 5%)
(Figure 7.1). After analyzing these patterns in the right and
left wrists of the study participants, only 1.5% showed a
bilateral Type D pattern and these patients did not undergo
TRA procedures. In summary, this study suggésts that
almostall patients are eligible for TRA procedures without
risk of ischemic complications to the hand.” Some operators
have challenged the utility of testing the collateral circula-
tion of the radial artery, stating that the presence ofa rich
collateral system and the presence of interosseous branches
that supply circulation to the hand could possibly allow to
tolerate concomitantradial and ulnar artery occlusion.”® In
addition, there is no evidence indicating that the modified
Allen's’ test predicts hand ischemia after TRA procedures,
However, as part of the catheterization laboratory routine
in most sites, a modified Allen's test using pulse oximetry
and plethysmography is usually performed and theresults
documented.

Patient Positioning—Right versus
Left Radial Access

TRA can be performed through theleft or the right radial
artery. Due to ergonomic considerations, most operators pre-
fer using right TRA, Regardless of the side of choice, a com-
fortable position for the patient and the operatoris crucial
for successfully performing TRA procedures. The patient is
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‘Figure7.1.Testing for dual circulation to the hand. The Barbeau Grading System for assessmentof collateral circu-
lation of the palmar arch, The presenceof an arterial waveform on plethysmography(evenif delayed
or with reduced amplitude) and an oxygen saturation above 90% (Grades A, B, and C) confirm the
presenceof dualcirculation to the hand.

positioned supine onthe angiographic table. With right-sided
TRA, an arm board extension is attached to the right hand
side of the table, Importantly, there should be a platform that
extends from the distal portion of the patient's hand to the
table controls so that equipment can be placed in this area.
Arm boards are commercially available in different shapes
and designs. Many laboratories have opted for trapezoid-
shaped acrylic glass board, with the narrow end tucked under
the mattress at the shoulderlevel and the broadarea at the

wrist level (Figure 7.2). The patient's right arm is placed
on the board and abducted at a 30° angle. The right wrist is
placed in a hyperextended position using commercially avail-
able splints ora rolled towel behind the wrist with the fingers
tapedto the arm board. A pulse oximeter probe canbe placed
in the right thumbfor continuous monitoring of the circula-
tion to the hand throughout the procedure (Figure 7.3). Both
groins may be prepped as well, depending on the anticipated
need for femoralaccess.

Forleft TRA, the setup is completely different and varies
widely across catheterization laboratories. As with right TRA,
the operator stands on the right side of the patient for left
TRA to avoid disruption of the traditional laboratory setup.

The patient is positioned supine on the table and a custom
arm rest, made of foam or pillow material, is attached to the
left side of the table to elevate and pronate the left arm and
guidethe forearm toward the midsectionofthe patient's body
and place the wrist over the leg where it can strapped to a
splint (Figure 7.2).

It has been shown that the prevalence of subclavian
ortuosity and radial loops is three times higher in the

right upper extremity’ With right TRA the catheter has
o pass through the right subclavian artery and the bra-

chiocephalic trunk before reaching the aortic root. These
wo areas of bifurcation can increase technical difficulty,

especially when these vessels are atherosclerotic, tortuous,
and calcified. Since theleft subclavian artery arises directly
rom the aorta, the path followed by the catheter in the left

radial route into the ascending aorta is more straightfor-
ward, often resulting in less complex catheter manipula-
ion. In addition, left TRA should be strongly considered

in patients who have undergone coronary artery bypass
grafting (CABG), because it provides direct access to the
eft internal mammary artery (LIMA). Certainly, the LIMA

can also be cannulatedfrom the right radial route, but this
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 Positioning of the arm for right or left radial access. A. The right arm is placed on the board abducted
at a 30° angle. B.The left arm rest on a large pillow placed on a regular arm board that guides the fore-
arm towards the midsection of the patient's body, placing the left wrist on top ofthe left groin.

is significantly more challenging from a technical stand-
point with a potential risk of embolic stroke due to catheter
manipulation and exchanges in the aortic arch. Random-
ized data comparing right versus left radial access sup-
gested that using left TRA during the learning curve may
be advantageousasit allows novice operators to acquire the
skills and confidence required for transradial procedures
more quickly than the right radial route, In the TALENT
trial (Transradial Approach [Left versus. Right] and Pro-
cedural Times during Pereutaneous Coronary Procedures)
1,500 patients were randomized to right or left TRA. The
study found that amongtrainees, left TRA was associated
with a significantly shorter learning curve, with progres-
sive reductionsin cannulationand fluoroscopy times as the
operator volume increased, compared to right TRA.**??

Radial Puncture

There are a numberof TRA kits available in the market. In gen-
eral, these kits include a micropuncture needle, a short 0.018
to 0.021 inch wire, and an arterial sheath with or without

hydrophilic coating of shorter (10 to 13 cm) or longer (23 cm)
length. Some operators advocate the use of longer sheaths to
avoid difficulties with catheter manipulation should spasm
occur, but a randomized trial comparing sheath lengths on
arterial spasm showednoeffect of longer sheaths on reducing
spasm.*° Onthe other hand, hydrophilic coating allows easier
sheath removalandis clearly associated with less spasm and
patient discomfort.*! However, in the past decade, Kozak and
colleagues reported sterile abscesses in the wrist after the use
of a particular transradial sheath brand. These abscesses were

 
 

 
Figure7.3|Positioning of the hand for transradial access. A. The hand is hyperextended with use of a rolled towel

a behind the wrist and tape holding the fingers, B. or with useof a dedicated positioning splint.
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‘Figure7.4Transradial access technique (Step 1). After sterile preparation and draping, the wrist areais locally

anesthetized with lidocaine using a 25G needle and a small 3 cc syringe.

later found to be a foreign-body reaction to the hydrophilic
coating of the sheaths.*? Conservative managementruling out
the presence of infection, local wound care with drainage in
case of abscess formation, and reassurance are recommended

for the managementof this complication. Sterile abscesses are
rarely found in contemporary practice as the hydrophilic coat-
ing causing the problem has been modified, although a recent
isolated case ofsterile abscess has been reported with new
sheaths.” A recent study randomized 790 patients undergo-
ing TRA PCI in a 22 factorial design to shorter (13 cm) or
longer (23 cm) sheaths with or without hydrophilic coating.
Hydrophilic-coated sheaths were associated with a significant
reduction in radial spasm (19.0% versus 39.9%, P < 0.001)
and patient discomfort (15.1% versus 28.5%, OR 2.27, P<
0.001), whereas sheath length did not have any effect in the
occurrence of spasm or patient discomfort.” In addition,
the operator may considerusing smaller diameter sheaths as
5F sheathsare associated with lower incidenceofradial artery

 

occlusion (RAO) than 6F sheaths.** Therefore, in current prac-
tice, shorter 5F hydrophilic-coated sheaths are preferred.

It is important to administer sedation to avoid the release
of catecholamines associated with the emotional stress and

fear that patients usually experience before the procedure,
which can contribute to radial artery spasm, Thesite of access
is approximately 2 cm proximal to the raclial styloid process,
not at the wrist. The radial artery is most superficial in this
area, Once the patient is prepped in sterile fashion, this area
is anesthetized with approximately 2 to 3 ce of 1% lidocaine
injected with a small syringe and a 25G needle (Figure 7.4).
Usually, the arterial puncture is performed with either a short
2.5 cm,stainless steel, 21G needle or a micropuncture LV cath-
eter that consists of a fine metal needle and a 22G Teflon cath-

eter that allow the passage of a 0.018 to 0.021 inch guidewire.
While feeling the pulse with one hand, the operator advances
the needle into the radial artery at a 30° angle with the other
hand (Figure 7.5). Most operators prefer one of two different

‘Figure7.5Transradial access technique-front wall technique (Step 2). With the front wall technique, a short 2.5 cm
21G stainless-still needle is used to puncture theradial artery.
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Figure7.6Transradial access technique-front wall technique (Step 3). The needle is advancedinto the radial: artery. The blood return indicates the intraluminal needle position. The bloodreturn Is rarely pulsatile

or brisk.

access techniques (single-wall versus double-wall or back-wall
technique). With the single-wall technique, a stainless steel
needle is advanced through the front wall of the artery into
the lumen; once blood is noticed in the needle hub the wire
can be advanced (Figure 7.6). Using this technique, the blood
return is rarely brisk or pulsatile and sometimes the wire does
not advancefreely because the bevel maybedirecting the wire
toward the vessel wall. If this happens, the operator should
never force the wire because of theriskofarterial dissection.
The needle should be carefully rotated clockwise or counter-
clockwise until the wire can be easily advanced without resis-
tance (Figure 7.7). With the dual-wall or back-wall technique,
a micropuncture catheter is advanced through the front wall
into the lumen ofthe artery until blood is noticed in the hub
and then intentionally pushed through the back wall of the

artery (Figure 7.8). Thefine needleis removed and the small
Teflon microcatheteris slowly withdrawnuntil the appearance
of brisk pulsatile flow (Figures 7.9 and 7,10). Then, the wire
can befreely advanced and the microcatheter exchangedfor the
arterial sheath (Figure 7.11). Theorifice in the back wall of the
radial artery is sealed once the sheath is in place (Figure 7.12).
This technique has not been reported to be associated with a
higherincidence of wrist hematomas. Proponents of the back-
wall technique argue that this methodis simpler, more repro-
ducible, easier to teach, allows easier advancement of the wire,
and thatthearterial pulsatile blood returnis easier to recognize.

After several unsuccessful puncture attempts, there are
instances in which the radial pulse disappears due to spasm.
In this situation, the operator should reassess the sedation
status of the patient, consider administering 200 to 400 mcg

 
Fioure7.7.Transradial access technique—front wall technique (Step 4). A 0.018 inch short guidewireis advancedwithout resistance through the needle into the proximal radial artery. Then the needle is exchanged for

a hydrophilic-coated sheath,
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‘Figure7.8Transradial access technique—back-wall technique (Step 2). The microcatheter and needle are advanced

in a 30° angle through the skin into the radial artery. The presenceof blood in the hub of the needle
indicates that the artery has been punctured. The needle is advanced forward through the back wall
of the radial artery.

of subcutaneous nitroglycerin at the site of the lost radial
pulse, and wait patiently for 5 to 10 minutes until the pulse
reappears before attempting a new puncture,”

Even though TRA procedures can be successfully com-
pleted in more than 95% ofcases, inability to puncture the
radial artery has been one of the most frequent mechanisms
associated with TRA failure.'! Therefore a consistent and

meticulous radial artery puncture technique could not be
emphasized more. A steep learning curve for TRA proce-
dures has been well described. Spaulding et al., documented
an initial access failure rate greater than 10% that decreased
dramatically to about 2% after the first 80 cases. In addition,
the time required for access and sheath insertion decreased
from 10.2 + 7.6 ta 2.8 + 2.5 minutes and the procedure time
also decreased from 25.7 + 12.9 to 17.4 + 4.7 minutes after

the first 80 cases.’ More recently, in a group of 28 operators,
Ball and colleagues documented a stepwise reduction of TRA-
PCIfailure rates from 7% to 2% (P = 0.01), contrast volume
use from 180 + 79 to 168 + 79 mL (P = 0.05), and fluo-

roscopy times from 15 £ 10 to 12 + 9 minutes (P = 0,02)

with increasing procedural volumes. The odds of TRA proce-
dural failure showed a steep decline up to 50 cases, and after
100 cases the learning curveflattened. Figure 7.13 showsthat
reasonsforfailure are different according to operator volume.
It is clear that with experience, the operator can overcome
most hurdles and the major reasons for failure remain radial
artery spasm and extremevascular tortuosity.”

Prevention of Radial Artery Spasm
The radial artery has a high propensity to develop spasm due
to its smaller caliber, large muscular media, and higher recep-
tor-mediated vasomotion in comparison with similar arter-
ies.*° Radial artery spasm is perhaps the most common TRA
complication and a frequent reason for failure and crossover
to transfemoral access.*"' In the catheterization laboratory,
spasm should be routinely prevented using a hydrophilic-
coated sheath with the injection of a single vasodilator or a
cocktail of vasodilators through the sidearm of the sheath
immediately after obtaining access (Figure 7.14), Most
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Figure7.9|Transradial access technique-back-wall technique (Step 3). Once the tip of microcatheter and needle
are through the backwall of the radial artery, the needle is removed and the microcatheter left in placeacross the radial artery.

commonly used vasodilators in order of frequency include
the combination of verapamil and nitroglycerin, verapamil
or nitroglycerin alone, nicardipine, lidocaine, and papav-
erine.”°* Radial spasm manifests with severe forearm pain
and unusually difficult manipulation of the catheters and
the sheath. Independentpredictors of radial spasm include
the presence of radial artery anomalies, multiple catheter
exchanges, pain during radial cannulation, larger catheter
diameter, and small radial artery caliber.” In extremecases,
eversion radial endarterectomy has been reportedafter force-
ful removalof the radial sheath. When spasm occurs, addi-
tional doses of intraarterial vasodilators, sedation, and use
of smaller 4F to 5F catheters to complete the procedure are
usually recommended. If after these measures the patient
still complains of substantial pain and the catheters are dif-
ficult to manipulate,a limited upperextremity angiographyis

 

recommended to rule out vascular anomalies such as a high
radial origin in the proximal brachial artery or a radial loop.
In case of catheter or sheath entrapment due to spasm, warm
wet compresses can be applied over the skin of the upper
extremity and the sheath or catheter slowly removed, or, in
extremely severe cases, regional nerve block may berequired.

Navigating the Upper Extremity
Arterial System
Oncearterial accessis obtained,a 0,035 inch guidewire and a
catheter of choice are advanced into the ascending aorta tra-
versing the upper extremityarterial system. Choice of guide-
wires differs across operators and local practices, A J-tip wire
may follow the path of larger vessels and maynot selectively

[Figure7.10)Transradial access technique-back-wall technique (Step 4). The microcatheter is retrieved very slowly
until the appearanceof brisk pulsatile blood return that confirms thatthe distal tip is in the lumen ofthe radial artery,
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Transradial access technique-back-wall technique (Step 5). A short 0.018 inch wire, usually included
in the micropuncture transradial accesskit, is advanced without resistance through the microcatheter
into the proximal radialartery. In case ofresistance,a limited angiogram can be performed through
the microcatheterto verify the intraluminal position and rule out the presence of vascular anomalies.

 
“Figure7.12Transradial access technique (Step 6).The sheath, preferably hydrophilic-coated, is advanced over the wire.
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enter into smallradial or brachial branches, but the diameter

of the J tip is usually larger than the diameterof the radial
artery and may cause vasospasm. Angled-tip hydrophilic
guidewires withstiff shafts are ideal for negotiating tortuous
anatomy, especially in the subclavian artery and brachioce-
phalic trunk, but these wires need to be advanced underclose
fluoroscopic surveillance, as they may inadvertently enter
into and perforate small branches of the radial or brachial
arteries. As full anticoagulation is usually administered dur-
ing transradial procedures, a small branch perforation can
result in significant hematoma formation.

In a small proportion of cases, the transradial opera-
tor will encounter anatomic variations that may prevent the

TRA experience and mechanismsoffailure. (Adapted from Ball W,et al. Circ Cardiovasc Interv
2011;4:336-341.) PCI, percutaneous coronary interventions; TRA,transradial access,

advancement of guidewires or catheters into the ascending
aorta, In these cases, the operator will meet resistance to
the advancementof either guidewires or catheters, Due to
the relatively small size of the upper extremity arterial sys-
tem, the operator should never force any equipment against
resistance. Instead, a limited retrograde angiographic assess-
ment should be performed to identify a vascular anomaly or
unusual tortuosity, plan a strategy, and avoid complications.
Radioulnar loops and tortuosity in the radial or brachial
arteries can be identified and negotiated with the 0.014 inch
coronary wire of choice with the support of a 4F hydrophilic-
coated Cobra or angled catheter compatible with a 0.035
inch guidewire, Once the tipped coronary wire is positioned

 

FFigurs7 Transradial access technique-prevention of radial spasm. Oncethe sheathis in place, the spasmolytic
cocktail is administered through the sidearm.
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‘Figure7.15Negotiating a radial loop. A. shows the anatomy ofa radial loop. B. shows how the loop can benegotiated by advancing an 0.014 inch coronary wire with the support of a short 4F hydrophilic-coatedcatheter. C. the catheter has already been advanced through the loop and the coronary wire exchanged
for an 0.035 inch guidewire.

beyond the loop, the hydrophilic catheter is advanced far-
ther in the brachial artery, and then the coronary wire is
exchangedfor a regular 0.035 inch guidewire, The loop usu-
ally straightens as the 0.035 inch wire passes through or with
gentle pullback and counterclockwise torque of the entire
system (Figure 7.15). In the presence of unusual difficulty
in advancing a catheter through a loop ot if the patient com-
plainsof significant pain, the operator may consideran alter-
native vascular access route.

Occasionally, in the presence of a radioulnarloop, the
guidewire will advance through a small accessory commu-
nicating vessel between the loop and the proximal brachial
artery without resistance (the so-called accessory radial
artery), Under fluoroscopy the wire will appearas it follows
the expected trajectory, but upon advancementofthe catheter
the operatorwill encounter unusual resistance and the patient
will experience severe pain due to spasm, Once this problem
is identified, the operator may opt for downsizing the cath-
eter size, but should recognize that the accessory radial artery
is often extremely small and advancementof catheters into
the artery carries the risk of dissection or perforation. Instead,
it is recommendedthat the operator negotiates the radioulnar
loopin the forearm, orgo to the other radial artery in order to
complete the procedure.

A true high origin of the radial artery in the wpper seg-
mentof the brachial artery may present additional challenges
to the operator. In this case, diagnostic catheterization can be
performed without much difficulty and minimal discomfort
to the patient. However, when ad hoc PCIis planned, unusual
resistance maybefelt by the operator when the leading edge
of the guiding catheter encounters the angulated origin of the
anomalousradialartery, Forceful advancementofthe catheter

will likely result in dissection, perforation,or avulsion. Faced
with this situation, several options are available. One strategy
is to maintain the guidewire in place, advance a long 125 cm
5F multipurpose or JR4 catheter through the guiding cath-
eter to create a smooth transition between the wire and the
guiding catheter eliminating the leading edge, and advance
the whole assembly withoutresistance. Another option is to
advance a 300 cm 0.014 inch coronary guidewire into the
ascending aorta, then load a 2.0 x 15 mm angioplasty balloon
on the wire through the guide with half of the balloon pro-
truding from the distal end of the guide. The balloonis then
deployed at nominal pressure and the entire assembly can be
advanced through the arm (balloon-assisted tracking).*! With
the guiding catheter across, the dissection or small perfora-
tion is usually sealed by the end of the procedure.

Significant subclavian tortuosity can be negotiated by
careful manipulation ofthe catheter and the use ofa stiff shaft
hydrophilic-coated guidewire. Having the patient take a deep
breath can also straighten the vessel. The tortuous segment
usually straightens asthestiff part of the wire passes through.
Maintaining the wire in the catheter while attempting to can-
mulate the coronaries canfacilitate catheter manipulation and
cannulation, The guidewire can be removed oncethe catheter
is in stable position. It is emphasized thatall catheter and
wire manipulations to negotiate difficult anatomy must be
performed under fluoroscopic guidance. The inexperienced
operator mayfeel more comfortable using left TRA during the
steep portion of the learning curve because the left subclavian
artery is less tortuous with less areas ofresistance compared
with the right subclavian artery.

Forearm bleeding and hematomaformation should be
suspected in the presence of significant pain and swelling
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during or after the procedure. Awareness and early detec-
tion in the catheterization laboratory or the holding area
is important to prevent compartment syndrome, oneof the
most feared complications. Circumferential compression to
the forearm should be applied as soon as the diagnosis is
suspected, This is usually accomplished by wrapping the
forearm with an elastic bandage or a blood pressure cuff
inflated up to 15 mmHgbelow thesystolic blood pressure,
until the coagulation parameters return to normal values,
usually after 1 or 2 hours (Figure 7.16), A pulse oximeter
should be placed in the ipsilateral thumb to monitor for
hand ischemia. In casesoflarge perforations, vascular ultra-
sound is recommended to rule out the presence of a pseu-
doaneurysm in the forearm. In extreme cases, compartment
syndrome can develop with need for surgical fasciotomy of
the forearm.”

CATHETER SELECTION

Judkins catheters provide the easiest wayto start the transra-
dial learning curve and train fellows. For the left coronary
it is recommended to downsize the curve of the JL catheter

from 4.0 to 3.5 and forthe right coronaryto use either a JR4
or JR5. All catheter exchanges for TRA procedures should
be performed over exchange length (260 cm) guidewires,
especially in patients with tortuous radial or subclavian
anatomy, More experienced operators may choose a sin-
gle-catheter technique to selectively engage both coronary
arteries with a dedicated catheter shape, thus eliminating
an exchange step and decreasing procedure and fluoroscopy
time, Shapes for single-catheter approach include the mul-
tipurpose, Kimney, MAC, Tiger, Sarah, and Jacky catheters,

amongothers.” In severe aortic stenosis cases, the Amplatz
Right (AR-1) catheter provides the best central position-
ing in the root of the aorta to cross the aortic valve with
the wire. Regardless of catheter selection, manipulation for
diagnostic or interventional TRA cases should always be
performed with small, finger-based, clockwise and counter-
clockwise torquing movements and active catheter holding
due to the multiple friction points in the subclavian artery
and the aorta.

For patients with prior CABG, the left radial approach
is preferred becauseit allows easy cannulation of the LIMA,
usually with an IMA or a VB-1 catheter, Of note, the time of
LIMA cannulation is much faster using TRA compared to
trarisfemoral access. The technique is to advance the cath-
eter proximal to the LIMA take-off, then slowly pull back
with clockwise torque. In case of bilateral mammarygrafts,
the right-sided approach can be used with crossover to the
left subclavian (Figure 7.17). For saphenous vein grafts, the
left TRA approach is more straightforward than the right
TRA approach. The multipurpose or JR4 catheters can be
used to cannulate right-sided grafts. Amplatz left catheters
are well suited for grafts arising from the anterior orleft
walls of the aorta."

TRANSRADIAL PERCUTANEOUS
CORONARY INTERVENTION 

For coronary interventions, the 3.5 extra-backup curves
(EBU, XP, Voda) provide adequate support. Studies examin-
ing the physics of catheter engagement and positioningin the
ascending aorta indicate that the Ikari catheter provides bet-
ter and stabler support for PCI than Judkins catheters.”?

 
Prevention and treatment of compartment syndromeafter forearm hematomaformation. After a vascu-
lar perforation in the forearm with early hematoma formation, the forearm can be wrapped with elastic
bandage to prevent compartment syndrome. Once compartment syndrome develops, it is treated with
fasciotomy.
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a

‘Figure 747 Engagementofleft internal mammary artery through right radial approach. A. A 4F IMA catheteris
a ~~ advancedto the left subclavian artery over a regular hydrophilic wire. B. The wire is removed and the

catheter is carefully pulled-back and torqued until the LIMA is selectively engaged. Then, the LIMA
can be optimally injected and imaged.

An argument sometimes used against TRA PCIis the lack
of catheter support and inability to perform complex proce-
dures involving bifurcation stenting or large rotational ather-
ectomy burrs. Lack of backup support can be easily overcome
by using a guide catheter extension such as a Guideliner® (Vas-
cular Solutions Inc., Minneapolis, Minnesota, United States),
a 5F soft-tipped 20 cm flexible catheter that is telescoped
through a 6F guiding catheter to deeply intubate the target
vessel. This device does not add complexity to the interven-
tion and provides extraordinary backup support for complex
interventions.”® Regarding the need for large bore catheters,
it is important to keep in mind that most interventions
nowadays can be performed through 6F guiding catheters,
including complex bifurcations and calcified lesions requir-
ing rotational atherectomy (maximum burr size = 1.75 mm).
However, in the minority of interventions that require simul-
taneous introduction of two stent delivery systems or rota-
tional atherectomy burrs of 2.0 mm orlarger, a 7F catheter
can be introduced directly through the radial artery with-
out an introducer sheath, This is possible because the outer
diameter of a 7F guiding catheter is 2,31 mm, smaller than
the outer diameter of a conventional 6F sheath (2,52 mm)

(Figure 7.18). The sheathless technique can be performed
using standard guidingcatheters or specifically designed cath-
eters with hydrophilic coating and a long central dilator that
extends beyondthe distal tip of the catheter and tapers down
to the size of a 0.035 inch guidewire that allows for atraumatic
and smoothinsertion of the system through the skin.‘’° To
apply this technique, radial access is obtained using best local

practice with a 5F sheath, then an exchange length 0,035 inch
wire is advanced to the root of the aorta. Then the sheath is

removed and directly exchanged for the dedicated sheath-
less catheter-introducer system over the wire. Once the sys-
tem reaches the aorta, the introducer and wire are removed

and the target vessel cannulated with standard technique. In
the United States, where sheathless systems are not available,
From and colleagues have successfully performed TRA inter-
ventions using large-bore standard guiding catheters. Tofacili-
tate insertion and to avoid trauma to the skin or the radial

artery by the leading edge of the guiding catheter, a “pseudo-
taper” can be created with the insertion of a long (125 cm) 5F
multipurpose diagnostic catheter or the dilator of a 110 cm
Shuttle sheath through the 7F standard guiding catheter.‘”*
Importantly, RAOis a significantlimitation of using large-bore
guiding catheters, even when using sheathless techniques.”

RADIAL HEMOSTASIS—PREVENTION
OF RADIAL ARTERY OCCLUSION 

One important advantage of TRA is that the vascular sheath
is always removedat the end of the procedure regardless of
the intensity of anticoagulation or antiplatelet therapy. Mul-
tiple methods for radial hemostasis have been described.
Gentle manual compression with one or two fingers at the
arteriotomysite is an effective method. Alternatively, a rolled
piece of gauze can be placed longitudinally at the arteriotomy
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Sheathless transradial intervention using standard guide catheters. (From Catheter Cardiovasc Interv
2010;76(7):911-916. doi:10,1002/ecd,22742.)

site and wrapped with an elastic bandage or a hemoband
around the wrist to maintain prolonged hemostatic pressure.
The disadvantage of these methods is the complete inter-
ruption ofarterial flow because of the inability to gauge the
hemostatic pressure. It has been demonstrated that the longer
the occlusive pressure the higher the rates of RAO.*' In con-
trast, balloon-based hemostatic devices that apply selective
pressure to the radial artery, such as the TR Band (Terumo
Medical, Somerset, NJ) allow fine adjustments of the hemo-
static pressure anddirectvisualization of the arteriotomy site
through the transparentballoon material. In addition,elastic
bandages and hemobands interrupt venous returnresulting in
venous congestion of the hand. After a few minutes, the hand
becomes swollen and bluish, usually alarming the patient and
staff. Applying a pulse oximeter to the ipsilateral thumb pro-
vides reassurance by demonstrating intact arterial circulation,

RAO occurs in approximately 5% to 10% of transradial
Procedures, most likely due to vessel injury and thrombosis,
and usually manifests as asymptomatic loss ofradial pulse due
to the extensive collateral circulation in the hand from the

ulnar and interosseus arteries that prevent ischemia.°* How-
ever, hand ischemia after TRA procedures can occur and has
been described in a handful of cases. In mostof these, RAO
was successfully treated with antegrade angioplasty. In one
unfortunate case, RAO resulted in amputation of the index
finger.In other series, RAO has been associated with fore-
arm and access site pain without hand ischemia, Empiric short
“Ourses of low-molecular weight heparin led to late recanaliza-
hon.” Lack of anticoagulation during the procedure, larger
diameter sheaths, multiple procedures through the sameradial
attery, and prolonged occlusive compression for hemostasis
increase the tisk of RAO. However, approximately 25% to 50%
Of RAO cases recanalize spontaneously at 30 days.*4*!

RAO can be prevented by using full anticoagulation
during the procedure, usually with 50 to 70 IU/Kg upto a
Maximum of 5,000 IU of unfractionated heparin, and by

 
applying minimum pressure for less than 2 hours during
hemostasis.°!>* The “patent” nonocclusive hemostasis tech-
nique described by Pancholy to minimize the occurrence of
RAO has becomeincreasingly popular. With this technique,
a balloon-based device is positioned around the wrist with
the sheath in place and a pulse oximeter is attached to the
ipsilateral thumb. Then, while the sheath is being removed,
the balloon is fully inflated with 15 to 18 ce of air to com-
pletely occlude the radial artery, Subsequently, the device is
slowly deflated while occlusive manual pressure is applied
to the ulnarartery located at the Guyoncanal, lateral to the
pisiform bone. Patent hemostasis is achieved when oxime-
try becomes positive and a plethysmographic waveform can
be visualized. This technique assures the presence ofante-
grade flow in the radial artery during hemostasis. Two hours
later, 5 ce of air can be released every 15 minutes until the
device is completely deflated and then removed. Usingthis
technique, late occlusion rates can be reduced to approxi-
mately less than 5%. As part of TRA best practices, radial
artery patency should be confirmed with a reverse modified
Allen's test in all patients after hemostatic device removal
and before patient discharge. In case of early RAO, occurring
on the same day of the procedure and/or before discharge,
Bernat and colleagues demonstrated that applying | hour
of ulnar artery occlusive compression with a balloon-based
hemostatic device can increase peak velocity flow into the
radial artery with reestablishmentof forward flow. In a study
including 465 patients undergoing TRA catheterization, the
rates of RAO were reduced from 5.9% to 2.9% in patients
anticoagulated with 2,000 IU of unfractionated heparin and
from 4.1% to 0.8% in patients anticoagulated with 5,000 IU
of unfractionated heparin after applying ulnar compression.
Hence, with intense procedural anticoagulation, meticulous
patent hemostasis, and careful vigilance for early RAO man-
aged with ulnar compression, RAO incidence can be reduced
to less than 1%°°° (Figure 7.19), Even though most RAO
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cases are asymptomatic, institutional best practices should be
implemented to preventthis complication mainly becauseit
limits the possibilities for future transradial procedures, espe-
cially in patients with difficult arterial access, and the remote
possibility of hand ischemia, Unfortunately, in current prac-
tice, radial patency before dischargeis confirmed in less than
50% of cases and about a third of transradial operators are
unaware of the RAO rates in their own practices, Table 7.1
summarizes current strategies for RAO prevention.

TRANSRADIAL ACCESS AND
RADIATION EXPOSURE 

Even though proceduraltimestend to be similar between tran-
sradial and transfemoral procedures, most randomized trials
have consistently shown longerfluoroscopy time (by approx-
imately 1 to 2 minutes), and modestly increased radiation

Radial occlusion rates improvement over time. (From Rao SV. JACC: Cardiovasc Interv 2012;5:44-46,)

exposure to patients and operators for transradial diagnostic
and interventional procedures. However, most studies did not
correct for improved proceduraldexterity and the shorter flu-
oroscopytimes that mayberealized with greater experience.”
A large observational study including 5,954 cases adjusting
for patient factors (obesity and gender), technical difficulty
(presence of peripheral vasculardisease or bypass grafts), and
operator experience demonstrated that radial access was an
independent determinantof patient radiation exposure with
an increase in fluoroscopy time from 3.82 minutes with femo-
ral access to 5.57 minutes with radial access. However, the
radiation dose wasstill below the threshold for deterministic
effects with either approach in this study.

Concerns have been raised about increased operator

exposure withleft TRA due to the position of the operator
leaning forward over the patient and the radiation source
located underneath thetable to reach theleft upper extremity.
However, in the TALENTtrial that randomized procedures to

Table7.4_ Strategies Associated with a ReducedRiskfor Radial Artery Occlusion
etersWantsellen ated.

Full anticoagulation

Patent hemostasis

Smaller sheath diameter (5F)

Enoxaparin

Limiting the numberoftimesthe Limited duration of arterial
sameradial artery is accessed compression

Likely ReduceRisk 
~~ Hydrophilic sheaths

Routine use of spasmolytic drugs

Sheath length

Sheathless guide catheters

ca
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the right or the left radial approach, the radiation exposure
to the thyroid, trunk, and shoulder, were similar with either
approach. Ofnote, there was increased radiation exposure to
the wrist of the operator with right comparedto left TRA.“

In summary, the data consistently show slightly increased
fluoroscopy times and radiation doses with radial compared
with femoral access, but overall exposure remains well below
recommended thresholds. Diagnostic cases may demand
higher fluoroscopy times due to potential challenges in navi-
gating the upper extremity vasculature and in finding the
right catheter for selective cannulation of the coronary arter-
ies. However, once a guiding catheteris well positioned in the
coronary ostium, an interventional procedure can proceed as
if performedvia transfemoralaccess,“ Radiation exposure to
the operator can be further reduced with the use of a movable
floor shield, a longer connecting tube between the manifold
and the catheter, and by choosingleft radial access in older
patients and when procedures are performed by less experi-
enced operators.”

BRACHIAL VENOUS ACCESS FOR
RIGHT HEART CATHETERIZATION 

One of the arguments used against TRA catheterization is the
need for concomitant RHC. Interventional cardiologists are
used to performing percutaneous RHC through the femoral
vein, and therefore feel thatif the groin is already accessed,it
just seems easier to perform left heart catheterization through
the femoral artery. There may be some safety concernswith this
approachin anticoagulatedpatients with high thromboembolic
tisk, such as those with prosthetic heart valves, hypercoagu-
lable state,or atrial fibrillation. Bridging from oralto parenteral
anticoagulants is cumbersome and associated with increased

tisks, costs, and longerlength ofhospitalstay. Similar concerns

apply to cirrhotic patients with impaired coagulation who are
usually catheterized in anticipation of liver transplant.

RHC through the upper extremity is a simple procedure
and can be easily performed concomitantly with TRA left
heart catheterization throughoneofthelarge veins located in
the antecubital fossa. The operator needsto keep in mind that
there is significant anatomic variability in the upper extrem-
ity venous system with multiple collaterals and redundant
passages. In comparison with arteries, veins are distensible
and spasm is not a problem.

Venous access with an 18G catheter can be obtained by a
nurse in the holding area in anticipation of the procedure. In
the catheterization laboratory, the IV catheter is exchanged for
a 5F sheath using a short 0,021 inch wire. Then, a 5F 120 cm
long balloon-tipped catheteris advancedinto the superior vena
cava with or without the use of a 0.025 inch guidewire, Once
the tip of the catheter is located in the chest, the balloon can
be inflated and the catheteris flow-directed into the pulmonary
artery.!"° Passage of the catheter is usually straightforward and
can be performed without fluoroscopy by observing the hemo-
dynamic waveforms. In case of venous anatomical variation or
tortuosity, a 0,014 inch coronary guidewire can be usedto facili-
tate catheter navigation. A comparisonofright andleft cardiac
catheterizations performed through the femoralartery/vein ver-
sus radial artery/brachial vein showed that the latter vascular
access approach was associated with significantly shorter proce-
dural and fluoroscopy times with lower complication rates with
the upper extremity approach." In a case series of 81 cirrhotic
patients with high INR values, the median fluoroscopy time was
8.3 minutes and the volumeof contrast used was 90 mL."

Ifa peripheral vein cannot be cannulated before the pro-
cedure, the brachial vein can be punctured with a 2 inch long
18G stainless steel needle using ultrasound guidance in the
catheterization laboratory (Figure 7.20). A tourniquet has
to be placed in the upper arm to facilitate visualization of

 
Fists7.20)Ultrasound-guided access and setup for brachial venous transradial catheterization.
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the vein with ultrasound. Usually two brachial veins can be
identified in close proximity to the brachial artery, The vein
is usuallyelliptical and easily compressible in contrastto the
artery, which is round andpulsatile.

TRANSRADIAL AGCESS
AND OUTCOMES 

Overthe past two decades, the treatment of coronary disease
has evolved significantly and PCI has become an integral
management componentalong with modern pharmacological
therapies. In the appropriate setting, PCI is associated with a
reduction in morbidity and mortality, in particular in higher-
risk patients with acute coronary syndromes. Advances in
technology and antithrombotic therapies have allowed the
application of PCI to a wide range of patients across the
spectrum ofrisk, with high procedural success and minimal
ischemic complications.” Over the past decade, it has been
recognized that bleedingafter PC! has significant unfavorable
effect on short- and long-term outcomes, As a consequence,
the management focus has shifted from the prevention of isch-
emic complicationsto the prevention of bleeding.” Accesssite
is an important source of bleeding after diagnostic and inter-
ventional catheterization.”A number of clinical trials of
relatively modest sample size have consistently demonstrated
significantly decreased bleeding risk and yascular complica-
tion rates with TRA in comparison with transfemoralaccess.
An early systematic overview of 12 randomized trials (n =
3,224) demonstrated a significant reduction in vascular access
complications with the radial approach (odds ratio [OR] 0.20;
95% confidence interval [CI] 0.09 to 0.42), yet significantly
higher procedural failure compared with femoral access (OR
3.30; 95% CI 1.63 to 6.71).However, with advancements
in vascular access equipment and catheter technologies, more
contemporary trials have shown significantly decreasedfailure
rates. A large Canadian observationalregistry of PCI for broad
indications suggested a significant reductionin transfusion by
approximately 40% with TRA associated with a decrease in
mortality at 30 days (adjusted OR 0.71, 95% C1 0.61 to 0.82)
and 1 year (adjusted OR 0.83, 95% Cl 0.71 to 0.98).° More
recently, the international multicenter Radlal Versus femorAL
access for coronary intervention (RIVAL) trial randomized
a large patient population with acute coronary syndromes
undergoing PCI to radial (n = 3,507) versus femoral access
(n = 3,514). There were nosignificantdifferencesinthe pri-
mary outcome, a composite of death, myocardial infarction,
stroke, or non-CABG bleeding at 30 days with radial com-
pared with femoral access (3.7% versus 4.0%, P = 0.50). Of
note, all procedures were performed by high-volume opera-
tors at high-volume centers with very low rates of major
bleeding complication of 0,5% in both arms, significantly
lower than the bleedingrates reported in similar populations
recruited in observational studies. Major vascular complica-
tions were significantly lower with transradial versus trans-
femoral access (1.4% versus 3.7%, P < 0.0001). Interestingly,

subgroup analyses showed a statistical interaction for patients
treated atthe highest radial-per-operator volumecenters (> 146
PCl/year/operator) and ST-eleyation myocardial infarction
(STEMI) patients, favoring transradial over transfemoral
access in these subgroups.”

TRA hasbeenalso been tested in primary PCIfor STEMI
in a numberof modestly sized studies that showed a similar
mortality benefit as the RIVAL trial in this population.”
These results were confirmed in the Radial Versus Femoral

Randomized Investigation in ST-Elevation Acute Coronary
Syndrome (RIFLE STEACS)trial, A total of 1,001 patients
with STEMI undergoing primary or rescue PCI were ran-
domized to radial versus femoral access at 4 high-volume
centers. Inclusion criteria for RIFLE STEACS were broad.
Approximately 10% of the patients were in acute pulmonary
edemaor cardiogenic shock, and 8% required intraaortic bal-
loon pumps. Deor-to-balloon time was 7 minutes longer with
TRA but the difference was not statistically significant (53
versus 60 minutes, P = 0.175), and 5F catheters were used
more frequently with TRA than transfemoral access (18.2%
versus 9.2%, P < 0.001). Accessfailure rates were 6% in the
radial arm and 1% in the femoral arm. Final TIMIflow grade
2 or 3 was achieved in more than 95% with both vascular

access strategies. The study primary endpoint, net adverse
clinical events, a composite of death, myocardial infarction,
stroke, target lesion revascularization and non-CABG bleed-
ing, occurred in 13.6% of patients in the radial arm and 21%
in the femoral arm (P = 0,003). Unlike other studies com-
paring radial versus femoral access, where the difference in
composite endpoints is usually driven by the reduction of
access site bleeding afforded by TRA, in the RIFLE STEACS
trial, ischemic and bleeding endpoints were equally reduced.
Majoradverse cardiac and cerebrovascular events were 7.2%
and 11.4%, with radial and femoral access, respectively
(P = 0,03), while non-CABG bleeding rates were 7.8% and
12.2% respectively (P = 0.03). Moreover, there was a car-
diac mortality difference favoring radial access (5.2% ver-
sus 9.2%, P = 0,02), which was attributed to the significant
reduction in access-related bleeding.” Of note, in this trial,
approximately 50% of bleeding events were not access
related, similar to the bleeding patterns described in other
studies including patients with acute coronary syndromes,
who are usually exposed for longer time to potent anti-
thrombotic agents.”

in summary, outcome data suggests that TRA affords
similar, if not better, PCI outcomes as transfemoral access.
The benefit appears to concentrate in sicker patients, such as
those with STEMI, and patient treated by operators at high-
volume centers. It is expected that these results will trans-
late into practice and morepatients will be treated for STEMI
using radial artery access. The potential concerns related to
delays in obtaining radial access and cannulating the coro-
nary arteries appearto beoffset by the decreased incidenceof
major bleeding, vascular complications, and overall adverse
effects. However, it is important to keep in mind that TRA
for primary PCI in unstable patients should be performed by
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operators experienced in this approach, andthatthe femoral
artery access site should be prepared in case of needforleft
ventricular assist devices.

ECONOMIC ASPECTS—SAME-

DAY DISCHARGE PERCUTANEOUS
| CORONARY INTERVENTIONS 
It has been estimated that a severe bleeding event has an
incremental cost of $4,000 to $6,000, a unit of blood transfu-

sion an approximate cost of $2,000, and a vascular compli-
cation a cost of $6,400, adding 3 additional days of hospital
stay."**” By decreasing access-related bleeding and vascular
injury, TRA can save costs for the health care system. Dedi-
cated cost analyses comparing vascular access sites have
consistently shownasignificant reduction in hospital costs
with TRA.In an early randomized study including diagnostic
catheterization procedures, TRA was associated with a cost
saving of approximately $290per case, driven by lower nurs-
ing utilization and decreased pharmacy costs.* The savings
observed with diagnostic catheterization are evenlarger after
PCI dueto the higherrisk of bleeding associated with potent
antithrombotic therapies. In a small randomized study of
142 patients undergoing PCI for acute coronary syndromes,
postprocedure length of stay was reduced by approximately
1,5 days and total hospital charges decreased from $23,389
to $20,476 with TRA."A recent metaanalysis including 14
studies examined the cost-benefit of TRA from the hospital
standpoint. The main question was whetherthe savings asso-
ciated with decreased procedural complications and shorter
hemostasis times can offset the potentially higher cost of
longer procedural times and higher access crossover rates
observed with TRA, The overall result demonstrated that

TRA resulted in an estimated cost saying of $275 per patient,
which was mainly driven by a reduction in complication
costs. According to this analysis, the risks of transfemoral
catheterization would haveto be reduced by 60%, in order to
be cost-equivalent to TRA.

In addition to direct cost savings, TRA can result in
Significant downstream savings by optimizing the flow
and reducing the workload and staffing needs of the cath-
eterization laboratory. Staffing requirements following TRA
procedures can be reduced due to fewer access-related com-
plications, immediate sheath removal, and faster and more
independentpatient mobilization.®

An added valueofshort patient recovery associated with
TRA is the possibility of safe same-day discharge after elec-
tive PCI. Interventional procedures have become safer and
the hazard of complication decreases abruptly within the
first 4+ to 6 hours after the procedure.™ Same-day discharge
alter transfemoral elective PCI has beenstudied in a Dutch
study including 800 patients randomized to overnightstay
versus same-day discharge alter 4 hours of observation,
Strict criteria established in the protocol to identify patients

requiring extended observation included angiographic com-
plications,clinical instability, and problems with hemostasis,
Of patients randomized to same-daydischarge, 18% required
extended observation, More importantly, after hospital dis-
charge no events occurred within 24 hours in the same-day
discharge group. Only onepatient had to be readmitted for
a femoral access-related complication (pseudoaneurysm).
The same-day discharge strategy resulted in significant cost
savings.” A Canadian study randomized 1,005 patients after
TRA PCI to same-day discharge versus overnight stay. All
patients were randomized after the procedure and received
abciximab either as bolus alone or as bolus plus infusion.
Same-day discharge patients were observed for 4 to 6 hours
prior to discharge, All major bleeding events were unrelated
to access and occurred in five (<0.5%) patients. Of patients
assigned to same-day discharge, 88% were successfully dis-
charged as planned and did not have higher repeat 30-day
hospitalization rates compared to patients who stayed over-
night (5% with same-day discharge versus 3% with over-
night stay)."* A very detailed economic analysis of this study
showed that postprocedural hospital care was significantly
less costly for the same-day discharge group ($459) than the
overnight stay group ($1,618). There were no differences
in follow-up costs, physician services, or medications. The
overall cost difference was $1,141 per patient and driven
by the extra night stay post-PCI. This could result in over
$1 million in savings per 1,000 outpatients.” An analysis of
Medicare beneficiaries including more than 100,000 stable
patients demonstrated that across the United States, same-

day discharge occurs very infrequently in only 1.25% of
elective PCI cases, Of note, a higher proportion of patients
discharged on the same day underwent TRA PCI or had vas-
cular closure devices (3.14% versus 1.56%, P < 0,001).

In summary, implementation of a TRA catheterization
offers significant cost-saving opportunities for individual
institutions and the health care system as a whole,

CONCLUSION

TRA has become the standard approachfor cardiac catheter-
ization and PCI in many parts of the world, and is slowly
gaining ground in the United States. TRA implementation
requires a learning curve of approximately 50 to 100 cases
andis associated with slightly increased fluoroscopy time and
access crossover rates. However, once mastered and imple-
mented as an institutional program, TRA is associated with
less access-related bleeding, less vascular injury, improved
patient comfort, and significant cost savings for the health
care system,

Staff training and developmentofinstitutional policies
and best practices are crucial for the implementation ofa suc-
cessful TRA program. A guidance document and multiple
training opportunities are now available for established U.S.

operators throughefforts of professional societies,*#
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Percutaneous Balloon Angioplasty
and General Coronary Intervention
 

ABHIRAM PRASAD and DAVID R. HOLMES

Dotter and Judkins' were the first to propose the concept
of transluminal angioplasty—enlargement of the lumen of
a stenotic vessel by a catheter—technique in 1964, Their
technique used a spring-coil guidewire over which a series of
progressively larger rigid dilators were advanced to dilate the
atherosclerotic arterial stenosis. While the Dotter technique
proved effective in peripheral arteries, the need to insert
large-caliber rigid dilators throughthearterial puncture (and
the high shear forces applied by the dilators as they crossed
the atherosclerotic lesion) ultimately restricted its clinical
application, Gruentzig’s pioneering work in 1974? replaced
the rigid dilators with an inflatable nonelastomeric balloon
mounted on a comparatively smaller catheter shaft which
could be introduced percutaneously, advancedacross a vascu-
lar stenosis in its smaller (collapsed) state, and then inflated
with sufficient force to enlarge the stenotic lumen. Although
others had speculated aboutthe possibility, Gruentzig was the
first to refine balloon angioplasty into a usable clinical tool,
through a series of experiments in animals, cadavers, periph-
eral arteries, and the coronary arteries of patients undergo-
ing bypass surgery. This culminatedin thefirst percutaneous

627

transluminal coronary angioplasty (PTCA)of a stenotic coro-
nary artery in a conscious human (September 16, 1977)3

Balloon angioplasty remained the only catheter-based
revascularization technique in widespread use until the mid-
1990s, when other modalities including atherectomy and
stents (see Chapters 29 and 31) were introduced. Accord-
ingly, the technique is now more commonlyreferred to as
percutaneous coronary intervention (PCI), This chapterwill
review the basic equipment, techniques, and results of coro-
nary angioplasty as a historical and conceptual foundation for
the entire field ofcatheter-based PCI.

i Pak@] ag

Gruentzig’s new technique of balloon angioplasty wasinitially
met with a great deal of skepticism by many cardiologists, but
a small group around the world recognized its great poten-
tial.* In 1979, these early adopters met to formaregistry of all
coronary angioplasty cases worldwide under the sponsorship
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of the National Heart, Lung, and Blood Institute (NHLBI)
which had enrolled 3,000 cases by 1981, Over time, progres-
sive improvements in equipment and technique have pro-
duced dramatic growth in PTCA and transformedit into the

dominant form of coronary revascularization (Figure 28.1).
In 2009, approximately 596,000 PCI (in-patient) procedures
were performed in the United States’; also it is one of the
most common procedures used worldwide,

Over the past 15 years orso, the role of balloon dilation
has become muchless prominent as a stand-alone treatment.
In current practice, it serves predominantly as an adjunctive
therapy for preparing (ie., predilating) or optimizing (i.e.,
postdilating) stent placement. Despite the fact that PCI is
being performed in increasingly more complex lesions and
patients, the advent of the stents and other new interven-
tional devices, as well as adjunctive antithrombotic pharma-
cology (see Chapter 5), has improved the procedural success
rate of PCI to approximately 95%, the procedural mortality to
approximately 1%, and the emergency bypass rate to <0.5%
among an unselected cohort.®

EQUIPMENT

A coronary angioplasty system consists of three basic com-
ponents (Figure 28.2); (a) a guiding catheter, which provides
stable access to the coronary ostium, a route for contrast
administration, and a conduit for the advancement of the

equipment; (b) a guidewire that can be passed through the
guiding catheter, across the target lesion into the distal coro-
nary vasculature to provide a rail over which therapeutic
devices can be advanced; and(c) a balloon dilatation catheter
filled with contrast medium,

Guiding Catheters
The original guiding catheters were thick-walled LOF- or
11F—outer diameter tubularstructures that had small lumens,

minimal torque control, and traumatic edges. In contrast,
current guiding catheter designs more closely emulate the
performance of diagnostic coronary angiographic catheters.
To allow passage of therapeutic instruments, however, guid-
ing catheters must have a lumen diameterat least twice that
of a typical diagnostic catheter (e.g., 0.076 inch [2 mm] ver-
sus 0.038 inch [1 mm]). To achieve this lumenin a catheter
of outer diameter as small as 6F the catheter walls must be

very thin (<0.12 mm,or 0,005 inch). Yet the catheter must
still incorporate a Teflon liner to reduce friction, metal or
plastic braid to transmit torque and provide sufficient stiff-
ness to offer backup support during device advancement, and
a smooth outer coating to resist thrombus formation. The
complexity of this design goal requires use of special mate-
rials the properties of which are typically varied along the
length of the catheter to optimize the balance between sup-
port and flexibility at each point. Most guiding catheters now

also include a very soft material in the mostdistal 2 mm of the
catheter to reduce the chance of vessel trauma during engage.
ment of the nontaperedtip.

Guiding catheters are available in virtually all of the con.
ventional Judkins and Amplatz curves, as well as in a wide
range of custom shapes (extra backup (XB), hockeystick,
multipurpose, Voda,etc.) designed to ease engagement oy
provide better support during balloon advancement. Asthin.
wall technology has improved and balloon shaft diameters
have decreased, the size of the guiding catheters needed tg
perform PCI hasfallen progressively. In the 1980s and 1990s,
OF and 8F/7F guiding catheters predominated, respectively,
Although larger guiding catheters are sometimesstill needed
for rotational atherectomy, or treatmentof bifurcationlesions
(7F for kissing balloons and 8F for two stents) or chronic
total occlusions, most procedures in current practice can be
completed through 6F guiding catheters, Also available are
5F guiding catheters, but they offer no major advantage and
are not routinely used,

To function adequately, the guiding catheter must beable
to selectively engage the ostium. This requires the selection
of an appropriate catheter shape andtheability to manipulate
the catheter under fluoroscopic guidance (see Chapter15),
Engagementof the desired vessel, however, should notinter-
fere with arterial inflow. This is routinely possible in theleft
coronary artery, but damping of the guiding catheter pressure
whenthe right coronary artery ostium is engaged was once a
common and vexing problem. This has been overcomeby the
smaller-diameter(e.g., 6F) guiding catheters and by the intro-
duction of guiding catheters equipped with side holes that
allow ongoing perfusion despite wedged engagement, Since
the guiding catheter is also used to deliver small boluses of
contrast medium into the target vessel (as needed to visualize
vascular side branches and the target lesion for angioplasty),
contrast flow out of such side holes may increase the total
contrast volume used during a procedure. Also, use of cath-
eters with side holes may provide a false sense of security
by showing a normal pressure tracing in the face of reduced
coronary perfusion, For these reasons, their use should be
minimized.

Asecond important function of the guiding catheteris to
provide adequate supportfor advancementof interventional
devices across the target stenosis, This support is derived
from the intrinsic stiffness of the guiding catheter, the shape
that allows it to buttress against the opposite aortic wall, and
deep engagement of the guiding catheter into the coronary
ostium (Figure 28.3), While deep engagementof the guiding
catheter is sometimes required in challenging cases,it is also
well-recognized as a potential cause of complications (e.g.,
ostial or proximal coronary dissection). This complication has
becomefar less frequent with incorporation of an atraumatic
tip on most guiding catheters and the performance of deep
engagement only by relying on coaxial advancement overt
the balloon catheter. After a deeply engaged guiding catheter
has beenused to position a dilatation balloon or other device
across the lesion,it is important to then withdraw the guiding
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catheter back to avoid its migration into an even deeper posi-
tion as the device is withdrawn.In this sense, the ability to
actively use the guiding catheter constitutes oneof the impor-
tant skills required for effective managementof the overall
angioplasty equipmentsystem.

Guidewires

The original dilatation balloon designed by Gruentzig had a
short fixed segment of guidewire (spring coil) attached toits
tip to lead the balloon in the vessel lumen and help avoid
subintimal passage as the catheter was advanced across the
stenosis (see Figure 28,2). These devices provided the opera-
tor no control over whether the catheter followed the desired

path or wasdiverted into one or moreside branches proximal
to the lesion, because neither the shape nor the orientation
of the leading wire could be modified. In the early 1980s,
Simpson designed a movable guidewire system in which a
0.018 inch Teflon-coated wire extended and moved Ireely

through a central lumen within a coaxial dilatation catheter.’

If this guidewire selected the desired vessel, it was advanced
until it crossed the target lesion. If the guidewire instead
selected a more proximalside branch, the balloon catheter
was advanced to a point just before the side branch and the
wire was withdrawn and reshaped in an effort to choose the
desired path beyond. By a series of suchiterative advance-
ments of wire and dilatation catheter, many lesions could be
crossed by the guidewire and then bythe dilatation catheter.
In 1983, this concept was advanced further with the introduc-
tion of thefirst steerable guidewires, the rotational orientation
of which could be controlled precisely using a “torquer” (pin
vise) attached to the proximal end of the wire.

In contrast to crudeearly guidewires, modern guidewires
are designed to combine tip softness, trackability around
curves, radiographic visibility, and precise torque control,
which together allow the guidewire to be steered past vascu-
lar side branches and throughtortuous or stenotic segments.
With these refinements, crossing a subtotal lesion with the
guidewire has becomea task that takes seconds rather than
minutes to hours, opening up all portions of the epicardial
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  _ Componentsof the coronary angioplasty system. The original Gruentzig fixed guidewire balloon
» (A) is compared with the steerable guide wire system (B). Although both are advanced through a

guiding catheter positioned in the coronary ostium,neither the wire shape nor its orientation could
be changed once the original Gruentzig catheter was introduced, whereas the steerable design allows
the guidewire to be advanced, withdrawn, and reshaped, and steered independently of the balloon
catheter to select the desired vessel. Oncein place in the distal vessel beyond thetargetlesion, the }
guidewire serves asa rail over which the angioplasty balloon or other device can be advanced.

 
coronary circulation to a variety of interventional devices, the wire is steered around the series of bends located in the }
The basic guidewire consists of a solid core (stainless steel or guiding catheter and proximal coronary anatomy and allows
superelastic nitinol) that is ground to a progressive taper in the stiffer proximal portions of the wire to follow the soft tip
its distal portion. This taper helps retain torque control when into side branches. This core is generally covered by a spring i
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 Use of deep guiding catheter engagementto facilitate coronary intervention. Left. Complex lesion
~ inthe right coronary artery including aneurysm (dark arrow) and diffuse distal disease (open curved

arrow). Center. Left Amplatz guiding catheter (AL-1) is deeply engaged to provide optimal support
for stent placement.Right. After stent placement, the vessel is widely patent, but replacementof the
Amplatz catheter with a conventional right Judkins catheter (JR4) shows howeffective the Amplatz
has beenin straightening out a severe upward bend (shepherd's hook) in the proximal right coronary
artery. Although progressive improvement in device profile and trackability has made such deep
engagementless necessary, the technique is still of great value in selected cases. Deep seating of the
guiding catheter needs to be done with great care and by coaxial advancementof the guiding cath-
eter over a balloon catheter to avoid injuring the proximal coronaryartery.

coil, and a coating (e.g., Teflon, Silicone) is generally applied
to the body of the wire. Radiopaque platinumis often applied
to the distal 3 to 25 cm, A family of hydrophilic polymer cov-
ered tip guidewiresare also available to aid in crossing vessels
with extreme tortuosity, calcification, side branches through
stent struts, and total occlusion. It must be remembered that

hydrophilic wires allow reduced tactile feel and are more
likely to cause dissections or perforations.

There is substantial choice oftip stiffness, driven by the
waythe tapered core wire is attached to the outercoil at the
wire tip. In soft wires, the tapered core is generally welded
to the coil via a flattened intermediary shaping ribbon that
allows the operator to kinkor bend the tip of the wire into
a shape that is appropriate for navigating the vessel features
it must pass while maintaining the required level of atrau-
matic softness, Even with soft “work horse” wires, it is still
importantto heed the advice of Dotter and Judkins! that “the
guidewire is passed across the atheromatous block more bythe
application of judgment than offorce.” Wires with preshaped
lips are generally used for the majority of cases in contempo-
rary practice, but the tips may be manually shaped, particu-
larly to meet the challenges of anatomic navigation. Longer
primary tips or a secondary bend are used for large-diameter
arteries and for entering tortuous segments. Short and less-
angulated tips are best suited for entering diffusely diseased
and chronically occluded arteries.

When larger probing force is required (e.g., for crossing
a chronic total occlusion), stiffer tip designs are available.
These “core-to-tip” guidewires are often graded by theforce

that the straight guidewire tip can apply to a strain gauge from
a distance of 1 cm. Wires are available with force increments

of 3, 4.5, 6, 9, and 12 g in the United States, though wires
with even highertip stiffness are available in other countries.
The core-to-tip design also provides better torque control.
Use of thesestiff-tip guidewires requires a high degree ofskill
and feel to avoid unintentional vessel injury (dissection or
perforation), and in general, less experienced operators are
well advised to start with softer guidewires and work up to
the stiffer wires progressively.

Independent of the tip stiffness, advancing certain
devices around bends may take more shaft support from the
guidewire. This is provided by extra-support wires, which
have a thicker and firmer inner core. Alternatively, some
operators prefer to place a second guidewire across the lesion
in parallel (a “buddy” wire) to straighten vessel bends and
facilitate device passage, With the wide variety of choices in
0.014 inch guidewires,it is currently rare to use larger-diame-
ter guidewires in coronary work, although wires of 0.016 and
0.018 inch were previously used for this purpose (requiring,
of course, the use of matching devices with larger internal
lumen diameters), Guidewires with a diameter of <0,014

inch offer little advantage except with certain devices such
as the 0.009 inch Rotablator wire (see Chapter 29), but some
specialty chronic total occlusion guidewires have a tapered
tip (0.014 inch to 0.009-0.012 inch) to help penetrate the
plaque and find microchannels,

Standard coronary guidewires are approximately 190 cm
long, that is, some 50 cm longer than the average balloon
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catheter shaft. This allows the wire to be advanced across
the lesion while the balloon catheter remains in the guid-

ing catheter, but does not generally offer sufficient length for
exchange of one “over-the-wire” (OTW) device for another.
Most guidewires are therefore also available in a 300 cm
exchange length, or are extendable to that length by attach-
ment of an extension, Such wires can be passed through the
guiding catheter and across the target lesion and remain in
place as a series of OTW devices (balloons, rotational ather-
ectomy burrs, stents) are delivered or removed without the
need for recrossing the lesion. OTW devices have largely
been replaced by rapid-exchange (Rx) or monorail balloon
catheters and stent delivery systems compatible with shorter
puidewires.

Dilatation Catheters

Thedilatation catheters for coronary angioplasty have under-
goneradical evolution since 1977, As described above, the
original Gruentzig catheters were designed with a short seg-
ment of guidewire permanently affixed to the catheter tip to
decrease the risk of subintimal passage during advancement
down the coronary tree, The shaft of these catheters had two
lumens—onefor inflation and deflation of the balloon and
onefordistal pressure measurement and/or contrast injection.
This reflected the initial reliance on monitoring trans-stenotic

(i.e,, aortic root to distal coronary) pressure gradient as a way
of assessing lesion severity, since it was very difficult to per
form adequate contrast injections through small-lumen guid-
ing catheters around the large (4.36 1.3 mm) shafts of early
balloon catheters. In contrast, contemporary catheters are
delivered over independently movable and/or steerable guide-
wires (see Figure 28.2). The central lumen ofsuchdilatation
catheters must have a sufficientcaliber to allow free movement

of the guidewire, but are no longer used for either pressure
measurement or contrast injection. However,it is of interest
that the measurement of trans-stenotic pressure gradients to
evaluate the significance and completeness of correction of
coronary stenoses has evolved into pressure measurement
guidewires (see “Fractional Flow Reserve,” Chapter 24).

An important characteristic of the dilatation catheter
is the diameter of the smallest opening through which the
deflated balloon canbe passed(its profile). The original Gru-
entzig catheters had a 0.060 inch (1.5 mm) profile, but cur-
rent dilatation catheters have profiles as small as 0.020 inch
(0.5 mm), To preserve the best balloon profile, a “negative”
or “aspiration” preparation should be performed in which a
contrast-filled 20 mL syringeis attached to the balloon infla-
tion hub, the plungeris pulled back to apply a vacuum, and
gently released to allow the balloon to draw in a small volume
of dilute (1:2 dilution with saline) contrast. The crossing pro-
file increases significantly after a balloonis used, and this may
be relevant when one attempts to reuse a previously inflated
balloon to cross a secondlesion and finds that the secondary

(or rewrap) profile is far less satisfactory than the primary
(prior to inflation) profile.

Balloon angioplasty catheters are available either as
OTW catheters in which the guidewire runs through a cen-
tral lumen in the shaft throughoutits entire length or as
monorail Rx catheters in which the wire is contained within

the balloon shaft only over its distal 25 cm and then runs
outside the balloon shaft more proximally. The latter type
of catheters can be exchanged quickly by a single operator
over a standard-length (190 cm) guidewire and generally
have smaller shaft profiles to allow better contrast injection
or simultaneous placement of two balloons for the treatment
of bifurcation lesions. Fixed-wire devices, which consisted of
a balloon mounted directly on a steerable wire core (deflated
profile of 0.020 inch or 0.5 mm), were widely used in thelate
1980s, but are no longer in use today.

Althoughprofile is important, the ability of the balloon
to bend so as to advance easily through tortuous vascular
segments (trackability) and the presence of sufficient shaft
stiffness (pushability) to force it through thestenosis are also
important, Delivery of the balloonis also aided by the incor-
poration ofa friction-resistant coating to improve surface
lubricity Specialized balloon catheters include perfusion bal-
loon catheters, which havea series ofside holes in the shaft

proximal and distal to the balloon segmentora spiral chan-
nel within the balloon to allow ongoing antegrade blood flow
and thereby mitigate myocardial ischemia during prolonged
balloon inflations. In an era when stents provide definitive
controlofelastic recoil and dissection, however, the use of

perfusion balloons has become rare except for controlling
hemorrhage from a coronary perforation without producing
severe distal myocardial ischemia (see Chapter 4), Some spe-
cial balloons exploit the conceptoffocused force angioplasty,
in which a wire (Angiosculptballoon, AngioScore, Fremont,
CA) or microblades on the balloon surface (cutting balloon,
Boston Scientific, Natick, MA) concentrate the delivery of
dilating force from the balloon to the lesion to lower stenosis
resolution pressure and reduce balloon slippage forward or
backward during inflation (the so-called watermelon seeding
effect). These technologies have not, however, improved the
long-term patency as compared with conventional PTCA,"
and the cutting balloon carries a small but real risk of perfora-
tion when oversized. These devices have been promoted for
use in ostial lesions or in-stent restenosis owing to neointi-
malproliferation, but there is no definitive evidence that they
improye procedural outcomes,

Otherthan these factors, the most important characteris-
tic ofthe dilatation catheteris its ability to inflate to a precisely
defined diameter despite application of pressures that aver-
age 10 to 16 atm. This was not possible with early balloons
manufactured from polyvinyl chloride (PVC); their compli-
anceled to balloon oversizing and rupture at pressures as low
as 6 atm. More suitable performance can be readily achieved
today using balloons manufactured from high-density poly-
ethylene, polyethylene terephthalate (PET), or nylon, despite
balloon wall thicknesses as low as 0.0003 to 0.0005 inch
(7.62 to 12,7 pm). Based on material and wall thickness, each
balloon has an individual compliance characteristic reflecting
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the pressure at which the balloonreachesits specified (nomi-
nal) diameter and how much that diameter increases as the
balloon is inflated to even higher pressures. More compliant
balloon materials tend to reach their nominal diameter at
6 atm and then grow by =20% abovetheir nominalsize(i.c.,
a 3,0 mmballoon growing to 3,5 mm)at 10 atm, Semicom-
pliant balloon materials such as high-density polyethylene or
nylon grow by <10% overthis pressure range, whereas truly
noncompliant balloon materials such as PET can retain their
defined diameter up to 20 atm to allow dilatation ofcalcific
stenoses or full expansion of coronary stents (Figure 28.4).

Balloon compliance characteristics must be kept in mind
especially when inflating a compliant or semicompliant bal-
loonto pressures above nominal (usually roughly 6 to 10 atm)
to avoid overdistending the adjacent normalvessel, Noncom-
pliant balloons are desirable when high pressure inflation is
needed(resistant lesions and postdilation of stents) so that
the dilating forceis applied to treat the stenosis rather than in
enlargingthe balloon.

Regardless of which balloon type is used,it is important
to stay within thestated rangeof inflation pressures in order
to avoid balloon rupture. This pressure range is specified in
terms ofthe rated burst pressure (i.e., an inflation pressure
at which the probability of balloon rupture is <0,19%), Take
ing any balloon catheter aboveits rated burst pressure (usu-
ally 16 to 20 atm)increasestherisk ofballoon rupture, with
the potential for air embolization (if the balloon was incom-
pletely purged), vessel rupture, local dissection,or difficulty
in removing the balloon from an incompletely dilated lesion."!
This risk grows further with pressures above the rated burst
pressure to whichthe balloonis inflated, untilit reaches 50%
risk of rupture when the maximum burst pressure is reached.
Instead ofrelying solely on high balloon inflation pressures,
we recommendthe use of rotational atherectomyfor treating
resistant lesions which are invariably associated with severe
calcification, An uncommonexception to this rule is stent
postdilatationin a calcified or fibrotic lesion that has not been
adequately predilated or pretreated with rotational atherec-
tomy before stent placement, and where there is no alterna-
tive for achieving full stent expansion,

Various manufacturers currently providedilatation cath-
eters that meet these design specifications with inflated diam-
eters of 1.25, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 mmto match the
size of the coronary artery in which the stenosis is located.
Larger balloons(i.e., 4.5, 5.0, and 6.0 mm) are occasionally
needed for treatmentoflarge right coronary arteries or saphe-
nous vein grafts. Quarter-sized balloons(e.g., 2.25, 2.75, and
3,25 mm) are also available, but that degree of precision prob-
ably exceeds the operator's ability to gauge vessel size, and
stocking quarter-sizes tends to unfavorably increase the size
ofa laboratory's balloon inventory. The typicallesion requires
a predilation balloon that is 12 to 15 mm long, but balloons
are also available for shorter (8 mm for dilating or postdilat-
ing focal lesions) or longer (20 or 30 mm for dilation of a
diffusely diseased segment) diffuse lesions.” Although most
lesions can be dilated effectively with balloon catheters from

 
Successful dilatation of a rigid calcific
lesion (arrows). This rigid lesion (top)
in the midleft anterior descending
coronaryartery of a postbypass patient
(note surgicalclips) resisted dilatation
at 300 Ib/in? (20 atm), but yielded to an
inflation pressure of 330 Ib/in? (22 atm;
middle two views) with reduction in
the stenosis (bottom), Such pressures
are obtainable only with high-pressure
noncompliant balloons.In current prac-
tice, such “nondilatable” lesions would
most appropriately be treated by rota-
tional atherectomy (see Chapter 29).

any of the several manufacturers, subtledi fferences in perfor-
mance characteristics can make the difference between suc-
cess andfailure; therefore, each interventional laboratory still
needs to stock a variety of balloon types. Although balloon
prices were once nearly $700, competition and widespread
use have brought currentprices down to approximately $150,
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giving little incentive for resterilization and reuse, with the
risk of infection, prolonged procedure time, and device fail-
ures withresterilized products.*"7

PROCEDURE

A coronary angioplasty procedure bears a superficial resem-
blance to diagnostic cardiac catheterization in that cath-
eters are introduced percutaneously under local anesthesia,
However, since angioplasty involves selective cannulation of
coronaryarteries with guidewires and balloon catheters, tem-
porary occlusion of antegrade coronary arterial flow, as well
as manipulation of the culprit lesion by balloon inflation and/
orstent deployment,the procedureis significantly more com-
plicated and entails approximately 10-fold higherrisk (i.e.,
1% versus 0.1%) as compared with a diagnostic catheteriza-
tion.!* However, the risks of coronary angioplasty vary widely
with the baseline clinical condition of the patient, the char-
acteristics of the lesion to be treated, and the techniques used
(see “Complications” below and Chapter 4),

Whenobtaining informed consent, the estimated indi-
vidual risks together with the potential benefits, alternatives,
and goals should be discussed in detail with the patient and
family prior to the procedure. To mitigate the very real risks
of major complications, angioplasty should be attempted
only by experienced personnel and generally only in a set-
ting where full cardiac surgical and anesthesia support is
available.’® One exception is the performance of primary PCI
for the treatment of acute ST-elevation myocardial infarc-
tion (STEMI), where the need for rapid revascularization has
led to the allowance of such procedures in approved cath-
eterization laboratories staffed by experienced interventional
operators, even when onsite cardiac surgery is not available.
An expert consensus documentfrom the Society for Cardio-
vascular Angiography and Interventions details the require-
ments for establishing a PCI program without onsite surgical
backup.!’ The practice of elective angioplasty without onsite
surgery, however, remains outside the recommendations of
PCI guidelines at this time, thoughit is performed in some
hospitals in the United States and Europe that have appro-
priate program developmentusing clinical and angiographic
criteria for patientselection.'*""

Historically patients were admitted the night before elec-
tive angioplasty, but currently elective patients are admitted
on the morning of the procedure. Details of patient evalu-
ation, informed consent, and preprocedure laboratory work
will thus generally have been completed in a separate out-
patient visit or be compressed into a very brief encounter
immediately prior to the procedure. This is particularly true
for patients who cometo catheter-based intervention at the
conclusion of what began as a diagnostic catheterization that
progressed to coronary intervention (the so-called ad hoc
PCI),” Although a major proportion of PCI is now performed
in the ad hoe fashion, consideration ofstaging is important in

case of the following situations: (a) high anticipated proce-
dural risk or technical complexity (e.g., chronic total occlu-
sion) making surgical consultation or additional discussions
with the patientand family desirable before proceeding with
a nonemergency intervention; (b) Nonavailability of PCI at
the diagnostic catheterization facility; and (c) the likelihood
of the combined procedure leading to a large volumeof con-
trast being used. Similar considerations apply to the decision
to stage a complex multivessel procedure into two or more
sessions (e.@., patient tolerance, clinical stability, total con-
trast load, stability of the initial treatment results), but cur-
rent techniques generally make staging (between diagnostic
and interventional procedures, or between treatment of some
lesions and others) an uncommonclinical necessity, Finally,
patients should be counseled on the need for and risks of
dual antiplatelet therapy before placement of intracoronary
stents, especially drug eluting stents, and alternative thera-
pies should be pursuedif patients are unwilling or unable to
comply with the recommendedduration of dual antiplatelet
therapy.

Oral intake should be restricted after midnight on
the evening prior to the procedure, and the patient should
be pretreated with aspirin 325 mg/day to diminish platelet
deposition on the disrupted endothelium.” Patients not on
aspitin therapy should be given nonenteric aspirin 325 mg,
while those already taking daily aspirin therapy should
receive 8] to 325 mg before PCI. In the aspirin-allergic patient
requiring an elective PCI, a graded aspirin desensitization
protocolmay be considered prior to the procedure. An oral
platelet ADP-receptor antagonist (suchas clopidogrel, prasug-
rel, ticagrelor) should generally be administered prior to the
procedure,” supplemented by intravenousplatelet glycopro-
tein IIb/Illa receptor antagonists in patients with acute coro-
nary syndromes,” to reduce the incidence of periprocedural
myocardial infarction or repeat emergency revascularization
for vessel closure or stent thrombosis. Since aspirin reduces
late cardiac mortality in patients with coronary disease, it is
generally continued indefinitely after the procedure. Similar
data now exist for longer-term clopidogrel treatment, and
hence ADP-receptor antagonists may be used as an alternative
to aspirin in patients with aspirin allergy.*’ Statins appear to
have some benefits whenpretreatmentis initiated from 7 days
to just prior to PCI, especially in statin naive patients. Hence,
it is reasonable to administer a high dose of statin before PCI
to reduce the risk of periprocedural M1.Patients with a
past history of an hypersensitiviry reaction to contrast media
should receive steroid and antihistamine prophylaxis; this
prophylaxis is not beneficial in patients with a prior history
of allergic reactions to shellfish or seafood.** Finally, patients
should be assessed for risk of contrast-induced acute kidney
injury (nephropathy). Important risk factors for contrast-
induced acute kidney injury include advanced age, chronic
kidney injury, diabetes mellitus, congestive heartfailure, and
the volume of contrast used during the procedure. The risk
may be estimated using a scoring system.” Adequate hydra-
tion and minimizing the volumeof contrast administered are
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the only interventions demonstrated to reduce the risk of
contrast-induced acute kidney injury (see Chapter 4). It is
most important to do so inpatients with creatinine clearance
of <60 mL/minute. Thereis now good evidence demonstrat-
ing that administration of N-acetylcysteineis not beneficial.

The 2011 PCIguidelines advocate that a “time-out” is
performed before all PCI to verify that the correct patient
is having the intended procedure.'® The aim of this process
is to improve patient care by collective discussion of the case
immediately prior to the procedure. The timeout may be
checklist driven or conversational, depending on each labo-
ratory’s established practice."

PCIis performed either via the femoralorvia the radial

approach, based on considerations about potential compli-
cations related to vascular access, as well as operator and
patient preference. The 2011 PCI guidelines state thatit is
reasonable to use radial artery access to decrease access site
complications. However, femoral access remains the most
commonly used approach in the United States. Vascular com-
plications via the femoral approach may be minimized by the
use of fluoroscopic landmarks or ultrasound guidance. Low
punctures are associated with hematomas and other vascu-
lar complications while high punctures increase the risk of
retroperitoneal hemorrhage, Most catheter-based interven-
tions are performed safely without right heart catheteriza-
tion, but occasionally venous access is also required for the
initiation of ventricular pacing, althoughplacementofa pro-
phylactic pacemaker is seldom needed except in cases ofrota-
tional atherectomy ofthe right coronary artery or rheolytic
thrombectomy (see Chapter 29). In addition, there are some
high-risk procedures in which measurementofright heart
pressures may aid in fluid management.

After placementofthe arterial sheath, intravenous anti-
thrombin therapyis initiated (see Chapter 5). The most com-
mon agentis still unfractionated heparin (70 U/kg), which
may be reduced to 50 U/kg when there is concomitant admin-
istration of a platelet glycoprotein Ilb/Illa receptor antago-
nist, Alternatives include low-molecular weight heparin (e.g,
enoxaparin) in patients who have been on such agents pre-
procedure” or a direct thrombin antagonist (e.g., bivalirudin
[Angiomax, the Medicines Company, Parsippany, NJ]).2°*! If
unfractionated heparin is used, it should be noted that there
is wide patient-to-patient variability in heparin binding and
activity, So, ACT (activated clotting time) should be measured
and additional heparin administered as needed to prolong
the ACT to 275 to 300 seconds (reduced to 250 secondsif a

platelet glycoprotein Ub/IIla receptor blockeris to be given)
before any angioplasty devices are introduced. Additional doses
or an infusion of the antithrombotic agent may be required
to maintain the ACTatthis level throughout the case—ACTs
<250 seconds are associated with a marked increase in the

incidence of occlusive complications unless an adjunctive
lb/Ila receptor blocker is used, whereas ACTs >300 to
350 seconds tend to increasetherisk of bleeding.?* ACTs may
also be used to monitortheeffect of direct thrombin inhibi-

tors such as bivalirudin, which have found increasing use

 
during PCI based on more predictable dose-response char-
acteristics than that of heparin, greater efficacy against clot-
bound thrombin, reduced platelet activation, less bleeding,
and lack of cross-reactivity in patients with heparin-induced
thrombocytopenia (HIT, Chapter 5). Since low-molecular
weight heparin has relatively more activity against factor Xa
than against thrombin,it causes less prolongation of the ACT
so that specialized anti-Xa assays are required to monitor low-
molecular weight heparin effects,

Baseline angiograms are then obtained of one or both
coronary arteries using either a standard diagnostic catheter
or the angioplasty guiding catheter. Baseline angiography
serves to (a) evaluate any potential changes in angiographic
appearance (interval developmentoftotal occlusion, throm-
bus formation) since the previous diagnostic catheterization,
(b) permit the selection of the angiographic views that allow
optimalvisualization of the stenoses, and (c) aid in planning
of the detailed interventional strategy. Coronary injections
should be repeated after the administration of sublingual or
intracoronary nitroglycerin to demonstrate that spasm is not
a significant componentofthe target stenosis and to mini-
mize the occurrence of coronary spasm during the subse-
quent angioplasty. Occasionally, unnecessary intervention is
avoided when the intended target of a catheter-based inter-
vention resolves with nitroglycerin (coronary spasm)! This
is more frequent with lesions of the ostium of the RCA, In
this setting, at the time of diagnostic angiography catheter-
induced spasm may occur.If the patientreturns ata later time
for intervention, this ostial “stenosis” may prove to have been
unrecognized catheter spasm.

The best working views that show thetarget lesions and
the adjacent side branches most clearly and with the least
foreshortening are recorded and transferred to the roadmap
monitor for reference during the procedure. The approxi-
mate reference diameter and length of each target lesion is
estimated by comparing it to the diagnostic catheter (gen-
erally 5F or 1,65 mm) or selected guiding catheter, Deci-
sions are then made regarding the sequenceof lesions to be
approached (integrating lesion severity, myocardial territory
involved, and noninvasive test data) and the specific inter-
ventional approach that will be used. For example, a bifurca-
tion lesion that may require kissing balloon inflations and/or
a two-stent approach (see Chapter 31) may warrant use of a
guiding catheter that is larger than 6F

The appropriate guiding catheter is connected to the
pressure manifold (see Chapter 15) by way of an exten-
sion tube and a rotating hemostatic valve (e.g., Taohy—Borst
valve), and positioned in the appropriate coronary ostium.
The hemostatic valve contains an adjustable O-ring that
allows introduction and free movement of the PCI devices

while maintaining a sufficient seal around the shaft to permit
pressure measurement and contrast injection while minimiz-
ing blood loss. The angioplasty guidewire is first introduced
into the guiding catheter, either through a needlelike puide-
wire introducer (bare-wire technique for Rx systems) or, less
frequently, loaded into an OTW balloon or support catheter,

Teleflex Ex. 2167

Medtronic v. Teleflex

IPR2020-00134

Page 40



 
Page 41

Teleflex Ex. 2167 
Medtronic v. Teleflex 

IPR2020-00134

636—(SdetionWilinteiventionalTechniques’

and then steered across the target lesion. The guidewire is
advanced across the lesion with the aid of puffs of contrast
material through the guiding catheter as the vessel is imaged
fluoroscopically in a projection that shows the desired path
free of foreshortening or overlapping side branches. Once the
position ofthe wire tip in the distal vasculature has been con-
firmed by contrast angiography, thedesired angioplasty bal-
loonor other deviceis selected,

Optimal stand-alone angioplasty results are obtained
using a balloon with a diameter that closely approximates
the diameter of a presumably nondiseased reference seg-
ment adjacent to the site being treated (balloon/artery ratio
0.9:1.1).4" Slightly larger balloons (approximately 1.1 to
1.2 timesthesizeofthe reference lumen) may be used if intra-
vascular ultrasound (see Chapter 25) is used and showsthat
the outer vessel (external elastic membrane |[EEM]) diameter
in the reference segmentis significantly larger than the refer-
ence lumen (diffuse disease without a true nortnal reference

segment), On the other hand, slightly smallerinitial balloons
are used whenit is difficult to estimate the correct reference

size of a diffusely diseased or rapidly tapering vessel, when
difficulty is anticipated in crossing the lesion, orif the risk
of complications must be minimized in a patient who cannot
receive a stent. In the era whenstenting (especially drug-elut-
ing stenting) has becomethe definitive treatment, however,it
is routine to predilate the target lesion with a balloonthatis
slightly undersizedrelative to the reference vessel and roughly
the same length as the target lesion (see Chapter 31), Modern
low-profile stents can often be delivered withoutpredilation
of the target lesion (the so-called direct stenting), but predi-
lation makes delivery and accurate placementof the stent
within the lesion easier, facilitates the selection of the correct

stent diameter and length (by comparison with the diameter
and length of the inflated predilating balloon), and ensures
that lesion compliance is sufficient to allow full expansionof
the stent without pretreatment by rotational atherectomy (see
Chapter 29). Predilation is particularly important if a short
stent is used, to avoid “missing” the lesion during stenting if
“watermelon seeding"is felt likely,

Once the dilatation catheter has been positioned within
the target stenosis, the balloon is inflated progressively using
a screw-powered hand-held inflation device equipped with a
pressure dial. At low pressures (i,e., 2 to 4 atm), the balloon
typically exhibits an hourglass appearance owing to central
constriction by the coronary stenosis being treated, In soft
lesions, this constriction (or “waist”) may expand gradually
as the inflation pressure is increased, allowing the balloon to
assumeits full cylindrical shape. In more rigid lesions, the
constriction may remain prominentuntil the balloon expands
abruptly at a stenosis resolution pressure that may be as high
as 20 atm.*® Some operators prefer to increase pressure rap-
idly until all balloon deformities resolve, but this increases
the risk of dissection when a fibrotic or calcified plaque yields

suddenly or when the ends of a somewhat compliantballoon
grow to excessive diameter on either side of the resistant
lesion. If a calcified plaque resists balloon expansion at 10 to

14 atm, one may thus prefer to consider use of a Rotablator
(see Chapter 29) rather than inflating the balloon to the very
high pressures (=20 atm, Figure 28.4) that may be required
for full dilation.

At the other extreme,elastic (usually eccentric) stenoses
may allow full balloon expansion at low pressures but then
tend to recoil promptly once the balloonis deflated. This type
of lesion was once treated by repeated inflations, cautious use
of oversized balloons, or directional atherectomy, but stent
implantation is now the routine treatment. Focused force
dilation (with a cutting balloon or the Angiosculpt balloon)
may also be helpful in dilating the fibrotic or elastic lesion
effectively (see below). Thereis little objective evidence that
slower speed of inflation or prolonged (1 minute or more)
inflations offer more benefit than offered by the 30-second
inflations.**

Whatever inflation strategy is adopted, the response of
each lesion to balloon dilation mustthenbe assessed individu-

ally so that the dilation protocol can be tailored to achieve the
best possible result, The most common way to assess lesion
response to balloon dilation is repeat angiography. Complete
normalization of the vessel lumen would be the ideal end

result of coronary angioplasty, but a typical result of even a
successful angioplasty is a 30% residual diameter stenosis
(i.e,, a 1.9 mm lumen in a 3 mm vessel) with some degree
of intimal disruption (reflected as localized haziness, filling
defect, or dissection), Although this once created a dilemma
about whether to persist with additional balloon inflations
(weighedagainst the risk of creating a yessel dissection), the
need to obtain a perfect result with balloon angioplasty is now
moot in the stent era—anylesion that can be stented is gener-
ally stented. In the current view, the best position for stand-
alone balloon angioplasty is thus in lesions that are poorly
suited to stenting owing to vessel size below 2 mm or branch
ostial disease where bifurcation stenting is not contemplated.

Given the importance ofachieving the best acute angio-
graphic result, and the uncertainty inherent in angiographic
assessment of the irregular himen postangioplasty, a num-
ber of other techniques have been used to grade the qual-
ity of anangioplasty result. Initially, PTCA operators relied
heavily on the trans-stenotic gradient as an index of dilata-
tion adequacy, seeking a postdilation pressure difference of
<15 mmHgbetween the aortic pressure (measured through
the guiding catheter) and the distal coronary artery pressure
(measured throughthetip ofthe dilatation catheter). In prac-
tice, such measurements were complicated by the presence of
the dilatation catheter within the stenosis and the small size
of the dilatation catheter lumen, which led to abandonment

of the gradient measurement by 1988.7 There has been some
recent reawakened interest based on the availability of newer
solid state pressure-measuring guidewires that can be used to
assess the trans-stenotic gradient at baseline flow and during
maximal hyperemia™(see Chapter 24). The goalis to achieve
a fractional flow reserve (FFR)—definedas the ratio of dis-

tal mean coronary pressure to aortic mean pressure during
adenosine-induced hyperemia—of >0.95 in a successful
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PCI. Physiologic assessment can also be done using Doppler
flow-measuring guidewires to assess the coronary flow reserve
(CFR) as an index of baseline lesion significance and a con-
firmation of adequate dilation. However, this technique is no
longer used in PCI owingto the superiority of FFR as index of
stenosis severity, which unlike CFR,is generally not impacted
by the presence of microvascular dysfunction. Alternatively,
intravascular ultrasound (ITVUS, see Chapter 25) or optical
coherence tomography (OCT) can more accurately measure
lumen diameter and cross-sectional area after dilation, and

can detect vessel dissection or hematoma more accurately,
Although IVUS has provided important mechanistic insights
into balloon angioplasty, it is not used in more than 5% to
10% of routine clinical cases because of the added procedural
time and expense. In most laboratories, the postdilation
angiogram thus remains the gold standard to assess whether
or not an adequate result has been obtained.

Once adequate dilatation is deemed to have been
achieved, it is common to withdraw the balloon catheter
completely from the guiding catheter, leaving the guidewire
across the dilated segment to allow observationof the treated
vessel for signs of angiographic deterioration, With more pre-
dictable interventions such as stenting, however, a single set
of postprocedure angiograms in orthogonal views with the
guidewire removed is usually sufficient to documenta suit-
able result in the treated lesion and the absenceofdissections,

branch ocelusions, or guidewire perforations in the adjacent
portions of the vessel, At that point, other significant lesions
maybe dilated, if needed, or the procedure may be concluded
and thepatient transferred to the recovery area.

Radiation safety is an integral component of PCI, and
processes to minimize exposureof the patient and staff must
be stringently followed*® (see Chapter 2), The informed con-
sent process ought to include a discussion on the potential
adverse effects of radiation, particularly for those likely to
receive high deses [rom complex procedures. Following the
procedure, the patient's radiation dose (e.g., cumulative skin
dose, fluoroscopy time, number of cine images) should be
recorded, It is recommended that, for the managementof
patients who receive a high procedural radiation dose, each
laboratory define a threshold dose above which follow-up
protocols are initiated.

POSTPROCEDURE MANAGEMENT 
Postprocedure management after PCI has been progres-
sively streamlined." It was once commonto leave the arterial
sheath in place overnight with continued heparin infusion,
while perfusing the sheath lumen and monitoringfordistal
limb ischemia. This practice allowed prompt vascular reac-
cess should delayed abrupt closure occur.” With the advent
of stenting and glycoprotein Il[b/Illa receptor antagonists,
such delayed abrupt closures occur so infrequently that the
practice shifted to removal ofthe sheaths later the same day

erga

as soon as the heparin effect wore off (ACT <160 seconds),
with no postprocedure heparin infusion.”In fact, now with
the wide adoption of femoral puncture site clasure devices
and radial access, it is common to removethe arterial sheath

in the catheterization laboratory at the end of theinterven-
tional procedure, despite a fully anticoagulated state.

After sheath removal, the patient typically remains at bed
vest for 6 hours and then ambulates before discharge. The
time to ambulation is reduced significantly, however,if a fem-
oral closure device has been used. If a glycoprotein IIb/IIIa
receptor antagonist is used intraprocedurally, it is commonly
infused for approximately 18 hours postprocedure, though
there is a trend toward shorter infusions in order to reduce

the risk of bleeding.” Aspirin (81 to 325 mg/day) is contin-
ued indefinitely, and patients who have received a stent are
given clopidogrel 600 mg (or Prasugrel 60 mg, Ticagrelor
180 mg) as a loading dose (300 mg with 24 hoursoffibrino-
lytics) during orprior to the procedure. If Ticagreloris used,
typically the dose of aspirin is reduced (see Chapter5). The
duration of dual antiplatelet therapy varies depending on
type of stent, technical factors (left main orbifurcation stent-
ing), clinical factors (stable versus acute coronary syndrome),
and the potential risk of bleeding'’”** (Table 28.1; see also
Chapter 5). Patients should be counseled on the importance
of compliance with dual antiplatelet therapy and that ther-
apy should not be discontinued without consultation with
their cardiologist. Proton pump inhibitors should be used
in patients with a history of prior gastrointestinal bleeding
whorequire dual antiplatelet therapy, andit is reasonable to
prescribe those for patients al increased risk for bleeding. If
the risk from bleeding outweighsthe potential benefit of the
recommended duration of dual antiplatelet therapy, earlier
discontinuation is reasonable.'®

With a good angiographic result in the treated lesions,
marked relief of ischemic symptoms should be expected
unless other significant disease has been left untreated. In
the patient with significant multivessel disease (see below),
it may thusbe particularly helpful to measure the FFR across
any indeterminate lesion using a pressure wire at the time
of the procedure or perform a maximal exercise test in a few
weeks after discharge. Earlier (i.e., predischarge) exercise
testing was once performed on a routine basis, but has now
been abandoned owing to the potential of groin rebleeding,
delay of discharge, or the small risk of precipitating throm-
botic closure of the dilatation site, Patients may return to full
activity within 72 hours, by whichtime the groin puncture
site should have healed sufficiently to allow even brisk physi-
cal activity.

Patients should expect to have no or minimal anginal
symptomsearly after discharge—ongoing anginal symptoms
after discharge suggest persistent untreated disease or a poor
result at the treatmentsite, A good initial result, with recur-
rent symptoms within the first weeks or | to 2 months may
suggest subacute stent thrombosis, which usually presents as an
acute STEMI requiring emergency recatheterization. On the
other hand, initial symptomatic relief followed by recurrence
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“Table28.1_ Recommended Duration of Dual AntiplateletTherapy Following Stent implantation +
® Bare-metal stent:

@ For stable coronary artery disease patients, a mini
(unless the patient is at increased risk of bleeding,

mum of 1 mo and ideally up to 12 mo of clopidogrel 75 mg
in which caseit should be given for a minimum of 2 wk)*.

@ For acute coronary syndrome,at least 12 mo after PCI. Options include clopidogrel 75 mg daily, prasugrel
10 mg daily’, and ticagrelor 90 mg twice daily”. If the risk of significant bleeding outweighs theanticipated
benefit, earlier discontinuation should be considered®

a Drug-eluting stents:@ For stable coronary artery disease patients, clopidogrel 75 mg daily for 12 ma, if patient notat high risk
of bleeding.@ For acute coronary syndrome, at least 12 monthsafter PCI. Optionsinclude clopidogrel 75 mg daily, prasugrel
10 mg daily’, and ticagrelar 90 mg twice daily”.

*Prasugrel should not be administered to patients with a prior history of stroke or transient ischemicattack.
‘Use with aspirin 81 mg daily.
"Use of proton pump inhibitors Is indicated in patients with a prior history of gastrointestinal bleeding, and reasonable for those at increased risk (a.g.,
advanced age, concomitant use of warfarin, steroids, NSAIDs, Helicobacter pylori infection).
Continuation of dual antiplatelet therapy beyond 12 months may be considered in a few patients undergoing DES implantation and in patients with left
main and bifureation (2 stent) stenting,

of symptoms between 2 and 6 months suggests restenosis of
the dilated segment. (Clinically significant restenosis has been
reduced markedly from 30% with PTCA to 15% with bare-
metal stenting and to <5% with drug-eluting stenting.) When
symptoms recur | or more years after successful angioplasty,
it generally suggests progression ofdisease at anothersite."*

Along with educating the patient and family regarding
these possibilities and their proposed management (including
additional catheter intervention or bypass surgery, as needed),
the acute angioplasty admission should also be viewed as an
opportunity to educate about changesin lifestyle (smoking
cessation, exercise, weight loss) or drug therapy (for hyper-
tension and/or hyperlipidemia) to reduce the risk for the pro-
gression of atherosclerotic disease.*? Currentlipid guidelines
call for achieving a LDLlevel of <70 mg/dL in patients with
proven coronary artery disease, as would be the case for the
post-PCl patient.” Medically supervised exercise programs
(cardiac rehabilitation) should be recommended to patients
after PCI, particularly for patients at moderate to high risk.
Treadmill exercise testing is reasonable for patients entering
a formal cardiac rehabilitation program after PCI, but rou-
tine periodicstress testing of asymptomaticpatients after PCI
without specific clinical indications should not be performed.

MECHANISM OF PERCUTANEOUS
TRANSLUMINAL CORONARY
ANGIOPLASTY 

Accordingto the original explanation proposed by Dotter and
Judkins! and by Gruentziget al,,’ the enlargement of the ves-
sel lumen following angioplasty was ascribed to compression
of the atheromatous plaque—akin to footprints in the snow.
In fact, true plaque compression accounts for a minority of

the observed improvement.” Extrusion of liquid compo-
nents from the plaque does permit some compression of soft
plaques but contributes minimally to improvement in more
fibrotic lesions, even when balloon inflation is prolonged to
1 minute. In the absenceofsignificant reduction in plaque
volume, most of the luminal improvement following PTCA
seems to result from plaque redistribution—more like foot-
prints in wet sand, Some of this takes place by longitudinal
displacement of plaque upstream and downstream from the
lesion, but maximum improvementin the lumen following
balloon angioplasty or stenting results from controlled over-
stretchingof the entire vessel segment by the PTCA balloon.
This stretchingleadsto fracture of the intimal plaque and par-
tial disruption of the media and adventitia, with consequent
enlargementofboth the lumen and the overall outer diameter
of the vessel*’ (Figure 28.5).

Although use of a full-sized balloon (balloon/artery
ratio of 1:1) should theoretically eliminate all narrowing at
the treatmentsite, the overstretched vessel wall invariably
exhibits elastic recoil"™ following balloon deflation and
somedegree of local vasospasm,” These processes typically
leave the stretched vessel with a residual stenosis. A typical
balloon angioplasty result also shows evidence of localized
trauma to more superficial plaque components as an almost
universal haziness of the lumen.” Higher degrees of disrup-
tion arereflected by intimalfilling defects (Figure 28.6 ), con-
trast caps outside the vessel lumen,or spiral dissections that
may interfere with antegrade blood flow (Figure 28.7). Such
local disruption has been seen on IVUS, angioscopy, and his-
tologic examination of postmortem angioplasty specimens,
and its extent correlates with the risk of an occlusive com-
plication.” In contrast, stenting or directional atherectomy
reduces or even eliminates this elastic recoil, dissection, and
vascular tone, and thereby provides lower (0% to 10% rather
than 30%) postprocedural residual stenosis, and a smooth

enn
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5 Proposed mechanism of angioplasty. A. Deflated balloon positioned across stenosis. B.Inflation of
~ the balloon catheter within the stenotic segment causes cracking of the intimal plaque, stretching of

the media and adventitia, and expansion of the outer diameter of the vessel. C. Following balloon
deflation, there is partial elastic recoil of the vessel wall, leaving a residual stenosis and local plaque
disruption that would be evident as haziness of the lumen contours on angiography.

and uniform lumen by angiography or IVUS, withless chance
of acute or delayed closure.

Given the amountof vascular injury that takes place dur-
ing balloon dilation, it is remarkable that dislodgment and
clinically evident distal embolization of plaque fragments
seem to be infrequent both in experimental studies* and
in most clinical angioplasty procedures. There is increasing
evidence, however, that subclinical distal atheroemboliza-

 

tion during balloon angioplasty and stent placement occurs
frequently. This is most clearly established in patients under-
going dilatation of a saphenous vein bypass graft or patients
with large thrombi adherentto the lesion. Distal embolization
of large (>1 mm)plaque elements is usually manifest as an
abrupt cutoff of flow in the embolized distal vessel.** In con-
trast, microembolizationof plaque debris or adherent throm-
bus may contribute to postprocedure chest pain, enzyme

 
 

 |} Normal healing of PTCA-related coronary dissection. As compared with the baseline angiogram
(A), the immediate post-PTCA angiogram (B) shows enlargementof the left anterior descending (LAD)
lumen with two small filling defects typical of an uncomplicated coronary dissection (arrow). Follow-
up angiogram 3 months later (C) shows preservation of luminal caliber with complete healing of the
localized dissection (arrow). (From Baim DS, Percutaneous transluminal coronary angioplasty.In
Braunwald E, ed, Harrison’s Principles of Internal Medicine: Update VI. New York: McGraw-Hill; 1985.)
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15 minutes following removalof the dilatat

Coronary dissection leading to abrupt closure. The appearance of a right coronary stenosis prior to
(A) and immediately following (B) coronary angioplasty, with an evident localized dissection. Within

ion catheter, the patient experienced chest pain associ-
ated with inferior ST-segment elevation and angiographic evidence of progressive dissection with
impeded antegrade flow (C), Standard managementin 1980 (when this case was done) consisted
of emergency bypass surgery, which was accomplished without complication. Current practice is to
attemptto recross the lesion andtreat the dissection with angioplasty and stents. (From Baim DS.
Percutaneous transluminal angioplasty—analysis of unsuccessful procedures as a guide toward
improvedresults. Cardiovasc Intervent Radiol 1982;5:186.)

elevation, or the no-reflow phenomenon in which thereis
dramatic reduction in antegrade flow with manifestations of
severe ischemia (chest pain and ST-segmentelevation), in the
absence of epicardial vessel stenosis, dissection, or macroem-
bolic cutoff.5? No-reflow can usually be improved by distal
intracoronary injection of an arterial vasodilator (adenosine
12-60 pg; nitroprusside 100 pg; verapamil 100 jig; diltiazem
250 pg; nicardipine 200 pg—butnotnitroglycerin, which is
more of an epicardial than arteriolar vasodilator), But such
treatment does not prevent periprocedural myocardial infarc-
tion. In contrast, the use of a distal embolic protection system
in vein graft interventions (see Chapter 29) recovers athero-
embolic debris and reduces the incidence of these complica-

tions by nearly half. The SAFERtrial of vein graft stenting
thus showed that such enzymeelevations occurred in 17% of
lesions, with evidence of no-reflow in 8% of lesions, which
were reduced to 9.7% and 3.3%, respectively, through the use
of distal embolic protection.” Similar benefits have now been
seen with distal embolic filter devices,’ and in other vascu-
lar beds (carotid). However, they have not been shown to
improve outcomes in native coronary arteries, but are selec-
tively used by someinterventionists in the presence of a large
thrombus burden at the site of the culprit lesion.

Although it is a theoretical possibility with sufficient
local stretching trauma, frank vessel rupture fortunately has
turned out to be a rare consequence during conventional
balloon angioplasty, barring the use of significantly over-
sized balloons.” Vessel perforation is actually more common
(approximately 1% incidence) when atherectomy devices

 

are used(see Chapter 29), when stents are postdilated at
high pressure (>18 atm) with oversized (>1,1:1) balloons,
or when stiff or hydrophilic wires are advanced into small
distal branches. Local vessel perforation or distal guidewire per-
foration in a patient treated with a glycoprotein IIb/IIla antago-
nist usually constitutes a medical emergency requiring prompt
occlusion of the perforation site with a balloon, drainage of
hemopericardium if cardiac tamponadeis present, and defini-
tive sealing of the perforation site with prolonged balloon
inflation, a covered stent, an embolic coil, or emergency sur-
gery* (see Chapters 4 and 4+).

ACUTE RESULTS OF ANGIOPLASTY

Early published data on coronary angioplasty success derive
mostly from the 3,000-patient NHLBI Angioplasty Registry,
which collected all procedures performed between 1977 and
September of 1981," Although case selection in the registry
focused on “ideal” PTCA candidates—those with proximal,
discrete, concentric, subtotal, noncalcified stenoses ofa single
yessel—the primary success rate of 61% would be considered
disappointing by current standards, The main explanationsfor
the low primary successrate in the registry werefailure to cross
the lesion with the dilatation system (29% of cases) and fail-
ure to dilate the lesion adequately once having crossed (12%
of cases). These failures were a result of two factors: the rela-
tive lack of experience of operators contributing cases to the
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registry (the learning curve) and the use oforiginal Gruentzig
fixed-wire dilatation catheters with limited maneuverability,
a comparatively high deflated balloon profile, and a low peak
inflation pressure. Also sobering was the nearly 9% incidence
of major complications, including a 6% incidence of emer-
gency bypass surgery to treat abrupt vessel closure owing to
local dissection, a 4.9% incidence of Q-wave myocardialinfare-
tion, and a 1,5% mortality rate,

Despite the inclusion of patients with more difficult
coronary anatomy, progressive improvement in equipment
(including the widespread availability of steerable guide-
wires since 1983) ensured that the second PTCA registry
(1985-1986)":* had a success rate of 78%, with reduction in
the incidence of major complications to 7%, including emer-
gency bypass surgery 3.5%, Q-wave myocardial infarction
4.3%, and the mortality for patients with single-vessel disease
(from 0.85% to 0.2%). Overall procedural mortality, however,
remained close to 1% because of the inclusion of larger num-
bers ofpatients with multivessel disease in the 1985-1986
registry.

Following the introduction of stents and better antico-
agulant and antiplatelet regimens, there has been a steady
decline in major adverse eventrates: Acute procedural suc-
cess is approximately 95% and the rate of major adverse car-
diac events has fallen to roughly 3% (death 1%, emergency
surgery 0.3%, and Q-waveor large non—Q-wave MI 1.5%).
But it is important to rememberthatsignificant complications
continue to occur, and the burden remains on the operator to
select patients carefully, choose the best approach, executeit
well, and respond quickly to evolving complications to mini-
mize their ultimate scope and clinical impact.

COMPLICATIONS

As a specialized form of cardiac catheterization, coronary
angioplasty is attended by the usualrisks related to invasive
cardiac procedures (see also Chapter 4), In contrast with
diagnostic procedures, the larger-caliber guiding catheter
used for angioplasty is morelikely to result in damageto the
proximal coronary artery and cause local bleeding complica-
tions at the catheter introductionsite. Selective advancement

of guidewires and dilatation catheters into diseased coronary
arteries may lead to vessel injury if they are manipulated too
aggressively.

Several systems have been devised to predict risk, which
may be useful in preprocedural discussions with the patient
and family or in monitoring how actual procedural outcomes
over time compare with what is predicted (risk adjustment,
looking at the observed versus expected complication rate
ratio). The risk of proceduralor in-hospital mortality is driven
mostly by clinical factors such as age, cardiogenic shock,
congestive heart failure, renal failure, and urgent or emer-
gency PCI(Table 28.2). An example of a contemporary
tisk model for estimating the probability of cardiovascular

complications from PCI usingclinical variables alone is shown
in Figure 28.8, Procedure success and overall complications,
however, tend to be driven by lesion-related features. The
original AHA/ACC Type A, B, and C lesion categorization”
(Table 28.3) was modified by Ellis’to discriminate between
Bl and B2 lesions (i.e,, those with one or more than one

B characteristic), but the continued validity of this classifi-
cation scheme has come into question in the stent era. The
Society for Cardiac Angiography and Intervention has thus
proposed a simplification into four risk categories (based on
whetheror not the lesion has a type C feature and whether
it is patent or occluded). This offers a somewhat bet-
ter predictive value for both procedural success and major
complications (death, myocardial infarction [CK elevation],
emergency surgery, or emergency repeat angioplasty) and
shows the potent effect of stenting in reducing those compli-
cations across the board (Figure 28.9).

Thepotential effect of stenting (and potentially of plate-
let glycoprotein IIb/IIIa antagonists) on reducing the need for
emergency surgery is shown clearly in an analysis from the
prospective Mayo Clinic registry report of 24,410 consecu-
tive PCIs performed from 1979 through 2004.§ In the stent
era, emergency surgery was required in approximately 0.5%
of cases. The prevalence decreased from 1.6% of PCI in the
early 1990s to 0.4% in 2003-2004 (P < 0,001), in parallel
with increased stent use (Figure 28,10). Similarly, in-hospi-
tal major adverse cardiovascular events and death decreased
from 5.1% to 4.0% and 2.6% to 1.8%, respectively, during the
sare time periods. In contrast, an increase in Q-wave myo-
cardial infarction and stroke rates was noted: 0.9% to 1.8%

and 0.2% to 0.6%, respectively. The reversal in the favorable
trend, with an increase in these two endpoints,is a reflection
of the fact that PCIis increasingly being performedin patients
with greater acuity and more complex lesion anatomy, with
the use of more potent adjunctive anticoagulant and anti-
platelet therapies in contemporary practice. Nevertheless, the
event rates in selected patients with stable coronary artery
disease in current practice are exceedingly low with the rates
for emergency CABG,in-hospital death, Q-wave myocardial
infarction, stroke, and the composite of major adverse events
being 0.3%, 0.1%, 0.1%, 0.2%, and 3.6%, respectively,

Periprocedural Myocardial Infarction
The universal definition of myocardial infarction defines PCI-
related injury (type 4a) as an elevation of >5 X URL within
48-hours of the procedure together with either (i) evidence
of prolonged (>20 minutes) ischemia as demonstrated by
chest pain, or (ii) ischemic ST changes or new pathological
Q waves, or (iii) angiographic evidence of a flow limiting
complication, such as of loss of patency of a side branch, per-
sistent slow-flow or no-reflow, embolization, or (iv) imaging
evidence of new loss of viable myocardium or new regional
wall motion abnormality and recommendsthat cardiac tro-
ponin be used as the preferred biomarker which, given the
adventof high sensitivity assays, establishes the threshold for
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“Table28.2Multivariable Predictors of Mortality in Various Published Interventional Models

  

  

 

 

 

  

 

 

  

 

 

  

 

 

 

 

Database New York SCAI 5US NNE 8 Michigan ACC-NCDR=Beaumont
source hospitals hospitals

Years of 1991-1994 1992 1993-1994 1994-1996 1997-1999 1998-2000 1996-1998
treatment

Numberof 62,670 10,622 12,985, 15,331 10,729 100,253 9,954
patients

Age x x x x x x x

MI <24h x x x x x x x (14 d)

Shock x x x x x x

LV function x x x x

Female x x x“

Lesion x - x S alae x
complexity

Diabetes x x

Renal failure x = x x 3 7 x

"Left main x —disease

“Proximal ‘ xLAD

Urgent > 1B x
procedure

Preprace- : x“ xdure IABP

PVD i - is i ;

Multivessel x 7 x ——disease

For each model, the multivariable correlates of mortality found are indicated by the x symbol.
ACC-NCDR, American College of Cardiology=National Cardiovascular Device Registry; [ABP intraaortic balloon pump;LAD,left anterior descending; LV,
left ventricular; MI, myocardial infarction; NNE, Northern New England; PVD,peripheral vascular disease; SCAI, Society for Cardiac Angiography andIntervention.

(From Cutlip DE, Ho KKL, Kuntz RE, Baim DS. Risk assessment for percutaneous coronary intervention—our version of the weather repart? J Am CallCardiol 2003;42:1986-1989.)

PMIatvery low levels of myonecrosis.”* Based on this defini-
tion, 20% to 30% of patients have evidence of periprocedural
myocardial infarction,’? most of which occurs either due to
side branch occlusion or due to distal microembolization.

The definition is supported by studies correlating the mag-
nitude of biomarker elevation to the extent of irreversible

injury in the myocardium on magnetic resonance imaging
and to worse in-hospital and long-term outcomes. However,

there is considerable evidence to suggest that in the major-
ity of cases, the periprocedural infarction is a reflection of
increased preprocedural risk (atherosclerosis burden and dis-
ease acuity) and hence theclinical significance of such peri-
procedural myocardial infarction and its management remain
a matter of considerable controversy and uncertainty.” The
definition of PCI-related myocardial infarctionis likely to be
modified in the future.
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Figure28.8New MayoClinic risk model for prediction of in-hospital death. The coefficients for age,left ventricu-lar ejection fraction (LVEF), and serum creatinine level can be determined from the nomogramsat the
bottom. Note that congestive heart failure (CHF) needs to be entered only for patients not presenting
with myocardial infarction (Ml) or shock. if LVEF is unavailable, enter 1 for the LVEF contribution if
the patient presents with CHF; enter 0 otherwise. If serum creatinine level is unavailable, enter 1 forthe creatinine contributionif the patient is a man presenting with CHF; enter 0 otherwise. (Mayo Clin
Proc 2007;82(6):701-708, with permission.)

Until there is further clarity on the issue, our recom-
mendation is that cardiac troponin levels be routinely mea-
sured prior to PCI. A normal preprocedural cardiac troponin
valueidentifies those in whom PCI can be performed with
very low risk and may be discharged early from hospital.
Elevated preprocedure cardiac troponin identifies a higher
risk cohort who may benefit from preproceduralinitiation of
therapies such as glycoprotein [Tb/llTa inhibitors and statins
to improve outcomes. Post-PCI levels should be routinely
measured in patients with complex procedures, suboptimal
angiographic results, or procedural complications(e.g., large
side-branch occlusion, flow-limiting dissection, no-reflow
phenomenon, or coronary thrombosis), as well as in those
who have symptoms, signs, or electrocardiographic evidence
of myocardial ischemia, in order to quantify the extent of
myocardial injury.”® The current PCL guidelines do not rec-
ommend routine measurementof periprocedural biomarkers
in patients with uncomplicated successful PCI.It is unlikely
that clinically relevant additional information can be gained
in these patients, independent of preproceduralrisk. While
there are no established cutoffs for cardiac troponin to define
a “large” periprocedural myocardial infarction, CK-MBeleva-
tion of >5X the upper reference limit and/or new Q-waves
identify patients with extensive injury. These patients should
be monitored in the hospital for an additional period of time

because of an increased risk of arrhythmias, hemodynamic
instability, heart failure, and death, For the purpose ofpre-
procedural consent for PC1, it is the frequency ofthese large
periprocedural myocardial infarctions (incidence <5%) that
oughtto be discussed:also, it must be reported to the patient,
should they occurafter the intervention.

Coronary Artery Dissection
Although plaque disruption and dissection may be caused
by the guiding catheter or overly vigorous attempts Lo pass
the guidewire through a tortuous stenotic lumen, most
dissections are actually the by-product of the “controlled
injury” induced intentionally by inflation of the dilatation
catheter.” In fact, localized dissections can be found rou-
tinely in animal or cadaveric models of angioplasty and
are evident angiographically in at least one half of patients
immediately after balloon angioplasty! When these dis-
sections are small and nonprogressive and do not interfere
with antegrade flow in the distal vessel, they have no clini-
cal consequence. Follow-up angiography as soon as 6 weeks
after the angioplasty procedure usually demonstrates com-
plete healing of the dissected segment (see Figure 28.6),
although occasional localized formation of aneurysms
has been described at the site of dissection,’””* Clinically
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_Lesion Morphologic Predictors of Procedure Success and Complication Based on the AHA/ACC
_ LesionClassification System

Characteristics of type A, B1, B2, and C lesions  

Type A lesions (high success, >85%; low risk)  

Discrete (<10 mm length)  

Concentric  

Readily accessible 

Nonangulated segment <45° 

Smooth contour 

Little or no calcification 

Less than totally occlusive  

Notostial in location  

No major branch involvement 

Absenceof thrombus 

Type B1 lesions (moderate success, 60-85%; moderate risk)

Tubular (10-20 mm length)

  

 

Eccentric  

Moderate tortuosity of proximal segment 

Moderately angulated segment, 45°-90° 

Irregular contour 

Moderate to heavy calcification 

Ostial in location  

Bifurcation lesions requiring double guidewires  

Somethrombus present 

Total occlusion <3 months old 

Type B2 lesions(Ellis modification of AHA/AOC system) 

Two or moretype B characteristics 

Type C lesions (low success, <60%; high risk) 

Diffuse (>2 cm length) 

Excessive tortuosity of proximal segment 

Extremely angulated segment >90°  

Inability to protect major side branches 

Degenerated vein grafts with friable lesions 

Total occlusion >3 months old

 
Teleflex Ex. 2167

Page 49 Medtronicv. Teleflex
IPR2020-00134



 
Page 50

Teleflex Ex. 2167 
Medtronic v. Teleflex 

IPR2020-00134

 

 
 

Stented m Not StentedoO

 
A Bt B2 C 1 W sit W

ACCIAHAType SCAIClass

16%
OStented Not Stented

14% |———— =a

12% |-

10%
 

8%

6%

4%

2%

0%  

 
A B1B2C1 W mW W

ACC/AHA Typa SCAIClass

Lesion risk scores, Top. The probability
of success by AHAtypelesion (/eft) and
the new SCAIclass (right), treated with
(open bars) and without (closed bars)
coronary stenting. Bottom. The prob-
ability of a major complication based on
AHAlesion type (/eft) and the new SCAI
class (right), treated with (open bars)
and without(closed bars) coronary
stenting. The SCAI score, based simply
on whether the vessel has one or more
type C characteristics and is open or
occluded, has a strongerpredictive value
for success and complications than that
of the traditional AHA/ACCscore. The

beneficial effect of stenting on compli-
cations is evident (see alsoTable 28.3;
From Krone RJ, Shaw RE,Klein LW,etal.
Evaluation of the American College of
Cardiology/American Heart Association
and the Society for Coronary Angiog-
raphy and Interventions lesion clas-
sification system in the current “stent
era” of coronary interventions). (From
the ACC-National Cardiovascular Data
Registry. Am J Cardio! 2003;92:389-394,
with permission.)

significant dissections in contemporary stent-based PCI
are generally seen at either the proximalor the distal stent
edge. These can be managed conservatively if minor, but
may require treatment with an overlapping stent if abrupt
closure is considered to be a significant possibility. Guide-
induceddissections remain an infrequent but serious com-
plication, generally occur in complex interventions, and
invariably need to be treated with a stent,

Abrupt Closure
Prior to the widespread use of stents, large progressive dis-
sections not uncommonly interfered with antegrade flow and
led to total occlusion ofthe dilated segment (a phenomenon
known as abrupt closure; see Figure 28.7). With balloon
angioplasty alone (before the adventof new devices), abrupt
closure occurred in roughly 5% of patients as the result of
compression of the true lumen by the dissection flap,* with
superimposed thrombusformation,platelet adhesion, or ves-
sel spasm. In one study,” postangioplasty dissections were
evident angiographically in 40% ofdilatedlesions, with spiral
(type D) dissections in 3.5% of patients. The presence of a
type D dissection increased the risk of frank or “threatened”
abrupt closure (residual stenosis >50%, with reduced ante-
grade flow) froma baselineof 6.1% to 28%. This finding sup-
ports the earlier findings of Ellis et al."° showing a fivefold
increase in abrupt closure with postprocedure dissection
and stressing the relative importance of the postprocedure
result (as opposed to preprocedure clinical or angiographic
variables) onthe risk of abrupt closure. Most abrupt closures
after stand-alone balloon angioplasty developed within min-
utes of the final balloon inflation, so that it became the rou-

tine practice to observe the lesion for 10 minutes after the
last balloon inflation, before leaving the catheterization labo-
ratory, But abrupt closure also occurred up to several hours
later (in 0.5% to 1% of cases) as the heparin anticoagulation
wore off (particularly prior to the use ofI[b/Illa receptor
antagonist infusions in patients with marginal angiographic
results of stand-alone balloon angioplasty).

Before 1985, most patients who experienced abrupt
closure of a major epicardial coronary artery went directly
to emergency surgery, in an effort to minimize the amount
of consequent myocardial damage. The rate of emergency
surgery was thus 5% to 6%, but even with emergency sur-
gery within 90 minutesof the onsetof vessel occlusion, up to
50% ofpatients sustained a Q-wave myocardial infarction.*!
Thedevelopmentof perfusion catheters—infusion catheters
or angioplasty balloons with multiple side holes along their
distal shaft to allow 40 to 60 mL/minute of blood to enter

proximal to the site of occlusion, flow through the central
lumen, and re-exit into the lumendistal to the point of
occlusion—allowed patients to go to the operating roomin a
nonischemic state (Figure 28.11), and was shown to reduce
the incidence of transmural infarction during emergency sur-
gery to approximately 10%.** Once it was realized that many
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‘Figure28.10The Mayo Clinic experience from 1979 through 2004 showsthe progressive trends in procedural suc-
cess and in-hospital outcomes. Group 1, 1979-1989; group 2, 1990-1996; group 3, 1996 to February 2003;
and group 4, March 2003 to 2004, Group 1 consisted of patients who principally underwent PTCA
alone, Group 2 consisted of patients in whom stents were used mainlyas a bailout strategy, with
aggressive periprocedural anticoagulation. Group 3 included patients who regularly received bare-
metal stents and frequent adjunctive glycoprotein Ilb/Illa inhibitors, accompanied by dual oral
antiplatelet therapy. Group 4 consisted of patients whose PCI reflected contemporary practice and
included treatment with DES. (From Singhet al. twenty-five-year trends in in-hospital and long-term
outcomeafter percutaneous coronary intervention. Circulation 2007;115:2835-2841, with permission.)

abrupt closures can be reversed by simply readvancing the
balloon dilatation catheter across the lesion to “tack up” the
dissection via repeated balloon inflation, the emergency sur-
gery rate fell in half to roughly 3%. Prolonged ballooninfla-
tions (up to 20 minutes, using an autoperfusion balloon to
limit ongoing developmentof ischemia) further improved the
ability to reverse abrupt closure.®

Since 1993, however, the availability of coronary stents
has made the certainty of reversing abrupt closure >90%.""
This success has madeit routine to stent any patient with a
large postprocedure dissection as a preemptive treatment for
threatened abrupt closure even when flow compromiseis not
apparent. Of course, with elective stenting of >90% of inter-
ventional procedures, this problem has beenlargely elimi-
nated, with emergency surgeryrates having fallen to <0.5%.°

Beyond the mechanical issues of residual stenosis and
local dissection, it is now clear that platelet-rich clots con-
tribute significantly to the abrupt closure process. The
presence of thrombus,reflected as a globular filling defect,
increases the risk of abrupt closure from 7.2% to 27.8%.”
The role of thrombus in abruptclosure is further supported
by an increased risk of abrupt closure in patients with a
subtherapeutic ACT and the reduction of ischemic endpoints

seen in patients treated with glycoprotein IIb/IIIa inhibitors
(see Chapter 5).?* Although platelets may adhere to a dam-
aged vessel wall through a variety of receptors, activation of
the glycoprotein ITb/llla receptors represents the final com-
mon pathway that allows them to bind avidly to fibrin to
cause platelet aggregation and thrombosis (see Chapter 5).
Vessels with moderate local dissection but preserved ante-
grade flow are thus morelikely to stay patent in the pres-
ence of potentantiplatelet therapy (e.g., glycoprotein IUb/Ila
antagonists or pretreatment with thienopyridines), thereby
reducing the incidence of emergency surgery. These agents
also significantly reducethe incidence of periprocedural myo-
cardial infarction, andparticularly the incidence of biomarker
elevations (non-Q-wave myocardial infarctions) that are seen
in 20% to 30% of patients undergoing coronary intervention.

Branch Vessel Occlusion

Occlusion ofa side branchoriginating from within thestenotic
segmentoccursin 14% ofvessels at risk during angioplasty of
the main vessel. This is generally owing to shifting of plaque
whichis sometimesreferred to as the snowplow effect.” If the
branchvessel is small, this event usually has no significant
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Use of a perfusion balloon catheter. Top.
Theinflated perfusionballoon (arrow)
is shownin the left anterior descend-

ing artery and can be recognized by
the presenceof the non-contrast-filled
(white) perfusion lumen running
through the centerof the balloon.
Bottom.Injection through the guid-
ing catheter (/eft curved arrow) shows
direct opacification of the circumflex
(straight arrow) as well as contrast flow
into the distal left anterior descending.
This flow enters through proximalside
holes, passes through the perfusion
lumen within the balloon, and flows
out into the distal vessel (right curved
arrow).The 40- to 60-mL/minute flow to
the distal vessel through the perfusion
lumen helps mitigate myocardial isch-
emia during prolonged balloon infla-
tions. However, this device is no longer
used in contemporary PCI practice since
routine use of stents has madepersis-
tent abrupt closure a rare event.

647

clinical sequelae and should not discourage attempted angio-
plasty. On the other hand,if a large branch vessel originates
from within the stenotic segment, simultaneousdilatation of
the main vessel and the involved branch with two separate
dilatation systems (the kissing-balloon technique) may be
required for preservation of both vessels.This originally uti-
lized two guidewires that could be inserted througha single
guiding catheter (one guidewire placed into the main vessel
and the other one into the involved side branch) to allow

alternating advancementof a balloon catheter into one and
then the other vessel.®’ Current large-lumen guiding catheters
and low-profile dilatation systems, however, now allow kiss-
ing balloon inflations through a single 7F or even 6F guid-
ing catheter. The effective side-by-side balloon diameter in
the proximal vessel can be estimated as the square root of the
sum of the squares of the individual balloon diameters (two 3.0
balloons have an effective combined diameter of 4.25 mm

[square root of 18 = 9 + 9]). Multiple studies have evaluated
different bifurcation strategies, and in general have concluded
that provisional stenting is the best, with stent placement
in the main branch and stenting of the side branch only if
needed, The results of PCI for sometrue bifurcation lesions

can be improved, however, by the use of various bifurcation
stent strategies (see Chapter 31) or atherectomy of both the
parent and branch vessel(see Chapter 29),

Coronary Perforation
Guidewire-induced perforation occurs rarely; is typically
seen in complex cases, especially during PCI for chronictotal
occlusions; and does not necessarily have dire consequences,
unless a device is passed over the wire or the wire perfora-
tion takes place in a patient receiving a platelet [1b/IIla recep-
tor antagonist. Frank rupture of the coronary artery owing
to the use of too large a dilatation balloon orthe use of an
atherectomy device can also cause vessel perforation that
leads to rapid tamponade and hemodynamic collapse.
Perforations may beclassified based on angiographic appear-
ance as type ]1—extra-luminal crater without extravasation,
type Il—pericardial and myocardial blush without contrast
jet extravasation; and type Ill—extravasation through a frank
(1 mm)perforation,In the absenceof extravasation (type III),
most perforations may be effectively managed without
urgent surgical intervention. Even type III perforations can
be managed nonoperatively with the combination of pericar-
diocentesis, reversal of anticoagulation, and either prolonged
ballooninflationat thesite of perforation or deploymentof a
covered stent. If these approachesare not successful, perfora-
tions usually require surgical repair.

Tamponade also mayresult from perforationoftheright
atrium or right ventricle during placement of temporary
pacemaker electrode catheters, particularly in angioplasty
patients who are receiving antiplatelet therapy in addition
to full anticoagulation, This potential complication and the
infrequency (<1%) of severe bradycardic complications sup-
port the recommendationagainst prophylactic pacing during
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coronary angioplasty,’ although such pacing is required
for certain atherectomy and thrombectomy procedures (see
Chapter 29). Ventricular fibrillation occurs in approximately
1% of angioplasty procedures,usually as the result of pro-
longed ischemia during balloon advancementor inflation.
In addition to causing electrical instability, ischemia during
balloon inflation may cause marked electrocardiographic
changes,” abnormalities in regional left ventricular systolic
and diastolic function.”!

Bleeding
Periprocedural bleeding is increasingly recognized asa risk
factor for mortality, andits risk should be assessed prior to the
procedure using oneof several publishedrisk scores.””” The
incidence of periprocedural bleeding ranges from 3% to 6%
dependingonthe patient population and the definition used.
Several definitions, derived from clinical trials, are summa-
rized in Table 28.4. Recently, the Bleeding Academic Research
Consortium (BARC) has published a consensusclassifica-
tion thatis likely to be helpful for standardizing definitions
in clinicaltrials, but its value in routine practice is unclear.*

The adverseeffects of bleeding maybeeither owingto the
direct consequence of the bleed or secondary to the ischemic
complications that may occur owing to the discontinuation of
the essential antiplatelet or anticoagulant therapies. Bleeding,
may also be a marker of comorbidities associated with worse
prognosis (e.g,, frailty, gastrointestinal pathology, malignancy).
Risk factors for bleeding include patient factors(e.g., advanced
age, gender, low body mass index, preprocedural anemia,
chronic kidney disease, acuity of presentation), potencyof the
anticoagulant and antiplatelet regimen used, vascular access

Table28.4Definitions of Major Bleeding
aa GUSTO

(1988) (7997) 
Intracranial bleed Intracranial bleed

NOUNBd

(2006) 
Intracranial or
intraocular

 
site, and sheath size. Strategies to reduce the risks of bleed-
ing include (a) the use of anticoagulation regimensassociated
with the optimal risk-benefit profile, (b) weight-based dos-
ing of heparin andother agents, (c) use ofactivated clotting
times to guide unfractionated heparin dosing, (d) avoidance
of excess anticoagulation, (e) dosing adjustments inpatients
with chronic kidney disease, (D use of radial artery access, and
(e) avoidance of inadvertent femoral vein cannulation.

Device Failures

Although guidewires and ballooncatheters are extremely reli-
able, device failure can infrequently occur when anydeviceis
subjected to severe operating stresses (e.g., when a guidewire
is rotated repeatedly in a single direction whileits tip is held
fixed ina total occlusion or when a balloon catheteris inflated

past its operating pressure range inan altemptto dilatea resis-
tant stenosis). In a small percentage of cases, this may lead to
detachmentofa part of the wire ordilatation catheter, with a
fragment remaining in the coronary artery.” In the stent era,
this also includes dislodgmentof the stent from its delivery
balloon or failure of the stent delivery balloon to inflate or
deflate properly. To avoid the need for surgical removal, the
angioplasty operator should be familiar with various tech-
niques (baskets, bioptomes, intertwined guidewires) for cath-
eter retrieval.! Although hard to remember in the heat of
the moment, any failed products should be saved,sealed in a
bag, and returned to the manufacturer for structural analysis,
which may disclose a root-cause manufacturing flaw, Device
failures shouldalso bereported to the Foodand Drug Admin-
istration’s (FDA's) Manufacturer and User Facility Device

REPLACE-2 HORIZONS AMI
(2007) (2009) 

Intracranial or
intraocular

Intracranial,
intraocular, or
retroperitoneal 

LHgb >=5 g/dL or

 

Het >15%

LHgb =3 g/dL with
overt bleeding
Any 4Hgb =4 g/dL

4Hgb =3 g/dL with=LHgb =3 g/dL with
overt bleeding overt bleeding
Any tHgb =4 g/dL=Any 4Hgb =4 g/dL 

Any transfusion Transfusion =2 Anytransfusion
units of PRBCs
 

Hemodynamic Accesssite
compromise bleeding requiring
requiring intervention
intervention

bleeding

Hematoma =5 cm
Reoperation for

Accesssite

bleeding requiring
intervention
Hematoma =5 cm
Reoperation for
bleeding

TIMI and GUSTOtrials were in patients receiving fibrinolytic therapy for acute myocardial infarction. ACUITY, REPLACE-2, and HORIZONStrial recruited
patients undergoing percutaneous coronary interventian.
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Experience (MAUDE) database (online at www.accessdata.
fda.gov/scripts/medwatch) to facilitate the recognition and
tracking of patterns that may otherwise appear as just a ran-
domdevice failure event to a single operator.

THE HEALING RESPONSE TO
CORONARY ANGIOPLASTY—
RESTENOSIS 

Following successful balloonangioplasty, the body attempts to
repair the damage caused by the procedure-related mechani-
cal injury.’ Within minutes, a layer of platelets and fibrin is
deposited. Within hour to days, inflammatory cells infiltrate
the site, cytokines are released, and vascular smooth muscle
cells migrate from the media toward the lumen, These smooth
muscle cells and fibroblasts transform into a synthetic phe-
notype and remainin this state as they undergo hypertrophy,
proliferate, and begin to secrete extensive extracellular matrix
(Figure 28.12). The luminal surface is simultaneously colo-
nized by endothelial cells that slowly regain their normal bar-
rier function and secretory functions(¢.g., tissue plasminogen
activator (t-PA) and nitric oxide synthesis), Along with this
proliferative neointimal response, there may also be further
elastic recoil and fibrotic contraction of the vessel wall (i.e.,

negative vessel remodeling) during this period. The extent
of proliferation and remodeling appears to vary according to
the artery and typeof intervention—for example, obstruction
within stents is predominantly caused by neointimal hyper-
plasia, whereas significant amountof late narrowing follow-
ing stand-alone angioplasty occurs owingto contraction of the
vessel wall.’ Although vesselrecoil is eliminated by coronary
stenting, incomplete stent expansionat the time of implantation
is an important mechanismforrecurrentstenosis, especially in
calcified and fibrotic lesions. Stent fracture owing to mechani-
cal fatigue caused by repetitive cardiac contraction that causes
compression, torsion, bending, and shear stress may also
account for some cases of recurrent stenosis (at least 4%).!"
Hypersensitivity to one or more components (e.g., Nickel) of
the implanted stent has been proposed as a potential mech-
anism! although the evidence for this is limited. There are
also significant patient-to-patient variations in the late heal-
ing response after coronary intervention, reflected in variable
amounts oflate loss in lumen diameter between the comple-
tion of the intervention and the time when the repair process
stabilizes (~6 to 12 months), Follow-up angiography shows
continued maintenance of lumen diameterat the treated site

beyondthis period in the majority of patients.”
If the healing response is excessive, however, most or

all of the gain in lumen diameter produced by the initial
intervention may be lost to the healing process, This causes
the return of a severe stenosis and ischemic symptoms—a
phenomenon known as restenosis of the dilated segment
(Figure 28.13). Throughout the 1980s, restenosis was con-
sidered a dichotomous outcome(like death) that either did

 
 

Mechanisms of restenosis: Cross
section of a restenotic lesion in
the left anterior descending artery
5 months after initial coronary angio-
plasty showsthe original atheroscle-
rotic plaque (AS), the crack in the
medial layer induced by the original
procedure (star), and the prolifera-
tion of fibrocellular tissues (FC) that
constitutes the restenotic lesion. In
stent restenosis, the mechanism is
purely such proliferation, whereas in
nonstent interventions such as bal-
loon angioplasty there is frequently
an additional component owing
to shrinkage of the overall vessel
diameter (unfavorable remodeling) at
the treatmentsite. (From Serruys PW,
et al. Assessment of percutaneous
transluminal coronary angioplasty by
quantitative coronary angiography:
diameter versus videodensitometric
area measurements. Am J Cardio/
1984;54:482.)

or did not develop. Althougha great deal was learned about
restenosis from the study of conventional angioplasty patients
(e.g., its time course, histology, and various clinical factors
that correlated with an increased incidence of restenosis) ,!”

data derived from stent and atherectomy procedures led to
a new paradigmfor evaluating restenosis.'®’ In this para-
digm, restenosis was considered as a continuous variable,
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‘Figure28.13Clinical restenosis, A-D. A totally occluded right coronary artery withfilling of the distal vessel byway ofleft to right collaterals. E. The essentially normal appearanceofthe right coronaryartery fol-

lowing successful angioplasty. F The appearance 6 weeks later when angina had recurred.
G.The appearance following successful re-PTCA. Restenosis developed again 6 weeksfollowing the
second PTCA,but the patient was then asymptomatic for more than 6 years after a third PTCA pro-
cedure. (From Dervan JP, Baim DS, Cherniles J, Grossman W. Transluminal angioplasty of occluded
coronary arteries: use of a movable guide wire system. Circulation 1983;68:776.)

and cumulative distribution curves were used to show the
ranked population distributionof thelate result (expressed
as either late lumen diameterorlate percent diameter steno-
sis) for the wholetreated population (Figure 28.14). On the
diameter stenosis curve, the percentage of the population
that has a late diameter stenosis of >50% (binary resteno-
sis) serves as a useful benchmark for comparing the angio-
graphic restenosis rates between different populations or
treatment groups. Target lesion revascularization owing to
recurrentischemia is an index of restenosis thatis clinically
significant, andits incidenceis approximately 50% of angio-
praphic restenosis.

Every treated lesion undergoes some degree oflate loss,
but fortunately late loss usually negates only part (roughly
half) of the acute gain, so that a long-term net gain in lumen
diameter results with alleviation of myocardial ischemia. In

fact, there tends to be a roughly linear relationship between
the acute gain in lumendiameter caused by the intervention
and late loss in lumen diameter (caused by the proliferative
and fibrotic reaction of the artery during the healing phase),
with a slope (the loss index) of roughly 0.5 for most interven-
tions. This means that larger lumen diameters immediately
after intervention translate into larger lumen diameters at
6-month angiographic restudy (the “bigger is better” dictum).
Prior to drug-eluting stents (see below), all new mechanical
devices that have been able to deliver a lower restenosis rate
thanthatof balloon angioplasty have doneso by providinga
larger acute lumendiameter(more acute gain), rather than by
reducing the loss index (Figure 28,15). Angiographic reste-
nosis following balloon angioplasty alone is common (up to
50%), is less frequent with bare-metal stents (20% to 30%),
andisleast often seen with drug-eluting stents (5% to 10%).
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 |’ The view of restenosis as a continuous process that takes place to some degreein every treated
‘segmentfavors displaying the late result (here, percent stenosis at follow-up) for the whole treated

population. For patients treated by balloon angioplasty, directional atherectomy, or stenting, the Y
axis shows the percentof patients who have a stenosis larger than the stenosis value on the X axis.
The ability of stenting and atherectomy to lower restenosis is shownbya shift of their cumulative
distribution function curvesto the left. If a dichotomousdefinition of restenosis is applied, the inter
section of each curve with a late diameterstenosis of 50% (vertical line) correspondsto a dichoto-
mous restenosis rate of 43% for angioplasty, 31% for atherectomy, and 26% for stenting, (From
Kuntz RE, et al. Novel approachto the analysis of restenosis. J Am Coll Cardiol 1992;19:1493.)

 
0:6 ’ 4 Balloon angioplasty

30% Residual 3.0mm reference 8 Directional atherectomy
0.5 -+ 459% Residual @ Palmaz-Schatz stent

 STRESS 
 
oJ —=—+ 11 2 3 4 5

Postprocedure luminal diameter (mm)

 Except for antiproliferative therapies(e.g., drug-eluting stents and brachytherapy), the strongest
determinants of the probability of restenosis (late diameter stenosis of >50%) are a large postpro-
cedure lumen diameterand a lowresidual percent stenosis. Once these variables are taken into
account, it no longer matters which device had been used—it is the result and not the device that
matters. Balloon angioplasty (triangles) thus has a 2- to 2,3-mm lumen with a 40% restenosis rate,
whereas stenting has a 2.9- to 3.2-mm lumen with a 20% restenosis rate (slightly worse results with
stenting in the STRESS study are shown,as well). Directional atherectomy (squares) has an angio-
plastylike result in CAVEAT but a more stentlie result in BOAT and OARS(see Chapters 29 and 31).
(Modified from Kuntz RE,et al. A generalized model of restenosis following conventional balloon
angioplasty, stenting, and directional atherectomy. J Am Coll Cardiol 1993;21:15.)
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The central importance of the acute postprocedure geom-
etry to thelate result, however, does not reduce the importance
of factors that modulate the loss index. Clinical factors such as

diabetes mellitus have a major effect on increasing loss index
and restenosis for any given postprocedure result. The risk of
restenosis may be estimated using models entirely dependent
on clinical variables. One example is the Mid-America Heart
Institute model, which uses the following characteristics: age
>55 years, male gender, diabetes mellitus, acute myocardial
infarction, severity of angina, previous PCI, and mutltivessel
coronary artery disease, The range for the restenosis scores is
0 to 19. Scores in the ranges of 0 to 4, 5 to 8, and 9 to 19 have an
estimatedrisk of restenosis of 15%, 23%, and 44%, respectively,
with bare-metal stents in the year following the procedure,'"*
Although such a modelis helpful, it is limited by the fact that
it does not includelesion (e.g., length, vessel diameter, type C
lesion, calcification, restenotic lesion, chronic total occlusion,

and severe tortuosity), and procedural (e.g. minimal lumen
diarneter post PCI, type of stent) characteristics that strongly
influence the likelihood ofrestenosis. A model for restenosis

with drug-eluting stents has also been derived and validated
from the EVENT registry using the following variables: age
<60 years, prior PCI, unprotected left main PCI, saphenous
vein graft PCI, minimum stent diameter =2.5 mm,and total
stent length =40 mm.,'® Scores of 0, 2, and 5 to 10 were associ-
ated with restenosis rates of 2.2%, 4.3%, and 7.5%, respectively.

There has been a relentless search for drugs or procedural
variations that could decrease the late loss index. Although
manipulating procedure-related variables (such as duration
of conventional balloon inflation) has been unrewarding and
trials of numerous systemic drug regimens (aspirin, nifedip-
ine, ticlopidine, steroids, prolonged heparin administration,
fish oil, mevinolin, ketanserin, etc.) have shownlittle or no

beneficial effect against restenosis, two modalities (brachy-
therapy and drug-eluting stents) have shown important ben-
efits againstlate loss and consequently, restenosis.

Brachytherapy
Coronary brachytherapy was used in clinical practice for a
short period of time in the past, but is no longer performed
given the superiority of drug-eluting stents in preventing and
treating restenosis. The therapy was based on the fact that
delivery of 2,000 centigray ofeither beta‘! or gamma!" radia-
tion to the tissues of the coronary arterial wall preatly retards
intimal proliferation and recurrent restenosis within bare-
metal coronary stents, Thus, the combination of mechanical
dilation plus coronary brachytherapy was shown to be an
effective treatment for in-stent restenosis, though much of
the benefit, in later studies, was found to be lost by 5-year
follow-up. Trials of primary radiation at the timeof stenting
for de novo lesions wereless impressive. As with drug-eluting
stents, the inhibition of stent endothelialization by radiation
treatment was associated with an increased risk of delayed
stent thrombosis which had to be mitigated by long-term dual
antiplatelet therapy.

Drug-Eluting Stents
Contrary to the inability of systemic therapy to inhibit
restenosis alter angioplasty or stenting, the local release of
antiproliferative drugs (e.g., sirolimus, paclitaxel, zotaroli-
mus, everolimus) from a polymer matrix over the first few
months after stent implantation can substantially reduce
inflammation and smooth muscle cell proliferation within
a stent (see Chapter 31), In this context, an effective drug
reduces in-stent late loss from the usual 1 mm (500 pm on
each sideofthe stent) to as little as 0.2 mm (100 pm on each
side of the stent).""* This dramatically reduces the restenosis
rate after initial stent implantation or after secondary implan-
tation of a drug-eluting stent within an in-stent restenosis,
To provide maximal benefit, the length of such drug-eluting
stents should generally be somewhat (approximately LO mm)
longer than that of the lesion being treated to prevent injured
but nontreated diseased areas at each end of a shorter stent.

Since drug-eluting stents have delayed endothelialization as
compared with bare-metal stents, the duration of dual anti-
platelet therapy must be extended (minimum 12 months),
Thus, itis important to carefully consider the appropriateness
of using these stents in each case and review the need for, the
duration of, and the ability of the patient to comply with dual
antiplatelet therapy prior to the implantation, Drug-eluting
stents are appropriate as an alternative to bare-metal stents
in cases in which the risk of restenosis is higher (Table 28.5).
In contrast, bare-metal stents or PTCA alone should be can-

sideredin patients who havea high bleedingrisk, inability to
comply with prolonged dual antiplatelet therapy, or have the
potential need for a planned surgical procedure following the
PCI which will require interruption of the dual antiplatelet
therapy (Table 28.5).

CURRENT INDICATIONS

With the improvements in equipment and technique
described above, PCI has become the dominant form of cor-

onary revascularization (596,000 PCI versus 416,000 CABG
procedures in the United States in 2009).* However, the
previous trend of steady rise in PCI volumes in the United
States has reversed; the numbers of diagnostic cardiac
catheterization and PCI being performed have gradually
decreased since the mid 2000s onward*!(Figure 28.1).
Potential reasons for the decline include (a) reduction in

smoking and improved treatment of cardiovascular risk fac-
tors, (b) use of drug-eluting stents and the associated reduc-
tion in in-stent restenosis, and (c) potential impact of the
COURAGEtrial demonstrating similar outcomes for both
medical therapy and PCI in a select population with stable
coronary artery disease.'™*

Key issues that need to be addressed in patient selec-
tion for PCI include the following: (a) clinical justification
for revascularization, (b) disease complexity which impacts
the safety and efficacy of PCI, (c) potential advantages
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Table28.8 Clinical Situations Associated with DES or BMS Selection Preference
DES Generally Preferred Over BMS

(Efficacy Considerations)

Left main disease
Small vessels
In-stent restenosis
Bifurcations
Diabetes
Long lesions
Multiple lesions
Saphenousvein grafts

BMS Prefarrad Over DES
(Safety Considaratians)  

®@ Unable to tolerate or comply with DAPT
@ Anticipated surgery requiring discontinuation ofDAPT within 12 mo

B® High risk of bleeding

BMS indicates bare-mental stent(s); DAPT, dual antiplatelet therapy; and DES drug-eluting stent(s).
(From Levine GN, Bates ER, Blankenship JC,et al. 2011 ACCF/AHA/SCA| Guideline for Percutaneous Coronary Intervention: a report of the American
Callege of Cardiolagy Foundation/American Heart Association Task Force on Practice Guidelines and the Society for Cardiovascular Angiagraphy and
Interventions. Circulation 2012;125(8):e412.)

and disadvantages of PCI as compared to other therapeu-
tic options such as medical therapy or bypass surgery, and
d) what combination of interventional devices would offer

he best short- and long-term outcomes. This evaluation
processthusinvolves integration of complexclinical, angia-
graphic, pathophysiologic, and procedural knowledge, and
constitutes an important component of operator training
(see Chapter 1). The current guidelines recommendthat this
function be executedin stable patients with unprotectedleft
main and complex disease (e.g., SYNTAX score >22) via a
multidisciplinary approach by establishing a “Heart Team”
hat is composed of an interventional cardiologist, a car-

diac surgeon, and (often) the patient's general cardiologist.
Support for this strategy comes fromstudies showing that
patients with complex CADreferred for revascularization
in concurrenttrial registries have lower mortality rates than
those randomly assigned to PCI or CABG in thetrials.!%
Moreover the guidelines state that it is reasonable to use the
STS and SYNTAX scoresto assist making decisions regard-
ing revascularization."°"" The advantage of the SYNTAX
score is that it is a unique tool that allows quantification
of the angiographic complexity of coronary artery disease.
However, it is complex to calculate and that introduces the
potential for significant error. It may be calculated using an
online calculator available at http:/Avww.syntaxscore.com.
The STS score is based onclinical characteristics and as
such is easier to use and canalso be derived from an online

calculator at http://209,220,160,181/STSWebRiskCalc261/
de.aspx

With the rapid growth of PCI, there has been a series of
guidelines and position papers published in Europe and the
United States.'*!® The ACC/AHAfirst published Angioplasty
Guidelines in 1988, updating them in 1993, 2001, 2005,
and 2007, A comprehensive revision was published in 2011.
These statements are useful compilations that outline some
well-accepted indications and contraindications for PC] and
are available online at http://www.cardiosource.org/science

 
-and-quality.aspx. It is beyond the scope of this chapterto
review these guidelines in detail, and the readeris referred to
this excellent source of material and summaries.!° The dis-

cussion below includes some general commentary onspecific
situations.

Percutaneous Coronary Intervention
to Improve Survival in Stable Disease
The 2011 guidelines do not give a class I recommendation
for patients with left main stenosis. They recommendthat
PCIfor this purposeis reasonable (class Ila), as an alternative
to CABG, inselected stable patients with significant (=50%
diameter stenosis) unprotected left main disease with (1)
anatomic conditions associated with a low risk of PCI proce-
dural complications and a high likelihood of good long-term
outcome (e.g., a low SYNTAXscore [<22], ostial or trunk left
main stenosis); and (2) clinical characteristics that predict a
significantly increased risk of adverse surgical outcomes(e.g,,
STS-predicted risk of operative mortality >5%; Table 28.6)."°
In patients with unstable angina/non—ST-elevation myocat-
dial infarction, PCI is reasonable when an unprotected left
main coronary artery is the culprit lesion and the patient
is not a candidate for CABG. Finally, in patients with acute
STEMI, PC1 is reasonable for an unprotected left main cor-
onary artery that hosts the culprit lesion causing decreased
blood flow (Thrombolysis In Myocardial Infarction [TIMI]
grade <3), and PCI can be performed more rapidly andsafely
than CABG."*

The only recommendation for PCI to improve survival
in patients without left main disease is for those who sur-
vive sudden cardiac death with presumed ischemia-mediated
ventricular tachycardia caused by significant (>70% diam-
eter) stenosis in a major coronary artery Table 28.6.'° This is
a class 1 recommendation for whicheither PCI or CABG may
be performed, as considered appropriate.
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UPLM* “3 My
CABG _ _ eas
PCI ila=For SIMDwhenboth ofthefollowing are present 
 

B Anatomic conditions associated with a low risk of PCI proce-
dural complications and a high likelihood of good long-term
outcome(e.g., a low SYNTAX score of =22,ostial or trunk left
main CAD)
  

a Clinical characteristicsthat predict a significantly increased
risk of adverse surgical outcomes (e.g., STS-predicted risk of
operative mortality =5%) 

  

  

 
  

lla—For UA/NSTEMI if not a CABG candidate B
lla—For STEMI when distal coronary flow is TIMI flow grade J G

<3 and PCI can be performed morerapidly and safely than
CABG

“Ilb—ForSIHD when both of the following are present - B
 

B Anatomic conditions associated with a low to intermediate
risk of PC| procedural complications and an intermediate
to high likelihood of good long-term outcome (e.g., low-
intermediate SYNTAX score of <33,bifurcation left main CAD)
  

@ Clinical characteristics that predict an increased risk of
adverse surgical outcomes(e.g., moderate-severe COPD,
disability from prior stroke, or prior cardiac surgery; |
S8TS-predicted risk of operative mortality >2%)
 

 
 

 
 

 
 

  

ill Harm —For SIHD in patients (versus performing CABG) with B
unfavorable anatomy for PCI and who are good candidates
for CABG

3-vessel diseasewith or without 7 : 7 - : 7
proximal LAD artery disease*

CABG I : :
= - lla—Itis reasonable to choose CABG over PCI in patients with B -

complex 3-vessel CAD(e.g., SYNTAX score >22) who are
good candidates for CABG

PCI lib—Of uncertain benefit _ : 
2-vesseldisease with proximal
LAD artery disease*

CABG |

Pcl lb—Of uncertain benefit _

 

 
 

2-vessel disease without proximal
LAD artery disease*  
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Table28.6 Continued

 

  

 

 

  

CABG lla—With extensive ischemia B

IIb —Of uncertain benefit without extensive ischemia c
PCI llb—Of uncertain benefit =

1-vessel proximal LAD artery ——— ————
disease

CABG lla—With LIMAfor long-term benefit =
: PCI = llb—Of uncertain benefit : 
|————SSeee
| 1-vessel disease without proximal

LAD artery involvement

CABG lil: Harm oe B 

 

 

  

 

PCI lk Harm 5aSeSS

LV dysfunction il or

CABG lla—EF 35-50% B

CABG llb—EF <35% withoutsignificant left main CAD B
PCI Insufficient data 

Survivors of sudden cardiac death
with presumedischemia-mediated
 

  

VT

ie-—- —_.-"SO~~

PCI — - c

No anatomic or physiologiccriteria
for revascularization

| CABG Ill: Harm B

| PCl Ill: Harm — B

 

  

“In patients with multivessel disease whoalso have diabetes,it is reasonable to choose CABG(with LIMA)over PCI"?(Class lla; LOE: 8).
| CABGindicates caronary artery bypass graft; CAD, coronary artery disease; COPD,chronic obstructive pulmonary disease; COR, class of recommen-
| dation; EF ejection fraction; LAD, left anterior descending; LIMA, left internal mammary artery; LOE, level of evidence; LV, left ventricular; N/A, not
| applicable; PC!, parcutaneous coronaryintervention; SIHD, stable ischemic heart disease; STEMI, STFelevation myocardial infarction; STS, Society of

Thoracic Surgeons; SYNTAX, Synergy between Percutaneous Coronary Intervention with TAXUS and Cardiac Surgery;TIMI, Thrombolysis in Myocardial
Infarction; UA/NSTEMI, unstable angina/non-ST-elevation myocardial infarction; UPLM, unprotectedleft main disease; and V7, ventricular tachycardia,
(With permission from Levine GN, Bates ER, Blankenship JC,et al. 2011 ACCF/AHA/SCAI Guideline for Percutaneous CoronaryIntervention: a report
of the American College of Cardialogy Foundation/American Heart Association Task Force on Practice Guidelines and the Society for Cardiovascular
Angiography and Interventions. Cireulation 2012;125(8):e412.)

|

Percutaneous Coronary Intervention despite guideline-directed medical therapy Table 28.7,'° A
lowerlevel of indication (class Ila) is given by the guidelines

to Improve symptoms for PCl (or CABG) to improve symptomsinpatients with one
PCI is more often performed to relieve symptoms than or more significant (>70% diameter) coronary artery steno-
improve survival. For this purpose, the 2011 guidelines ses and unacceptable angina for whom guideline-directed
state that PCI (or CABG)is beneficial in patients with one or medical therapy cannot be implemented because of medica-
more significant (>70% diameter) coronary artery stenoses tion contraindications,adverse effects, or patient preferences.
amenable to revascularization and unacceptable angina Similarly, PCI is reasonable in patients with previous CABG,
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ACCF/AHA/SCAI Guidelines on Use of Revascularization to Improve Symptoms as Compared to
Medical Therapy

 

 

  

 

  

=1 significant stenoses amenable to |—CABG
revascularization and unacceptable
angina despite GDMT

»* |—PCl

1 significant stenoses andunac- lla—CABG Cc
ceptable angina in whom GDMT
cannot be implemented because
of medication contraindications,
adverse effects, or patient
preferences

= lla—PCl

Previous CABG with =1 significant lla—PCl CG
stenoses associated with ischemia
and unacceptable angina despite
GDMT

a lb —CABG a 

Complex 3-vessel CAD (e.g.,SYNTAX lla—CABG preferred over PCI
score >22) with or without involve-
ment of the proximal LAD artery and
a good candidate for CABG 

   

 

“Viable ischemic myocardium that is _llb—TMR as an adjunct to CABG B
perfused by coronaryarteries that

are not amenable to grafting
“No anatomic or physiologic criteria lll;Harm—CABG . Cc

for revascularization

ill; Harm—PCI : ad

CABG indicates coronary artery bypass graft; CAD, coronary artery disease; COR, class of recommendation; FFR,fractional flow reserve; GDMT, quide-
line-directed medical therapy; LOE, level of evidence; N/A, not applicable; PCI, percutaneous coronary intervention; SYNTAX, Synergy between Percu-
taneous Coronary Intervention with TAXUS and Cardiac Surgery; and TMR,transmyocardial laser revascularizatian,
(With permission from Levine GN, Bates ER, Blankenship JC, et al. 2011 ACCF/AHA/SCAI Guideline for Percutaneous Coronary Intervention: a report
of the American College of Cardiology Foundation/Amarican Heart Association Task Force on Practice Guidelines and the Saciety for Cardiovascular
Angiography and Interventions. Circu/ation 2012;125(8):e412.)

diagnostic angiography with intent to perform revasculariza-
tion) is based on risk stratification. Patients in whom this

approachis indicated are individuals without serious comor-
bidities or contraindications to the procedures, who either
have an elevated risk for clinical events or have refractory
angina/hemodynamic compromise/electrical instability.'?°
The selection of PCI or CABG as the meansof revasculariza-

tion should generally be based on the same considerations as
thosefor patients without ACS."! The indications for angiog-
raphy in STEMI are summarized in Table 28.8.

one or more significant (>70% diameter) coronary artery
stenoses associated with ischemia, and unacceptable angina
despite guideline-directed medical therapy.

Percutaneous Coronary Intervention
in Acute Coronary Syndromes
A detailed discussion on the application of PCI in patients
with non—ST-elevation acute coronary syndrome or STEMI
is provided in Chapter 30. The purpose of angiography and
revascularization, if needed, in non-ST-elevation acute coro-

nary syndromeis to relieve ischemia and symptomsas well as
reducingthe risk of death and (recurrent) myocardial infarc-
tion. Selection of patients for an early invasive strategy (i.e.,

Page 61

Hybrid Coronary Revascularization
Hybrid revascularization is defined as the combination
of planned minimally invasive CABG with a left internal
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Indications

Immediate coronary angiography

Candidate for primary PCI | 

Severe heart failure or cardiogenic |
shock(if suitable revascularization
candidate)

Indications far Coronary Angiography in STEMI

 

Moderate to large area of myocar- lla
dium at risk and evidenceoffailed
fibrinolysis 

Coronary angiography 3-24 h after
fibrinolysis 

Hemodynamically stable patients lla
with evidence for successful
fibrinolysis  

Coronary angiography before hospi-
tal discharge

Stable patients IIb

Coronary angiographyat any time
 

Patients in whom the risks of Il: No Benefit
revascularization are likely to out-
weigh the benefits or the patient
or designee does not wantinva-
sive care

COR indicates class of recommendation; LOE, level of evidence; N/A, not applicable; PCI, percutaneous coronary intervention; and STEMI, ST-elevationmyocardial infarction.

(With permission from Levine GN, Bates ER, Blankenship JC, et al, 2011 ACCF/AHA/SCAI Guideline for Percutaneous Coronary Intervention: a report
of the American College of Cardiology Foundation/American Heart Association Task Farce on Practice Guidelines and the Society for CardiovascularAngiography and Interventions. Cireulation 2012;125(8):8412.)

mammary (LIMA)graft to the left anterior descending (LAD)
artery and PCI in one or more non-LAD coronary arteries,
The available data on this topic are too limited to allow defini-
tive recommendations, and no randomizedtrial has compared
the hybrid strategy with PCl or CABG alone. Small observa-
tional studies have reported low mortality rates (0% to 2%)
and acceptable event-free survival rates (83% to 92% at 6 to
12 months), and similar outcomes for conventional CABG

at 30 days and 6 months,!**"* Thegoal of hybrid revascular-
ization is to combine the advantages (durability and survival
benefit) of the LIMA graft with the relative simplicity of PCI
in patients who have multivessel disease involving the LAD,
Hybrid revascularization is reasonable in patients in whom
technical or anatomic limitations to performing one form
of revascularization aloneare present (e.g., lack of suitable
graft conduits, heavily calcified ascending aorta, a non-LAD
coronary artery unsuitable for bypass but amenable to PCI,
nonfeasibility of PCI of the LAD), The procedures may be
performed in a hybrid suite in one operative setting or as a
staged procedure (typically during the same hospital stay)

when CABG is performed before PCI in order to document
the patency of the LIMA graft during subsequent angiogra-
phy andto avoid therisk of perioperative bleedingin patients
requiring dual antiplatelet therapy. Angiography of grafts
placed during minimally invasive surgery is generally recom-
mended becauseof the lower graft patency rates as compared
with traditional surgery through a midline sternotomy,

Complete Revascularization
CABG more often results in complete or near complete
revascularization than does PCI. There are no data from any
randomized trial comparing complete and incomplete revascu-
larization, The extent to whichinitial incomplete revasculariza-
tion influences outcomesis unclear. In a retrospective analysis
from the BARItrial comparing CABG to PCI with bare-metal
stents, there was no independentsurvival advantage from com-
plete as compared to incomplete revascularization, The authors
concluded that construction of more than onegraft to any sys-
tem other than the LAD conferred no long-term advantage.'*”
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In a contemporary single-center retrospective study of 1914
consecutive patients with multivessel coronary disease under-
going drug-eluting stent implantation (1,400 patients) or coro-
nary artery bypass graft surgery (514 patients), the frequency
of complete revascularization ranged from 40.9% to 56.6% for
PCI and 66.9% to78.2% for CABG depending on the definition
of complete revascularization."* Anatomically complete revas-
cularization did not improve the long-term clinical outcomes
after either PCI or CABG.In patients with extensive coronary
artery disease, however, multivessel incomplete revascular-
ization was associated with unfavorable long-term clinical
outcomes,In general, as one would expect, the need for subse-
quent CABGis usually higher in those with initial incomplete
revascularization with PCI.

APPROPRIATENESS CRITERIA
FOR USE OF PERCUTANEOUS
CORONARY INTERVENTION IN
CORONARY REVASCULARIZATION 

As describedin this chapter, PCIis associated with significant
benefits which are accompanied by inherentrisks and costs.
Advances in technique and widespreadavailability allow PCI

UA/NSTEMI *|shock +—
| Primary

High Risk features Reperfusion  
#12 hrs > 12 hrs

ofAsyniptomatic; no
hemodynamie instabilily and

np electrical instability
Severe HF, porsistont

ischemia, hemadynamic or
olcetrical Instability prosent

Successful
Reperfusion with Index eg

lytic or PCI Hospitalization

Se Past - Index —-r
Hospitalization

 

Asymptomatic; no HF, no evidence af
recurrent or provocable ischemia or=—}»
no unstable ventecular arrhythmias

to be performed in a wide spectrum of patients. However,
medical therapy and CABGare often viable alternatives, and
in somecases, superior options. Thus, assessing the appropri-
ateness of PCIin clinical practice, as with any diagnostic or
therapeutic modality, may provide a process to facilitate com-
munication between patients and physician, identification
of procedural overuse, quality improvement, education, and
potential cost savings. Recently, appropriate-usecriteria for
coronary revascularization have been developed by consen-
sus among six professional organizations'”® with subsequent
minor revisions.° The criteria are based on the acuity of
disease (stable versus acute coronary syndrome), assessment
of ischemic burden by a stress test, severity of symptoms,
adequacy of medical therapy, and angiographic complexity
of the coronary atherosclerosis (Figures 28.16 and 28.17).
They are intended to provide guidance rather than be a
substitute for good clinical judgment and experience, and
acknowledge the difficulty or uncertainty that often exists
in clinical decision-making, While the role of these criteria
in clinical practice remain to be established, a recent study
from a large multicenter national registry reported that 98.6%
of all PCI performed in the United States for acute indica-
tions (STEMI and high-risk non-ST-elevation acute coro-
nary syndrome) was for appropriate indications, In contrast,
among PCI performed for non-acute indications, 50.4% was

ee Thrombolytic
therapy

Evidence of HF, recurrent
ischomin, or unstable vontricular

arthylhmias present

Asymptomatic; no HF, no recurrant
ischomic symploms, and no unstable

ff ventricular arrhythmias \
Normal LVEF wilh Dapressed LVEFwith1 vessel CAD 3 vessel CAD

Revascularization of
fnon-culpril vassel(s)

Symptoms of recurrent myocardial ischemia —« Revascularization of
and/or high-risk findings on non-invasive stress

testing performed after index hospitalizalion
non-culpril vessel(s)

 

 Appropriatenesscriteria for acute coronary syndromes,A indicates appropriate; CAD, coronary
artery disease; HF, heart failure;|, inappropriate; LVEF, left ventricular ejection fraction; PCI, percu-
taneous coronary intervention; STEMI, ST-elevation myocardial infarction; U, uncertain; and UA/
NSTEMI, unstable angina/non-STelevation myocardial infarction. (From Patel M et al. Appropri-
atenessCriteria for Coronary Revascularization: a report by the American College of Cardiology
Foundation Appropriateness Criteria Task Force, Society for Cardiovascular Angiography and Inter-
ventions, Society ofThoracic Surgeons, American Association forThoracic Surgery, American Heart
Association, and the American Society of Nuclear Cardiology Endorsed by the American Society of
Echocardiography, the Heart Failure Society of America, and the Society of Cardiovascular Com-
puted Tomography. Circulation 2009;119:1330-1352.)
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‘Figure28.17Appropriatenesscriteria for patients with stable coronary artery disease without prior bypass sur-
gery whohave low-risk findings on noninvasive imaging (topleft panel), are asymptomatic (top right
panel), have intermediate-risk findings on noninvasive imaging study (midoale /eft panel), CCS Class|
or Il angina (middle right panel), high-risk findings on noninvasive imaging (bottom left panel), and +
CCSClassIll or IV angina (bottom right panel), A indicates appropriate; CTO, chronic total occlusion;
|, inappropriate; Int., intervention; Med., medical; Prox. LAD, proximalleft anterior descending artery;
Rx, treatment; U, uncertain; and vz., vessel. (From Patel M,et al. Appropriateness Criteria for Coronary
Revascularization: a report by the American College of Cardiology Foundation Appropriateness Criteria

} Task Force, Society for Cardiovascular Angiography and Interventions, Society ofThoracic Surgeons,
American Association forThoracic Surgery, American Heart Association, and the American Society of

| Nuclear Cardiology Endorsed by the American Society of Echocardiography, the Heart Failure Society
of America, and the Society of Cardiovascular Computed Tomography. Circulation 2009;119:1330-1352.)
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classified as appropriate, 38.0% as uncertain, and 11.6% as
inappropriate. The majority of inappropriate PCls for non-
acute indications were performed in patients without angina,
with low-risk ischemia on stress testing, or with suboptimal
(=1 medication) antianginal therapy.'*’ The findings suggest
that the great majority of procedures in contemporary prac-
tice are performed for appropriate indications and that there
appears to be substantial variation among hospitals in the
rate of “inappropriate* procedures for non-acute indications
(median 10.8%; interquartile range 6,0% to 16.7%).

QUALITY AND REGULATORY
CONSIDERATIONS 

The 2011 PCI guidelines recommend that every PCI pro-
gram operate a quality improvement program that routinely
(a) reviews quality and outcomes of the entire program;
(b) reviews results of individual operators; (c) includesrisk
adjustment; (d) provides peer review of difficult or compli-
cated cases; and (e) performs random case reviews. In addi-
tion, every PCI program should participate in a regional
or national PC! registry for the purpose of benchmarking
outcomes against current national norms.'® PCI quality and
performanceconsiderations are defined byattributes related
to structure (e.g., equipment, supplies,staffing, institutional
and operator-level volumes, and the availability of electronic
medical records, processes, and risk-adjusted outcomes)
and processes (protocols for pre- and postprocedural care,
appropriate procedural execution and managementof com-
plications, participation in databases and registries). Risk-
adjusted outcomes are the consequence of these structural
and procedural elements of care, and when available are
more reliable measures of quality than are the institutional
or individual operator volumes. These data can be used for
internal quality-improvementefforts and public reporting.

Early in the development of coronary angioplasty, phy-
sicians active in diagnostic catheterization learned to per-
form angioplasty by attending live demonstration courses
and watching or assisting on a small numberof procedures
(e.g., 10 to 20) under the guidance of a knowledgeable opera-
tor. Given the ever-increasing complexity of the procedure,
however, virtually all new PCI operators since the mid-1980s
have received formal training consisting of a third (and often
fourth) year ofinterventional fellowship beyond completion
of their training in diagnostic coronary angiography, These
fellowships are now approved by the Accreditation Council
for Graduate Medical Education (ACGME; see Chapter 1)
and require the interventional trainee to perform a minimum
of 250 procedures.'*! It is reasonable for all physicians who
perform PCLto participate in the American Board of Internal
Medicine interventional cardiology board certification and
maintenanceolfcertification programs.

Broadly speaking there is a volume-outcome rela-
tionship at both. the institutional and operator leyel,'"*'

However, this relationship is complex and inconsistent
across low-volumeinstitutions or operators. Operator expe-
rience may modify the volume-outcomerelationship, and
hence risk-adjusted outcomes is the preferred metric,'
The 2011 PCI guidelines recognize that there is controversy
on this topic, and recommend the following operator and
individual yolumes for maintaining competency.'® Elec-
tive/urgent PCI should be performed by operators with an
annual volume of >75 procedures at high-volume centers
(>400 procedures) with on-site cardiac surgery with out-
comes that meet national benchmarks. The guidelines allaw
some flexibility by stating that it is reasonable for operators
with >75 PCl/year to perform elective/urgent PCI at low-
volume centers (200 to 400 PCI procedures per year) with
on-site cardiac surgery. Also, it is reasonable that low-volume
operators (<75 PCl/per year) perform elective/urgent PCI at
high-volume centers (>400 PCI procedures per year) with
on-site cardiac surgery. Ideally, operators with an annual pro-
cedure volume of <75 should only workat institutions with
an activity level of >600 procedures per year, and should
develop a defined mentoring relationship with a highly expe-
rienced operator who has an annual procedural volume of
at least 150 procedures per year. Finally, primary PCI for
STEMI should be performed by experienced operators who
perform >75 elective PCI procedures per year and, ideally,
at least 11 PCI procedures for STEMI per year, Ideally, these
procedures should be performedin institutions that perform
>400 elective PCI per year and >36 primary PCI procedures
for STEMI per year. These recommendations for operator
volume may change in the future.’?”
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Coronary Stenting
 

AJAY J. KIRTANE and GREGG W. STONE

Stents are metallic scaffolds that are deployed within dis-
eased segments of coronary arteries to establish and main-
tain wide luminal patency. Currently, stent-assisted coronary
intervention is the most commonrevascularization modality
in patients with coronary artery disease, The acute and late
results of stent implantation, however, vary greatly depend-
ing onthe clinical risk profile of the patient, the complexity
of the coronary lesion and interventional procedure, and the
specific stent device that is used, A broad range of evidence
is available from clinical trials conducted over the past two

decades to guide appropriate stent usage in most situations.
The present chapter traces the evolution and developmentof
the coronarystentfromits initial applications to treat balloon
angioplasty failures to its widespread global adoption for the
treatmentof patients with ischemic coronary heart disease.

BARE-METAL STENT OVERVIEW

Limitations of Balloon Angioplasty
While the performance of the first successful balloon angio-
plasty on September 16, 1977, in Zurich, Switzerland,set the
stage for the millions of percutaneous coronary intervention
(PCI) procedures that have since taken place, stand-alone
balloon angioplasty as performed by Andreas Gruentzig and
other early pioneers was a highly unpredictable experience.
The mechanismof balloon angioplasty involves plaque frac-
ture (dissection) into the deep media, with expansion of the
externalelastic lamina,as well as partial axial plaqueredistri-
bution along the length of the treated vessel. The majority of
vessels undergoing balloon angioplasty tolerate balloon dila-
tation and heal sufficiently to result in an adequate lumen;
however, balloon-mediated injury to the vessel wall can at
times be uncontrolled and excessive, resulting in balloon
angioplasty's two major limitations: abrupt closure (occur-
ring acutely, or within thefirst several days alter angioplasty)

710

and restenosis (occurringlater, within monthsafter the pro-
cedure due to a combination of acute recoil and chronic con-

strictive remodeling). The coronary stent was thus devised
as an endoluminalscaffold to create a larger initial lumen, to
seal dissections, and to resist recoil and late vascular remod-

eling, thereby improving upon the early and late results of
balloon angioplasty.

Development of the Coronary Stent
The term “stent” derives from a dental prosthesis developed
by the Londondentist Charles Stent (1807-1885) and is now
used to indicate any device used [or “extending, stretching, or
fixing in an expanded state”.! Thefirst stents were implanted
in human coronary arteries in 1986 by Ulrich Sigwart, Jacques
Puel, and colleagues, who placed the Wallstent sheathed
self-expanding metallic mesh scaffold (Medinvent, Laus-
anne, Switzerland) in the peripheral and coronary arteries
of eight patients.” Further experience with this device dem-
onstrated high rates of thrombotic occlusion and late mor-
tality, although patients without thrombosis had a 6-month
angiographic restenosis rate of only 14%, suggesting for the
first time that stenting could improvelate patency in addition
to stabilizing the acute results obtained after conventional
balloon angioplasty. Another early stent platform developed
contemporaneously by Cesare Gianturco and Gary Roubin
was a balloon-expandablecoil stent consisting of a wrapped
stainless steel wire resembling a clamshell (Figure 31.1, left).
Aphase II study evaluating the Gianturco-Roubin stent to
reverse postangioplasty acute or threatened vessel closure
was started in 1988,* ultimately leading to United States Food
and Drug Administration (FDA) approvalfor this indication
in June 1993,

While these stents were being developed and tested, Julio
Palmaz designed a balloon-expandable slotted tube stainless
steel stent in which rectangular slots were cut into thin-
walled stainless steel tubing and deformed into diamond-
shaped windows during expansion by an underlying delivery
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‘Figure31.1Left. The Gianturco-Roubin Stent. Stainless steel sutures were wound arounda cylindrical rod using

pegs to shapethe wire, resulting in a clamshell design. Right. The Palmaz-Schatz Stent. Note the
articulation between the two slotted tubes.

balloon. While this design allowed for relatively straightfor-
ward deployment, the rigidity of this initial stent design made
it difficult to deliver this device to the coronary vasculature.
In 1989 a design modification was made by Richard Schatz,
consisting of the placement of a 1 mm central articulating
bridge connecting the two rigid 7 mm slotted segments,’ cre-
ating the 15 mm Palmaz-Schatz stent (Johnson and Johnson
Interventional Systems, Warren, NJ) (Figure 31.1, right). The
first coronary Palmaz-Schatz stent was placed in a patient by
Eduardo Sousa in Sao Paulo, Brazil in 1987 with a USpilot
study started in 1988.

Bi Balloon angioplastyP= 0.046
50%  

 
 

  
40%

30%

P=0,16

Restenosis TLR MAGE
6 months 8 months 8 months

STRESSTrial
N=410

In 1989, enrollment commenced in two randomized

multicenter studies (STRESS and BENESTENT) comparing
balloon angioplasty alone to elective Palmaz-Schatz stent-
ing. In these studies, the use of the Palmaz-Schatz stent
was associated with a 20% to 30% reduction in clinical and

angiographicrestenosis compared with conventionalballoon
angioplasty (Figure 31.2).°’ The Palmaz-Schatz stent also
resulted in markedly improved initial angiographic results,
with a larger postprocedural minimal luminal diameter and
fewer residual dissections, which translated into a lower
rate of subacute vessel closure. These results led to approval

O Palmaz-Schatz stent

P=0,02 P=0.02

P <0.05 29.6%

22.0% 90.6% 20.1%

Restenosis Repeat BA MACE
6 months 7 months 7 months

BENESTENT-1 Trial
N=520
 

Results of STRESS and BENESTENT-1 landmarktrials of the Palmaz-Schatz stent, which provided the
~ evidence base for FDA approvalof the Palmaz-Schatz stent for the prevention of restenosis in de novo

lesions. BA, balloon angioplasty;TLR, target lesion revascularization; MACE, major adverse cardiac events.
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of the Palmaz-Schatz stent by the FDA in 1994, Long-term
follow-up up to 15 years has subsequently demonstrated few
late clinical or angiographic recurrences from years 1 to 5
after coronary stent implantation,®? with slight and progres-
sive decrements in luminalsize thereafter extending beyond
10 years.” The mechanisms ofthis late progression ofdis-
ease are not entirely known, but have been hypothesized to
be related to the developmentof new atherosclerosis within
the originally stented segment rather than clot formation,as
overall stent thrombosis rates have remained low (1.5% at
15 years).!°

Despite the impressive acute and long-term results
with the Palmaz-Schatz stent which became the dominant
stent design for coronary use, widespread adoption of stent
technology was initially hindered by the perceived need for
an intense anticoagulation regimen (consisting of aspirin,
dipyridamole, heparin, dextran, and warfarin) to inhibit stent
thrombosis (which nonetheless occurred in approximately
3%of patients). This profound degree of anticoagulation,
however, resulted in a marked increase in hemorrhagic and
vascular complications, It was not until further refinements
in stent deployment technique and the utilization of dual
antiplatelet therapy demonstrated reductions in these com-
plications that stent usage became more widespread. Pio-
neers such as Antonio Colombo demonstrated reducedrates
of stent thrombosis with more aggressive intravascular ultra-
sound (IVUS)-guided deployment techniques including rou-
tine high-pressure adjunctive dilatation (> 14 atmospheres),!!
along with the use of aspirin and a second antiplatelet agent
(thienopyridine, ticlopidine) rather than prolonged warta-
tin therapy. These modifications significantly reduced the

BB Aspirin + Coumadin

10%
P <0,001 P=0.005 P=0.01

B%

6%

4%

2%

0%
ISAR STARS FANTASTIG

Stent thrombosis

‘Figure31.3Benefits of dual antiplatelet therapy in refrom four landmark trials demonstrating

 

incidence of stent thrombosis to ~1% to 2%, and concomi-
tantly reduced bleeding and femoral arterial complications.”
The confirmation of Colombo’: initial findings in several ran-
domized clinical trials (Figure 31.3) definitively established
the superiority of dual antiplatelet therapy (with aspirin and
ticlopidine) over an anticoagulation-based approachfor pre-
vention of stent thrombosis, andfacilitated widespread adop-
tion for coronary stenting by the late 1990s.!""°

Stent Design: Impact on Performance
and Clinical Outcomes
Classification

Coronary stents may beclassified based on their composition
(e.g,, metallic or polymeric), configuration (e.g., slotted tube
versus coiled wire), bioabsorption (either imert (biostable
or durable) or degradable (bioabsorbable]), coatings (either
none, passive such as heparin or polytetrafluoroethylene,
PTFE), or bioactive (such as those eluting rapamycin or
paclitaxel), and mode of implantation (e.g. self-expanding
or balloon-expandable). The ideal stent would be made of a
nonthrombogenic material and have sufficient flexibility in
its unexpandedstate to permit ready passage through guid-
ing catheters and tortuous vessels, and yet have an expanded
configuration providing uniform scaffolding of the vessel wall
with low recoil and maximal radial strength while conform-
ing to vessel bends. In addition,the ideal stent would be suffi-
ciently radiopaqueto allow flucroscopic visualization to guide
accurate placement and management ofin-stent restenosis,
butnot so opaque as to obscure important angiographicvessel

D Aspirin + Ticlopidine

15%
P=0.01 P=0.001 P=0.01 P=0.02

11.0%

10%

5% 
0%

ISAR STARS FANTASTIC MATTIS

30 day death, myocardial infractionor revascularization

ducing clinical events post stenting. Shownarethe results
the efficacy of antiplatelet (over antithrombotic) therapy.
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details. In recent years, the importanceof thestent delivery
system to device profile, flexibility, and trackability around
tortuous and calcific coronary vessels has received increas-
ing appreciation. For balloon-expandable stents, the stent
must be tightly crimped to the delivery balloon to avoid dis-
lodgment, and the overhang of the balloon beyond the ends
of the stent should be minimized (<1 mm) to avoid vessel

trauma outside the stent margins. Stent delivery balloons
must be able to withstand high pressures (>18 atm) with-
out rupture, and should take into account a balance between
deliverability versus a desire for low complianceto facilitate
predictable sizing and avoid excessive growth outside the
stent edges.

Stent Composition
Until recently, the most widely used stent material was 316L
stainless steel. Cobalt chromium and platinum chromium
alloys have been employed in more recent stent designs in
order to allow lower-profile thin stent struts (~75 pm, ver-
sus 100 to 150 pm in most stainless steel stents) thatstill

maintain radial strength and visibility. Most self-expanding
stents utilize nitinol, a nickel/titanium alloy that has super-
elastic and thermal shape memory properties that allow it
to be set into a particular expanded shape by baking at high
temperature. Nitinol stents can then be squeezed down and
constrained on the delivery system, able to return to that set
shape whenreleased in the coronary artery.

Other than gold (which has been shown to increase
restenosis), there is little evidence that thrombosis or reste-
nosis rates vary with the specific stent metal, though thefinal
stages of surface finishing, smoothing, and purification or
passivation may affect early thrombotic and late restenotic
processes.'’ There is a burgeoning interest in biodegradable
stents, which theoretically offer the advantages of increased
longitudinalflexibility (though at the expenseofradial force),
compatibility with noninvasive imaging, and complete bioab-
sorption over a period of months to a year or longer, thereby
restoring underlying vascular reactivity. Bioabsorbable stents
(or bioabsorbable scaffolds) are typically either polymeric
in nature (e.g., using proprietary biodegradable polymers or
poly-L-lactic acid (PLLA), which is degraded via the Krebs
cycle to carbon dioxide and water) or nonpolymeric(e.g.,
magnesium-based).

Stent Configuration and Design
Stents can be assigned to one of three subgroups, based on
construction: wire coils, slotted tubes/multicellular, and

modular designs. After early experiences with wire coil
stents (e.g., the Gianturco-Roubinstent), these types ofstent
designs rapidly fell outof favor because they in general lacked
axial and radial strength, and dueto lesser strut coverage pre-
disposed to plaqueprolapse. Thus, the vast majority of stents
in current useare either slotted tube/multicellular or modu-

lar in design, In an effort to preserve the radial strength and
wall coverage ofthe original tubular designs (e.g. the Palmaz

stent) but improve flexibility in their collapsed states, several
generations of slotted tube and multicellular stents have been
introduced by various manufacturers. Eachis laser cut from
a metallic tube into a unique pattern that increases the over-
all flexibility of the stent by distributing bending through-
out the stent length without compromising radial strength
or elastic recoil in the expanded state. The newer stents
are manufactured in a broad range of stent lengths (8 to 48
mm) and diameters (2.25 to 6.0 mmand above for periph-
eral applications) to facilitate stenting of long lesions, small
vessels, saphenous vein grafts (SVGs), and distal lesions. To
eliminate the need for a protective sheath, various mechani-
cal, balloon-wrapping, and heat-curing processes have been
developed to tightly crimp the stent onto the balloon until
itis deployed. This bare mounting onto the delivery balloon
has greatly reduced stent delivery profiles, comparable with
the best angioplasty balloons of the late 1990s, and has kept
stent embolization rates below approximately 1 to 3 per 1,000
procedures,

Despite their enhanced flexibility, even the latest-
generation slotted tube stents are sometimes difficult to
deliver through tortuous and noncompliant vessels. In an
effort to enhanceflexibility and deliverability without sac-
rificing the excellent scaffolding of the slotted tube stents,
modular or hybrid stents have been created by flexibly join-
ing multiple short repeating modules to each other. The
initial modular stent was the Arterial Vascular Engineering
MicraStent (subsequently purchased by Medtronic Corp.,
Santa Rosa, CA), which hadaseries of 4-mm-long, rounded
stainless steel corrugated ring subunits welded to each other.
Subsequent designs have incorporated an elliptorectangu-
lar (rounded) strut profile and progressively reduced the
length of the individual modules, with progressive reduc-
tions in crossing profile and increased surface area coverage.
Additionally, variation in the location and frequency of the
weld-points has been used to engineer flexibility without
attempting to sacrifice radial and axial strength,

Depending on the cellular configuration, multicellu-
lar stents can be broadly subclassified as either open cell or
closed cell. Opencell designs tend to have varying cell sizes
and shapes along the stent, and provide increased flexibility,
deliverability, and side branch access by staggering the cross-
linking elements to provide radial strength. Opencell designs
thus tend to conform better on bends, though the cell area
may open excessively on the outer curve of an angulated seg-
ment. Closed cell designs typically incorporate a repeating
unicellular element that provides more uniform wall cover-
age with less tendency for plaque prolapse, at the expense
of reduced flexibility and side branch access. Closed cell
designs also tend to straighten vessel bends more than open
cell designs.

Stent design maysignificantly impact acute andlate vas-
cularresponses. Stents that possess better conformability, less
rigidity, and greater circularity experimentally produce less
vascular injury, thrombosis, and neointimal hyperplasia,'*""
Ex-vivo and clinical studies have suggested that thin stent
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struts may be associated with reduced neointimal hyperplasia
and lowerrates of restenosis,”° in addition to inherently less
thrombogenicity.”

Dueto the recent emphasis upon thin-strutted and more
flexible stent designs in order to facilitate deliverability as
well as other adverse vascular responses to stent implanta-
tion, there have been some concerns regarding the integrity
of modern stent platforms. While thin-strutted stents have
obvious advantages, some of these stent platforms have
been associated with a greater tendency for recoil (radial)
or orthogonally, for axial (or “longitudinal”) deformation
and/or compression.”In the instance ofaxially oriented
deformation, this phenomenon has been described to occur
specifically when implanted stents are subjected to repeated
stresses, such as multiple balloon exchanges and guide-stent
interactions.* Engineering modifications can be employed

to maintain flexibility and deliverability without sacrificing
axial and radial strength, As such, further investigations of
stent-specific differences based upon these characteristics are
required.

Stent Coatings
A variety of coatings have been used to attemptto reduce the
thrombogenicity and/or propensity for restenosis of metal-
lic stents (Table 31.1). Experimental studies have demon-
strated that coating stents with inert polymers may reduce
surface reactivity and thrombosis,'"! though until recently,
most polymers used were found to provoke intense inflam-
matory reactions.” With the adventof the drug-elutingstents
(DES) came a renewedinterestin the study of stent coatings,
primarily to act as drug-carrier vehicles. However, concerns

Table31.4_ Stent Coatings Designed to ReduceThrombogenicity
Heparin  

- Multiple formulations incorporating heparin bonding through covalent bonding, ionic bonds, or heparin
complexes [Carmeda BioActive Surface (CBAS) covalently heparin-bonded Palmaz-Schatz and Bx Velocity stents,
Jomed Corline Heparin Surface (CHS) heparin-coated Jostent] 

Carbon  

-Turbostratic (Sorin Carbostent) 

- Silicon carbide (BiotronikTenax)

 

 

- Diamond-like films (Phytis Diamond and Plasmachem Biodiamond) 

Phosphorylcholine

 

  

- Biocompatibles BiodivYsio stent   

- Medtronic Endeavordrug-eluting stent 

Fluorinated copolymer(Xience V and Promus Element drug-eluting stents) 
lonic Oxygen penetration into stent (Iberhospitex Bionert) 
CD34 Antibody to capture endothelial progenitorcells (Orbus-Neich Genous)  
Trifluoroethanol (Palyzene-F coated stent) 
 

Nanolayerprotein coating (SurModics Finale coating on Protex stent) 
Nitric oxide scavengersincluding titanium-nitric oxide (Hexacath Titan stent) 

Single Knitted PET Fiber Mesh (MGuard)

 

 

Biolinx Polymer (Medtronic Resolute drug-eluting stent)  

Abciximab and other glycoprotein Ilb/Illa inhibitors 

Activated protein C  

Hirudin and bivalirudin 

Prostacyclin  

“Gold

Turmeric
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regarding the long-term safety of DES and the requirement
for extended duration dual antiplatelet therapy have led to
a renewedinterest in biocompatible stent coatings. A num-
ber ofnovel stent coatings are currently underinvestigation,
Additionally, covered stents (metallic stents covered by a dis-
tensible microporous PTFE membrane) are of unquestioned
clinical utility in treating life-threatening perforations (see
Chapter 4), They are also used for excluding giant aneu-
rysis, pseudoaneurysms, or clinically significant fistulae.

Balloon-Expandable Versus
Self-Expanding Stents
Balloon-expandable stents are mounted onto a delivery bal-
loon and delivered into the coronary artery in their collapsed
state. Once the stent is in the desired location, inflation of
the delivery balloon expands the stent and embeds it into
the arterial wall, following which the stent delivery system
is removed. Balloon-expandable stents are typically chosen
to be 1 to 1.1] times the reference arterial diameter, with a

length several millimeters longer than the lesion. Almost
all stents implanted in human coronary arteries are balloon
expandable,

Self-expandingstents incorporateeither specific geomet-
ric designsor nitinol shape-retaining metal to achieve a preset
diameter. The stent is mounted onto the delivery system in its
collapsedstate and constrained by a restraining membrane or
sheath. Retraction of the membrane allows the stent to reas-

sumeits unconstrained (expanded) geometry. Self-expanding
stents are typically selected to have an unconstrained diame-
ter 0.5 to 1.0 mm greater than the adjacent reference segment
to ensure contact with the vessel wall and adequate expansile
force to resist vessel recoil. Still, final optimization ofstent
expansion usually requires additional dilatation within the
stent using a high-pressure, noncompliant angioplasty bal-
loon. While self-expanding stents are flexible and often easier
to deliver compared to theit balloon-expandable counter-
parts, restenosis has remained a concern,limiting their use in
coronaryarteries.”° Moreover, difficulties relating to accurate
sizing and precise placementofself-expanding stents necessi-
tate a longer operator learning curve and render these devices
unsuitable for treating ostial lesions or stenoses adjacent to
side branches. Recently, a renewed interestin self-expanding
stents with reduced outward expansion force for treatment of
patients with acute coronary syndromesorvulnerable plaque
has surfaced.”

Comparisons Between Bare-Metal
Stents

Following early demonstrations of superiority of the origi-
nally introduced bare-metal stents (BMS) over balloon
angioplasty, a series of stent versus stent trials ensued,
either initiated by the industry for regulatory purposes or
by independentinvestigators to assess stent performance in

more complex patients and lesions. The present applicabil-
ity of these early trials is limited, as virtually all of the stents
studied in these trials are no longer in clinical use. Once
receiving FDA approval, newer, more advanced stent designs
typically replaced earlier-generation stents in the market-
place because of enhanced deliverability and/or radiopacity,
rather than because of any perception of improved acute or
late outcomes, Several investigator-initiated studies did nev-
ertheless demonstrate the superiority of thinner-strutted
stent platforms over thicker-strut stents, not just in terms of
deliverability, but also with respect to restenosis.”°’* How-
ever, particularly following the introduction of DES, the anti-
restenotic effects of which in general dwarf design-specific
differences in BMS (see below), the majority of studies with
present BMS platforms have been either comparative DES
versus BMSstudies or nonrandomized approval registries of
iterative BMS technologies.

INDICATIONS FOR CORONARY
STENTING 

Stents may be used either on a routine (planned) basis or
after failed balloon angioplasty for acute or threatened ves-
sel closure (“bail-out” stenting). One of the major benefits of
stenting is the ability to reverse abrupt closure due to dissec-
tion and recoil, thus eliminating the need for high-risk emer-
gency bypass surgery.” These data, coupled with the fact that
routine stent implantation compared to balloon angioplasty
provides superior acute results and greater event-free survival
in almost every patient and lesion subtype studied to date
has for the most part relegated balloon dilation to the rare
lesion that is too small (<2.0 mm)forstenting, or to which a
stent cannot be delivered because of excessive vessel tortuos-

ity or calcification, or in patients in whom thienopyridines
are contraindicated.

Theutility of routine stent implantation as a modality to
reduce acute vessel closure and late restenosis wasfirst dem-
onstrated in the STRESS and BENESTENT-1 trials, which

enrolled patients undergoing PCI ofdiscrete, focal lesions.°”
Asa result, the types of lesions treated in thesetrials (discrete
de novolesions coverable by onestent, with reference vessel
diameter [RVD] 3.0 to 4.0 mm) became known as “Stress/
Benestent” lesions, to differentiate them from more com-

plex stenoses. Despite initial concerns regarding potentially
diminished efficacy of coronary stents (which were more
costly than balloon angioplasty alone) with more general-
ized use of these devices,” abundant randomized and non-
randomized data now exist comparing stenting to balloon
angioplasty across a range of patient and lesion subsets, and
they almost universally demonstrate an advantage to coro-
nary stenting over conventional balloon angioplasty or other
approaches using procedures such as atherectomy.”As a
result, stents are used in the vast majority of PCI procedures
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performed today, and balloon angioplasty alone is reserved
for cases where stents cannot be delivered, where stents are

too big for the target lesion, or for rare niche indications(e.g.
ostial side branch disease at a bifurcation, some cases of in-
stent restenosis, or cases where patients cannot tolerate the
antiplatelet regimens required after stent implantation).

DRUG-ELUTING STENT OVERVIEW

Limitations of Bare-Metal Stents

Stent implantation has been the prevailing treatment for most
patients with coronary artery disease since the late 1990s
as a result of the more predictable acute and late angio-
graphic results of stenting compared with conventional bal-
loon angioplasty and other adjunctive technologies such
as atherectomy. With improvements in stent deliverability
and reductions in stent thrombosis through modifications
of technique and adjunctive pharmacotherapy, the primary
limitation of BMSas the default adjunctive therapy to balloon
angioplasty for patients undergoing coronary revasculariza-
tion by PCI was in-stent restenosis, While coronary stents
increase acute luminal diameters to a greater extent than bal-
loon angioplasty (leading to greater acute luminal gain), the
vascular injury caused by stent implantationelicits an exag-
gerated degree of neointimal hyperplasia, resulting in greater
decreases in luminal diameter (late lumen loss) compared to
balloon angioplasty alone.®’ While these two factors canoff-
set each other, the mean incremental gain in luminal dimen-
sions with stenting compared with balloon angioplasty alone
is greater than the mean incremental increase in late loss,
resulting in a larger net gain in minimal luminal dimensions
over the follow-up period, This observation was formulated
as the “bigger is better” concept by Kuntz and colleagues,
who demonstrated an association between better acute

results following stent placementwith a lowerrate of subse-
quent restenosis—a finding that was replicated independent
of the stent device selected." Nonetheless, despite attempts
to maximize acute gain through an uplront “biggeris better”
stent optimization strategy, rates of clinical restenosis follow-
ing BMS implantation approached 20% to 40% within 6 to
12 months, with even higher rates observed amongthe high-
est-risk patient andlesion subsets. As such, coronary resteno-
sis became knownasthe “Achilles’ heel” of coronary stenting,
with significant resources devoted to the studyofits preven-
tion and treatment.

DES, which maintain the mechanical advantages of BMS
while delivering an antirestenotic pharmacologic therapy
locally to the arterial wall, have been shownto effectively and
safely reduce the amountof in-stent tissue that accumulates
after stent implantation, resulting in significantly reduced
rates of clinical and angiographic restenosis. In numerous
randomizedtrials, the reduction in neointimal hyperplasia
that occurs with DES compared to that with BMS has been

shownto result ina marked reduction in binary angiographic
restenosis and target lesion revascularization (TLR).2°°*
The initial results of the pivotal randomized trials that led
to device approval have been replicated and validated in
numerous subsequenttrials and real-worldregistries across
the spectrum of disease and lesion subtypes.** As a result,
DESare currently implantedin the majority of the >2 million
patients undergoing PCI each year.

Components of Drug-Eluting Stents
The three critical components of a DES that must be opti-
mized to ensureits safety and efficacy are (1) the stent itself
(including its delivery system); (2) the pharmacologic agent
being delivered; and (3) the drug carrier, which controls the
drug dose and pharmacokinetic release rate (Figure 31.4).

Stent Design
The stent component of DES has typically consisted of a
predicate BMS without specific modifications, Indeed, first-
generation DES designs often appropriated “off-the shelf”
stent designs in order to expedite device development and
regulatory approval, Subsequent DES have incorporated
newer, more flexible designs, with resultant improvements
in device delivery and performance."Ideally, stent geom-
etry should be optimized for homogeneous drug distribution
(which involves considerations of closed versus open cell
designs, interstrut distances, etc,), Consistent circumferential
stent-to-vessel wall contact should be ensured to ensure drug
delivery. As a result, the stent should be conformable to angu-
lated segments, while at the same time minimize geometric
distortion, The stent should also have sufficient radiopacity
to facilitate precise lesion coverage (while avoiding excessive
stent overlap or interstent gaps). Side branch access should
be maintained, and the stent should be low profile,flexible,
and deliverable to reach and treat complex anatomies. Addi-
tionally, newer dedicated DES designs have included modifi-
cations aimed at either optimizing local drug delivery while
reducing total drug dose (e.g. abluminal wells engineered
into the stent struts), or modifying the stent surface to facili-
tate direct drug delivery and/or arterial healing following
implantation (without a drug carrier vehicle perse),

Stent Platform
and delivery system

§

Pharmacolagie Drug cartier(e.g. polymer,
er -” = surface

modification)

[Figure31.4Components of drug-eluting stents.
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Pharmacology
Following promising cell culture and in vitro development,
the antirestenotic properties of a wide range of pharmaco-
logic agents have beentested in humans (Figure 31,5), The
two mostclinically effective classes of agents have been the
“rapamycin-analogue”(or “-limus”) family of drugs and pacli-
taxel. The principal mechanism of action of rapamycin (also
known as sirolimus), and its analogues (including zotaro-
limus, everolimus, biolimus A9, novolimus, and amphili-
mus) is inhibition of the mammalian target of rapamycin
(mTOR), which prevents cell cycle progression from the G1]
to S phase.** Two other rapamycin analogues that have been
used on DES platforms—tacrolimus and pimecrolimus—
have a different mechanism of action, binding directly to
Fk-binding protein (FKBP)-506 and thereby inhibiting the
calcineurin receptor with downregulation of cytokines and
inhibition of smooth muscle cell activity"; unlike the mTOR
inhibitors, these agents have not been demonstrated to be
beneficial, The other agent that has been usedeffectively in
coronary DES (and more widely now in drug-eluting balloons
andin peripheral DES applications)is paclitaxel. By interler-
ing with microtubule function, paclitaxel has multifunctional
antiproliferative and antiinflammatory properties, prevents
smooth muscle migration, blocks cytokine and growth fac-
tor release andactivity, interferes with secretory processes, is
antiangiogenic, and impacts signal transduction.” At low
doses (similar to those in DES), paclitaxel affects the GO-G1
and G1-S phases (G1 arrest) resulting in cytostasis without
cell death.*”*
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Polymers and Drug Delivery Systems
Early DES programs were plagued by theinability to predict-
ably deliver a specific dose of active drug over the right time
frame to the arterial wall.*? In order to more effectively regu-
late the dosing of antirestenotic agents, a drug carrier vehicle
became necessary. In many respects, formulating and optimiz-
ing the drug carrier vehicle have proven even more complex
than identification of the drugitself, Properties that must be
considered for a controlled release vehicle includeits biocom-

patibility, solubility, diffusivity and porosity, molecular size,
weight and distribution, elongation, functional requirements,
degradation products, durability, relative hydrophobicity,
purity, availability, adhesion, crystallinity, sterilization, sol-
vent solubility, biostability, miscibility, bioabsorbable versus
permanentnature, evaporation rate, thermal properties, resis-
tance to humidity and temperature extremes, compatibility
with specific drugs, approval for implant use, processability
(whichrelates to shelf life), and packaging requirements.

Numerous polymer-based drug delivery systems have
since been developed, and are DES-specific (discussed below).
While the polymeris instrumental in regulating the pharma-
cokinetics of drug delivery to the arterial wall (which is nec-
essary for reduced neointimal hyperplasia), the polymer may
also elicit deleterious vascular responses. Specifically, histo-
pathologic studies have demonstrated hypersensitivity and
eosinophilic inflammatory reactions and delayed endothelial-
ization with first-generation DES thatwere not previously seen
with BMS.***4 Whether these vascular responses in humans
are directly related to the polymerorto toxicity from the drug
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itself is not well known, but in animal models theseeffects
can be attenuated by modification of the polymervehicle.” Lt
is believed that inflammation and delayed endothelialization

play a role in the development oflate stent malapposition,
aneurysm formation, stent thrombosis and restenosis.’°*”
For these reasons, there has beengreatinterest in developing
inert and biocompatible polymers, bioabsorbable/biodegrad-
able polymers, and even polymer-free DES.

Generations of Drug-Eluting Stents
DESare often classified into several generations of develop-
ment (Table 31.2). First-generation devices include the two
DESthatwereinitially approvedforclinical use by most regu-
latory bodies, each of which utilized an early (currently out-
dated) BMS stentplatform with early durable polymers (not
specifically designed for biocompatibility) in order to deliver
either sirolimus or paclitaxel, Second-generation devices

(currently used in the vast majority of DES procedures) have
incorporated moredeliverable, thinner-strut stents with poly-
mers that have been designed for biologic compatibility. Most
second-generation DESutilize -limus (rapamycin) analogues.
Future-generation DES will continue to undergo iteration,
with further modifications of the base stent and use of biode-

gradable/bioabsorbable or polymer-free drug-carrier vehicles.

FIRST GENERATION DRUG-ELUTING
STENTS 

The Cypher™Sirolimus-Eluting Stent
The first DES to attain approval for human use was the
Cypher™stent (Cordis, Johnson and Johnson), with initial
first-in-human studies as well as subsequent clinical trials

 
| Py H a jTable31.2 ‘Generational Classification of Drug-Eluting Stents

  
 

  

  

 

 

  

 

 

 

 

 

    

 

Generation

Not Specifically Designed
First Sirolimus or Paclitaxel for Biocompatibility Early BMS Platforms

Cypher™ i = “Sirolimus Biostable mix of poly- Bx Velocity™
n-butyl methacrylate and
polyethylene-vinyl acetate

TAXUS™ Express Paclitaxel Styrene-isobutylene- Express
styrene (SIBS)

“TAXUS™ Liberté_ ~~Paclitaxel / Styrene-isobutylene- Liberté# -
styrene (SIBS)

ION™ (TAXUS™ : Paclitaxel 7 ; : Styrene-isobutylene- Element(platinum-
ELEMENT) styrene (SIBS) chromium)*
Ae= TG i "MoreFlexible,

Second Limus Analogues Biocompatible Polymers Thinner-Strut BMS
Endeavor™ ~ Zotarolimus / “Phosphorylcholine Driver (cobalt alloy)
Xience V™ and Xience Everolimus 7 "Vinylidene fluoride and Multi-Link Vision
PRIME™ hexafluoropropylene and Multi-Link 8

(cobalt-chromium)

Promus Element™ Everolimus ~~ Vinylidene fluoride and Element —_ :
hexafluoropropylene (platinum-chromium)

~Resolute™ — Zotarolimus r Biolinxpolymer ~~ Integrity (cobaltalloy)
Biomatrix™ ~ Biolimus AQ Abluminal poly-Llactic Juno (stainlesssteel)

acid (bioabsorbable)

Nobori™ - - 7 BiolimusA9 a Abluminalpoly-L-lactic = S-stent ——
acid (bioabsorbable)

‘Liberté and, in particular, Element BMS platforms are newer BMS platforms but are included in the first-generation due to the presence of the original

ee

TAXUS™ polymer.
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leading to its approval in Europe in 2002 and in the United
States in 2003. Productionof this stent was recently halted,
but some description of the technology and initial studies
that led to device approval is of historical interest, as the
introduction of this stent ushered in the DES era of inter-

ventional cardiology. Sirolimus (rapamycin) is a highlylipo-
philic, naturally occurring macrocyclic lactone, which was
first isolated from Streptomyces hygroscopicus found in a soil
sample from Easter Island (also known as Rapa Nui) and was
initially developedas an antifungal agent. Shortly thereafter,
it became apparentthat this agent also was a potent immuno-
suppressive, and wasinitially approved by the FDA (as Rapa-
mune) for prevention ofrenal transplant rejection in 1999.
The primary mechanismof action of inhibition of neointimal
hyperplasia in sirolimus is thoughtto be related to its ability
to bind to FKBP-12 in cells; the sirolimus-FKBP-12 complex
then binds to and inhibits activation of mTOR, preventing
progression in the cell cycle from the late G1 to S phase.”
Sirolimus has been demonstrated to have a marked effect on

suppression of neointimal hyperplasia with low toxicity fol-
lowing sirolimus-eluting stent (SES) implantation in initial
small and large animal studies.”

The stent platform for the Cypher™ SES was the Bx
Velocity™ stent, a thick-strutted slotted tube with a closed
cell design constructed from 316L stainless steel. The stent
was coated with biostable (nonerodible) polymers consisting
of poly-n-butyl methacrylate and polyethylene—vinyl acetate
that are loaded with 140 jig/em’sirolimus. The slow-release
(SR) formulation of the Cypher™ SES employedin clinical

2 Years

stented segment.

practice used a basecoat of blended polymers loaded with
sirolimusas well as a topcoat of polymeralone (withoutsiro-
limus) that acted as a diffusion barrier, controlling the rate of
drug release from the basecoatinto the vessel wall. Approxi-
mately 80% of the sirolimus loaded on the stent wasreleased
within the first month after stent implantation.

In 1999, human experience with the Cypher™ SES
was initiated at the Institute Dante Pazzanese of Cardiology
in Sdo Paulo, Brazil, and the Thoraxcenter, Rotterdam, The
Netherlands,with the first-in-man (FIM) studyin 45 patients
with symptomatic de novo native coronary lesions <18 mm
in length with RVD 3.0 to 3.5 mm, Inthis study, SES dem-
onstrated marked suppression of neointimal hyperplasia
measured by IVUS and quantitative coronary angiographyat
4 months, and 1, 2, and 4 years.® Serial angiography and
IVUS have now been performed at 7 years, showing contin-
ued vessel patency without further late loss (Figure 31.6).
These data led to the conduct of the larger RAVELtrial, in
which 238 patients outside the United States with relatively
simple de novo coronary lesions were randomized to either
the Cypher™SES or the uncoated Bx Velocity stent.’* The
SES essentially eliminated late loss compared with BMS
(mean of -0.01 mmversus 0.80 mm, P < 0.001), with a cor-

responding reduction in the rate of angiographic restenosis
(0% versus 26%, P < 0.001).

On the basis of these data, the larger pivotal SIRIUS
trial was conducted in the United States.” SIRIUS was a

1058-patient randomized trial comparing the Cypher™ SES
to the uncoated Bx Velocity in patients with vessel diameters

 
Seven-year follow-up of oneofthe initial sirolimus-eluting stent implantations from Institute Dante
Pazzanese of Cardiology in Sao Paulo, Brazil, demonstrating sustained patencyoftheinitially
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of 2.5 to 3.5 mm andlesion lengths of 15 to 30 mm, The
primary endpoint, the rate of target vessel failure (TVE, a
composite of cardiac death, myocardial infarction [MI], or
target vessel revascularization [TVR]) at 9 months, was mark-
edly lower among SES-treated patients (8.6% versus 21.0%,
P < 0,001) (Figure 31.7). Additionally, SES resulted in a 60%
to 80% relative reduction in composite adverse events in all
examined subgroups in thetrial. Among the 703 patients
in whom §8-month routine angiographic follow-up was per-
formed, mean in-stentlate loss was markedly lower with SES
(0.17 mmversus 1.00 mm, P < 0,001). By IVUS, the in-stent
percent volumetric obstruction at 8 months was reduced
from 33.4% with the Bx Velocity to 3.19% with the SES
(P < 0.001), although late stent malapposition was present
in 9.7% of Cypher™ SES patients versus 0% of Bx Velocity
patients (P = 0.02),

Onthebasis of these results, in April 2003 the Cypher™
SES becamethefirst DES approved by the FDA, andthis stent
became one of the most studied devices in modern history,
with a multitude of randomized trials and observational stud-
ies assessingits efficacy andsafety, In theiraggregate, these data
demonstrate extremely low levels of in-stent late loss with SES
(averaging ~0.15 mmacross studies), with an approximate
70% to 80% reduction in angiographic restenosis and clini-
cal revascularization of the target lesion (TLR) compared to
BMS, Longer-term follow-up with this device extending to 5
years and beyond has confirmed these findings.In these anal-
yses, treatment with SES has resulted in sustained reductions
in clinical restenosis endpoints with similar rates of death,
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“Figure31.7.Primary results of the SIRIUStrial, the
pivotal approval trial of the sirolimus-
eluting stent, demonstrating superior-
ity of the sirolimus-eluting stent in
reducing restenosis-related endpoints.
SES,sirolimus-eluting stent; BMS,
bare-metal stent; MACE, major adverse
cardiac events;TVF target vessel
failure; TLR, target lesion revasculariza-
tion; MI, myocardial infarction.

 

MI, and stent thrombosis compared with BMS."In part due
to the availability of newer stent platforms and designs, the
manufacturer of this stent recently announced that the device
would no longer be manufactured and sold, ending the stent's
tenure as the oldest DES in currentclinical use.

The Taxus™ Paclitaxel-Eluting Stent
The other first-generation DES that came to market soon
after approval of SES was the TAXUS™ paclitaxel-eluting
stent (PES). Paclitaxel, a highly lipophilic diterpenoid com-
pound, wasfirst isolated in 1963 from the pacific yew tree
(Taxus brevifolius) and developed for its potent antineoplastic
properties. Its principal action is to interfere with microtu-
bule dynamics, preventing their depolymerization. This leads
to widespread dose-dependent multicellular activity of the
drug, including antiproliferative and antiinflammatory prop-
erties, reduced smooth muscle migration, blocking of cyto-
kine and growth factorrelease and activity, interference with
secretory processes, antiangiogenic effects, and impairedsig-
nal transduction.” At low doses (similar to those in DES

applications), paclitaxel affects the GO-G1 and G1-S phases
(G1 arrest) resulting in cytostasis without cell death (prob-
ably via induction of p53/p21 tumor suppression genes).”
Systemic paclitaxel was shown to inhibit restenosis in a rat
carotid injury modelat levels more than 100-fold lower than
that required for tumor cytotoxicity.” Neointimal area was
greatly reduced in a rabbit balloon-injury experiment using
local paclitaxel administration,”® and stent-based paclitaxel
elution from polymer-based systems has been shownto pro-
foundly reduce intimal hyperplasia in rabbit iliac arteries for
up to 6 months with dose-dependentefficacy andtoxicity.

The TAXUS™ PES (Boston Scientific, Natick, MA) con-

sists of paclitaxel contained within a polyolefin derivative
biostable polymer (styrene-isobutylene-styrene, referred to as
SIBS (Translute™)), originally coated on the Nir stent and
subsequently on the Express open-cell slotted tube stainless
steel stent platform (PES(E), the device from which most of
the randomized clinicaltrial data for this stent was derived).
The base BMS has further evolved from the Express stent to
the newer Liberté stent (PES(L), a more flexible, thinner-

strutted open-cell stainless steelslotted tube stent, and finally
to a platinum-chromium Element stent. Depending on the
relative ratio of paclitaxel to polymer, the stent may be for-
mulated with varying release kinetics. The clinically avail-
able formulation of theTAXUS™PESis the SR formulation,

although the moderate-release (MR) formulation has also
been tested in moderate-sized clinical trials. The SR stent has

relatively more polymer to drug (paclitaxel concentration of
1 pg/mm?), with a coat thickness 18 pm, and approximately
89% in vivo paclitaxel elution in 30 days. The drug is eluted
in a rapid burst phase over the initial 48 hours, followed by
a slow, sustained release for the next 10 to 30 days, with the
remainder sequestered in the bulk of the polymer matrix
below the surface without pathways to the external environ-
ment (thus permanently retained on the stent),
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The TAXUS clinical program evaluated the clinical
safety and efficacy of the TAXUS™ PESin severalclini-
cal trials.’ TAXUS I and II evaluated the performance
of the PES on the Nir stent platform in focal de novo dis-
ease, whereas TAXUS LV, V, and VI investigated the PES(E)
stent in more complex lesions, All studies have used the SR
formulation, except for one arm of the TAXUSII trial and
TAXUS VI. Collectively, these trials demonstrate a marked
decrease of binary restenosis with PES compared to BMS,
with an approximate 60% to 75% reduction in the need for

TLR, an effect that has been consistent across a range of
patient andlesion subtypes. The study thatultimately led to
device approvalin the United States in 2004 was the TAXUS
IV trial,which enrolled 1,314 patients with single de novo
lesions with visually estimated lengths of 10 to 28 mm in
native coronary arteries with an RVD of 2.5 to 3.75 mm.
Patients were assigned to either a PES(E) stent or Express
BMS control. The primary endpoint of TVR assessed at
9 months was reduced with the PES(E) from 12.0% to

4.7% (P < 0,001) (Figure 31.8), Follow-up angiography at
9 months demonstrated marked reductions in mean in-

stent late loss (0.39 versus 0.92 mm, P < 0.001), and the
rate of binary in-segment restenosis (7.9% versus 26.6%,
P <= 0.001). By IVUS, the in-stent percent volumetric
obstruction at 8 months was reduced from 29.4% with

the BMSto 12.2% with PES(E) (P < 0.001), and late stent

malapposition at 9 months was presentin 1.1% of PES(E)
patients versus 2.2% of BMS patients (P = 0.62).

The PES(E) has been studied in numerous random-

ized trials and observational analyses, across a range of
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Primary results of the TAXUS-IV
trial, the pivotal approval trial of the
paclitaxel-eluting stent, demonstrat-
ing superiority of the paclitaxel-aluting
stent in reducing restenosis-related
endpoints. PES, paclitaxel-eluting stent;
BMS, bare-metal stent; MACE, major
adverse cardiac events; TVF, target ves-
sel failure; TLR, target lesion revascu-
larization; MI, myocardial infarction,

 

patient indications and lesion subsets. These studies have
demonstrated consistent reductions in measuresof neointi-

mal hyperplasia and resultant reductions in clinical resteno-
sis endpoints compared with BMS. Longer-term follow-up
with this device has extended to 5 years and beyond, con-
firming the sustained efficacy of this stent.* In these analy-
ses, treatment with PES has resulted in sustained reductions

in clinical restenosis endpoints, with similarrates of death,
MI, andstent thrombosis with PES and BMS. Additionally,
a series of comparisons between the first two approved
devices (SES and PES) was reported in order to determine
whether superiority could be established for a particular
DES. In summary, the totality of evidence appears to indi-
cate similar performance of SES and PES inroutine de novo
coronaryartery lesions, despite a lower amountof neointi-
mal hyperplasia with SES as assessed by IVUS and angiog-
raphy.“*"! Given the greater degree of late loss suppression
with the SES, it was hypothesized that in the highest reste-
notic risk patients and lesions, this stent would hold an
advantage over PES. Without a large-scale adequately pow-
ered randomized trial, however, these potential benefits
remain unproven,

The commercially available PES has undergone sey-
eral iterations, but is still generally considered a “first-
generation” DES due toits use of an original polymer to
elute paclitaxel. The PES(L) stent (using the same drug and
polymer formulation as the PES(E), but with an improved
stent platform) was approvedfor clinical use based upon
the TAXUS ATLASprogram, in which nonrandomized data
from several PES(L) single-arm studies were compared
to the treatment arms from prior TAXUS trials with the
PES(E).” More recently, the PES(L) has been replaced by
the TAXUS™ Element stent (again, using the same drug and
polymer formulation as the original TAXUS™ Express SR,
but with an iterated stent platform using a platinum chro-
mium alloy), The TAXUS™ Element stent (or ION stent)
is the current commercially available version of PES in the
United States. Approval of this stent required completion
of the PERSEUStrial, which evaluated 1,262 patients with
de novo “workhorse” atherosclerotic coronary lesions allo-
cated in a 3:1 randomization to TAXUS™ Element versus
PES(E).” The TAXUS™ Element was demonstrated to be

noninferior to PESCE) with respect to the primary endpoint
of 12-month target lesion failure (TLF: 5,6% versus 6.1%,
respectively) as well as the secondary endpoint of percent-
ape diameter stenosis at 9-month angiographic follow-up
(3.1% versus 3.1%, respectively). No differences in clini-
cal outcomes were observed between the two randomized

groups in this trial, The TAXUS™ Element stent has addi-
tionally been evaluated in smaller vessels in a prospec-
tive, single-arm trial comparing 224 patients treated with
this stent with 125 lesion-matched historical Express BMS
control subjects from the TAXUS V trial.” In this analysis,
the TAXUS™ Element was superior to the Express BMS
with respect to late lumen loss (0.38 mm versus 0.80 mm,
P < 0.001), and TLF (7.3% versus 19.5%, P < 0,001),
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SECOND-GENERATION DRUG-
ELUTING STENTS 

Despite the demonstrated efficacy offirst-generation SES and
PES as observed in the initial and subsequent randomized
trials of these devices, late reactions to first-generation DES
polymers as well as delayed endothelialization and adverse
vessel responses were described,** potentially resulting
in the most devastating complication of stent placement,
namely late stent thrombosis. In order to mitigate some of the
abnormal vessel responses associated with first-generation
DES,several new devices have been introduced, with specific
modifications implemented uponfirst-generation technology.
These so-called second-generation DES (currently used in the
majority of PCI) have incorporated more deliverable, thinner-
strut stents with polymers that have been specifically designed
for biologic compatibility. Discussed below are clinical data
relating to the most-studied second-generation devices,
namely, everolimus-eluting stents (EES; Xience V/Promus
and everolimus-eluting platinum chromium stent (Promus
Element)); zotarolimus-eluting stents (ZES, Endeavor and
Resolute); and biolimus A9-eluting stents (BES; Biomatrix).

 

Everolimus-Eluting Stents
(Xience V™/Promus™)
In the EES (manufactured by Abbott Vascular (Santa Clara,
CA) and distributed as the Xience V and now Xience PRIME
stents, andalso originally distributed by Boston Scientific as
the Promusstent), everolimus (100 pg/cm’)is released from
a thin (7.8 pm), nonadhesive, durable, biocompatible, fluoro-
copolymerconsisting of vinylidene fluoride and hexafluoro-
propylene monomers, coated onto a low-profile (81 pm strut
thickness), flexible, cobalt chromium stent, (The original
Xience V base stent platformhas been updated in the Xience
PRIMEstent to the Multi-link 8 BMSplatform, a more deliv-
erable version of the Vision platform). The release kinetics
of EES are similar to that seen with sirolimus fram the SES

(~80% of the drug released at 30 days, with none detectable
after 120 days). The polymeris elastomeric, and experiences
minimal bonding, webbing, or tearing upon expansion, Fluo-
ropolymers have additionally been shown to resist platelet
and thrombus deposition in blood-contact applications.17°7
The EES polymer has also been demonstrated to be nonin-
flammatory in porcine experiments. Preclinical studies have
demonstrated more rapid coverage of the stent struts with
functional endothelialization with EES compared to SES,
PES, or ZES.**

In the small SPIRIT First trial, the EES was shown to

markedly reduce the extent of angiographic late loss at
6 and 12 months compared to the otherwise identical cobalt
chromium Vision BMS.” Subsequently, the EES has been
studied in multiple randomized trials comparing this device
to PES (the predominant comparator), SES, ZES, and BMS

 

(Table 31.3)."27°% The large SPIRIT IV trial,” enrolling
3,687 patients with stable coronary artery disease undergo-
ing PCI of up to three lesions in three vessels, was a pivotal
FDAapproval study of the EES, randomizing patients to EES
versus PES(E). While this study had broaderinclusion crite-
ria thanfirst-generation DES approval studies, patients with
unstable acute coronary syndromes, MI, thrombus, chronic
occlusions, vein graft lesions, and true bifurcation lesions
were excluded. The primary endpoint of TLF (a composite
of cardiac death, target-vessel MI, or ischemia-driven TLR)
wassignificantly lower at 1 year with EES compared to PES
(3.9% versus 6.6%, P = 0.0008). Rates of stent thrombo-
sis (0.3% versus 1.1%, P = 0.003), MI (1.9% versus 3.1%,
P = 0.02), and TLR (2.3% versus 4.5%, P = 0.0008) were
also lower with EES compared to PES, Longer-term follow-up
of SPIRIT 1V to 3 years®? has demonstrated sustained reduc-
tions in TLE MI, and stent thrombosis with EES over PES
(0.8% versus 1.9%), but narrowingofthe initially observed
difference in TLR with each stent (6.2% versus 7.8%,

P = 0,06). However, both all-cause mortality (3.2% versus
5,1%, P = 0.02) and death or MI(5.9% versus 9,1%, P = 0.001)
were reduced with EES compared to PES, These data from
SPIRIT IV parallel results from the unrestricted “all-comer”
COMPAREtrial, in which 1,800 patients were randomized to
EES versus PES(L). The primary endpoint of MACEat 1 year
(death, MI, or TVR) was lower with EES compared to PES
(6.2% versus 9.1%, P = 0.02), driven by reductions in stent
thrombosis (0.7% versus 2.6%, P = 0.002), MI (2.8% versus
5.4%, P = 0,007), and TLR (1.7% versus 4.8%, P = 0.0002).
Notably, between 1 and 3 years in this high-risk study cohort
(in which only ~15% of patients were maintained on dual
antiplatelet therapy), fewer stent thrombosis, MI, and TLR
events occurred with EES compared to PES.

In contrast to the marked differences observed between

FES and PES, smaller differences have been observed between
EES andSESin several randomized trials. In the SORT OUT

IV trial,"” 2,774 unselected patients were randomized to EES
versus SES and followed through the Danish Civil Registration
System, Similar 9-month outcomes were observed between
EES- andSES-treated patients although definite stent throm-
bosis occurred in fewer EES- than SES-treated patients at
both 9 and 18 months (18 months: 0.2% versus 0.9%). In the
2,314-patient BASKET-PROVE multicenter trial comparing
EES, SES, and BMS(theotherwise identical cobalt chromium
Vision BMS) in large coronary arteries requiring >3.0 mm
stents,” EES, SES, and BMS were associated with similar rates
of cardiac death or nonfatal MI at 2 years and the rate ofTVR
was similar between EES and SES, However,the rate of TVR
was significantly lower with both EES and SES compared to
BMS (3.1% for EES, 3.7% for SES, 8.9% for BMS), even in
larger arteries with low rates of restenosis. The majority of
comparative trials between EES and SES have demonstrated
largely similar angiographic outcomes with EES and SES*?"**
except for the ESSENCE-DIABETEStrial,"* in which EES
was associated with lowerrales of angiographic late loss and
binary restenosis in diabetic patients at 8 months compared

/ ee
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; ; to Date Principal Fin |andReference Cohort Wetet rs Follow-Up) NIEE coal
SPIRIT First?#2° Noncomplex BMS 60 (all) by EES versus BMS resulted

CAD in markedly reducedlate
loss and neointimal volume
obstruction.

Noncomplex PES(E) 300 (all) 5y EES versus PES(E) resulted in
CAD; up to 2 lower 6-month angiographic
lesions in-stent late loss (0.11 + 0.27

mm versus 0.36 + 0.39 mm,
P< 0.0001).

SPIRITHI

SPIRIT 1118" Noncomplex PES(E) 1,002 (564) By EES versus PES(E) resultedin
CAD; up to 2 lower &-month angiographic
lesions in-segmentlate loss (0.14 +0.41 mm versus 0.28 + 0.48

mm, P = 0,004), noninfe-
rior 9-mo rates of TVF (7.2%
versus 9.0%, P = 0.31), and
reduced rates of MACE at 1 y
(5.9% versus 9.9%, P = 0.02)
and 5 y (13.7% versus 20.2%,
P= 0,007),

SPIRIT |v428 Noncomplex PES(E) 3,687 (none) 3y EES versus PES(E) resulted in
CAD; up to 3 lower 1-y rates ofTLF (3.9%
lesions versus 6,6%, P = 0.0008) and

ischemia-driven TLR (2.3%
versus 4.5%, P = 0.0008),
with similar rates of cardiac
death or target-vessel MI
(2.2% versus 3.2%, P = 0,09).
EES also resulted in lower
rates of MI and stent throm-
bosis, At 3 y, these results
were maintained although
the difference inTLR was no
longer significant (6.2% ver
sus 78%, P = 0.06). 3-y mor
tality and death or MI were
reduced with EES compared
to PES(text).

 

COMPARE®.? All-comers PES(L) 1,800 (none) 3y EES versus PES(L) resulted in
lower 1-y rates of the primary
composite endpoint death,
MI orTVR (6.2% versus 9.1%,
P= 0,02), EES also resulted
in lower rates of MI, stent
thrombosis, and TLR(text).
Between 1 and 3y, EES
resulted in less stent throm-
bosis, MI, and TLR events.

324 (all) 1y EES versus PES(L) resulted in
lower 9-morates of angio-
graphic in-stent late loss (0.19
+ 0.37 mm versus 0.39 + 0.49
mm, P = 0.0001).

(Continued)
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Toble31.3Randomized Controlled Trials of Everolimus-Eluting Stents (Continued)

Ware eANeel ahaa)
and Reference 
BASKET-PROVE™

EXECUTIVE®

ISAR-TEST-4%%

SORTOUTIV”

“EXAMINATION®

EXCELLENT™

Page 89

Number Random-
ized (Planned

 

yelfal] EES Atigiagraphic
Cohort A/=1 gt} Follow-Up)

Large coro- SES, BMS 2,314 (none)
nary arteries
(=3.0 mm
stents)

MVD,other PES(L) 200 (all)
wise noncom-

plex CAD

Simpleand —-SES 1,304(all)
complex CAD

~~ Unselected- “SES.——~*«é «774 (none)
patients

"STEMI BMS —_—‘1,504 (none)

Noncomplex SES 1,443 (all)CAD

3y

Latest

Follow-Up
to Date

2y

3mo

18 mo

79

9mo EES versus ‘SES resulted in

 

Principal Findings 
EES and SES resulted in
lower rates ofTVR compared
to BMS (3.1% and 3,7%
respectively versus 8.9%).
There were no differences
betweenthe three stent types
in the rates of death, Ml, or
stent thrombosis at 2 y.

EES versus PES(L) resulted
in lower 9-mo angiographic
in-stent late loss (0.11 + 0,27
mm versus 0.36 + 0,39 mm,
P= 0,008),  

EES versusSES resulted in
nonsignificantly different
rates of in-segmentlate loss
at 24 mo (0.29 + 0.51 mm
versus 0,31 + 0.58 mm,
P= 0.59). At 3 y, the rates
of clinical outcomes were
similar between EES and SES
(for TLR: 12.8% versus 15.5%,
P= 0,15).

EES versus SES resulted in
similar rates of the composite
endpoint of death, MI, stent
thrombosis,or clinically
drivenTVR at 9 and 18 mo
(7.2% versus 7.6%, P = 0,64),
Definite stent thrombosis at
18 mo was lower with EES
(0.2% versus 0.9%, P = 0,03).

EES versus BMS resulted in
similar rates of composite
death, MI, or revasculariza-
tion, but lower rates of
TLR (2.2% versus 5.1%,
P = 0,003), Definite/probable
stent thrombosis at 1 y was
lowerin EES patients (0.9%
versus 2.6%; P = 0,01).

similar in-segmentlate loss
at 9 mo (0.10 mm versus
0.05 mm, P for noninferiority
= 0.02). Low rates of MACE
were seen in both groups.
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Teble31.3, Continued
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Trial Acronym Study EES Angiographic eae Peeeee
and Reference [Melb ie) ai WVfet10 Follow-Up) i 1g

LONG-DES:-III** Long (=25 SES 450 (all) gm EES versus SES resulted in
mm) native higher in-segmentlate loss
coronary (0.17 mm versus 0.09 mm,
lesions P = 0.046), but similar in-

stent late loss and in-stent
binary restenosis as well as
other clinical endpoints at
3 mo.

“ESSENCE- Diabetes SES —«300 (all) ly "BESversusSES resultedin
DIABETES® lower 8-mo angiographic

in-segmentlate loss (mean
0,23 mm versus 0.37 mm,
P = 0,02) and lower binary
restenosis (0.9% versus 6.5%,
P= 0.04). There wereno dif-
ferencesin clinical outcomes
between the two stents.

RESOLUTE Unselected ZES(R) 2,292 (460) 2y EES versus ZES(R) resulted in
All-Comers®*? patients comparable 1-y rates ofTLF

(8.3% versus 8.2%, P = 0.92)
and TLR (3.4% versus 3.9%,
P= 0,50), although less defi-
nite stent thrombosis (0.3%
versus 1.2%, P= 0.01) and
definite/probable stent throm-
bosis (0.7% versus 1.6%,
P= 0,05) were noted at 1 y
At 2 y, similar rates of clinical
endpoints were observed,
with a trend toward less
definite/probable stent
thrombosis (1.0% versus
1.9%, P = 0.077).

TWENTE™ Unselected ZES(R) 1,391 (none) ly EES versus ZES(R) resulted in
patients similar rates of TVR (8.1% ver-

sus 8.2%, P = 0.94) and other
clinical endpoints including
stant thrombosis at 1 year. 

1 or 2 de novo Pt-Cr EES 1,530 (none) ly EES versus Pt-Cr EES resulted
native lesions in similar rates of TLF (2.9%

versus 3.4%, P = 0.60) as well
as other clinical endpoints
at 1 y.

 PLATINUM®

EES, everolimus-eluting stents (Xience V/Pramus); BMS, bare-matal stents; PES(E), paclitaxal-aluting stents (Taxus Express platform); PES(L), paclitaxel-
eluting stents (Taxus Liberté platform); ZES(R), zotarolimus-eluting stents (Resolute platform); Pt-Cr EES, platinum chromium EES; CAD, coronary artery
disease; MVD, multivessel disease; Ml, myocardial infarction; TLR, target lesion revascularization; TVR, target vessel revascularization; TLF target lesion
failure (cardiac death, targat-vassel Ml, orTLR}; TVF, target vesselfailure (cardiac death, Ml, orTVR); MACE, major adverse cardiac events (cardiac death,
MI, or TLR).

Teleflex Ex. 2167

Page 90 Medtronicv. Teleflex
IPR2020-00134



 
Page 91

Teleflex Ex. 2167 
Medtronic v. Teleflex 

IPR2020-00134

Page 91

 726 Section Vil Interventional lech 

to SES. Excepting this trial’s results, whetherclinically appar-
entefficacy differences between EES and SESare manifest in
the highest-risk patient and lesion subsets remains unknown,

One intriguing attribute of EES that has emergedis the
low rate of stent thrombosis observed with this stent. First
demonstrated in SPIRIT TV and COMPARE, these findings
have also been validated in several otherstudies, summarized
in a metaanalysis of 13 randomized EES trials (N = 17,101)
that demonstrated lower rates of ST with EES compared to
non-FES DES." These data, combined with further observa-
tional validation of these findings,'® support the use of the
second-generation EES over previously existing first-gener-
ation DES with respect to a safety advantage (in addition to
efficacy). Further, whether EES can achieve lower or noninfe-
rior overall rates of stent thrombosis compared to BMSis an
area ofactive interest, piqued by both preclinical data as well
as studies such as the randomized EXAMINATION trial of
1,504 patients with ST-segment elevation myocardial infarc-
tion (STEMI),in which the rate of definite/probable stent
thrombosis at 1 year was significantly lower in EES-treated
patients compared to those treated with BMS (0.9% versus
2.6%: P = 0.01). Similarly, in a large network metaanalysis
of head-to-head DEStrials (49 trials, N = 50,844), the use
of EES was associated with statistically significant reductions
in 1- and 2-year stent thrombosis compared to other DES,
as well as BMS." Whether EES can definitely reduce stent
thrombosis compared to BMSis being actively tested in the
randomized controlled HORIZONS-II trial.

Anotheriteration of EES has involved theuse of everoli-
museluted by the samestable fluropolymeras in the original
EES, but on a platinum chromium stent platform (Promus
Element, Boston Scientific, Natick, MA), This stent was eval-
uated in the randomized PLATINUMtrial,” which random-
ized 1,530 patients undergoing PCI of one or two de novo
native lesions to treatment with the standard EES versus the
Promus Element stent. The rates of efficacy and safety out-
comes were very similar with both stents in this trial, which
ultimately led to FDA approvalof this EES platform.

In summary, in a broad cross-section of patients under-
going PCI, EES have shown significant improvements in
safety and efficacy outcomes overfirst-generation DES. The
finding of lower rates of stent thrombosis with FES, partic-
ularly compared to predecessor DES systems and in some
cases even. compared to BMSis notable, and suggests that
this stent may have set a new standard for DESsafety,if these
findings can be further validated in larger adequately pow-
eredclinicaltrials.

Zotarolimus-Eluting Stents
Endeavor

Although studied contemporaneously with first-genera-
tion SES and PES, the zotarolimus-eluting Endeavor stent
(ZES(E), Medtronic, Santa Rosa, CA) wasoriginally conceived
as a “second-generation DES," rapidly eluting zotarolimus
(10 pg per 1 mm stent length) from a thin layer 65.3 yim) of

 
 

the biocompatible polymer phosphorylcholine froma flexible,
low-profile (91 pm strut thickness) cobalt chromium stent.
Phosphorylcholine is a naturally occurring phospholipid
found in the membrane of red blood cells, and is resistant

to platelet adhesion.’ The potencies of zotarolimus, evero-
limus, and sirolimus are roughly comparable, and zotaroli-
mus is somewhat more lipophilic. However, the release rate
of zotarolimus from Endeavor (~90% within 7 days, 100%
within 30 days) is significantly faster than everolimus and
sirolimusare released from EESand SES stents respectively.

In the Endeavor I FIM study,'°t ZES(E) was demonstrated
to have a low rate of TLR (1%), despite a mean in-stentlate
lumen loss of 0.61 mm at 12 months, The ZES(E) was sub-

sequently compared to its base BMS in the ENDEAVORII
randomizedtrial,!* conducted in 1,197 patients with non-
complex lesions. In this trial, ZES(E) was associated with
lower rates of TVF and TLR at 9 months compared to BMS;
these results were sustained at follow-up up to 5 years. Once
again, 9-month angiographic in-stent late loss (at 0.61 mm)
in this trial was greater than previously seen with either SES
or PES, but compared to BMS, in-segment binary restenosis
was reduced from 35.0% to 13.2% (P < 0.0001).

A series of head-to-head DESstudies in the ENDEAVOR

clinical trial program was launched with a 436-patient angio-
graphic trial, ENDEAVORIII, which was designed to demon-
strate noninferiority of ZES(E) to the CypherSES. In this trial,
the amountsoflate loss and rate of restenosis at angiographic
follow-up were significantly greater with ZES(E) compared
to SES." Despite these findings, the overall rates of clinical
restenosis endpoints were not dissimilar between treatment
arms in this trial, and as such, the larger ENDEAVORIV trial
(N = 1,548) was conducted with a primary clinical end-
point(rather than an angiographic one). In this trial, which
randomized patients with noncomplex coronary lesions to
treatment with ZES(E) versus PES, despite greater late loss
and angiographic restenosis with ZES(E) compared to PES,
ZES(E) had noninferior 9-monthrates of TVF and compara-
ble 12-monthrates of TLR.“ Rates of TLR were lowest and in
fact indistinguishable between both stents particularly among
patients who wereassignedto receiveclinical follow-up alone
(rather than routine angiographic follow-up) (Figure 31.9),
emphasizing a somewhat “artificial” clinical trial phenome-
non previously described as the “oculostenotic reflex”.!" The
ENDEAVORIV findings ultimately led to device approval of
ZES(E)in the United States, The 5-year follow-upofthis trial
has been recently presented, demonstrating comparable
rates of TLR for ZES(E) compared with PES (7.7% versus
8.6%; P = 0.70), More notably, the ZES(E) demonstrated a
superior late safety profile with lower very late stent throm-
bosis (0.4% versus 1.8%; P = 0.012) and a loweroverall inci-
dence of cardiac death or MI (6.4% versus 9.1%; P = 0.048)

compared to PES at 5 years,
Several trials have compared ZES(E) to other DES in

unrestricted patient populations, In the SORT OUTIII trial,”
a trial notable for a design that employed follow-up through
a nationwide clinical registry in Denmark, 2,333 patients
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Rates of target lesion revascularization
in the ENDEAVOR IVtrial according to
the performance of angiographicfol-
low-up. The differences between stents
are minimized among the majority of
patients undergoingclinical follow-up
alone. TLR, target lesion revasculariza-
tion; ZES, zotarolimus-eluting stent;
BMS,bare-metal stent.

 

(nearly 50% of whom presented with acute coronary syn-
dromes) were randomized to ZES(E) versus SES. In thistrial,

treatment with ZES(E) was associated with higher rates of
9-month major adverse cardiac events (MACE: cardiac death,
MI, or TVR: 6% versus 3%, P = 0.0002), as well as endpoints
of ML, stent thrombosis, and TLR, differences whichpersisted
at 18 months (with the exception of stent thrombosis). The
ISAR-TEST-2 trial was a three-way 1:1:1 randomizedtrial in

1,007 patients of an investigational combination sirolimus/
probucol-eluting stent versus ZES(E) versus SES,""!Com-
pared to SES, ZES(E)resulted in higher rates of late loss, angi-
ographic restenosis (the primary endpoint), and TLRat 6 to
8 months, withsimilar rates of death, Ml, and stent thrombo-
sis. A larger study, the ZEST trial, randomized 2,645 patients
with simple and complex coronary artery disease to ZES(E),
SES, or PES."""* In this trial, while SES demonstrated the

lowest degree of late loss and binary restenosis, ZES(E) was
intermediate between SES and PES with respect to rates of
MACE, TVR, and TLR. There were nosignificant differences
in the 2-year rates of death, MI, or stent thrombosis between
the two stents.

Overall, both the pivotal approval trials within the
ENDEAVORclinical program as well as the investigator-
initiated clinical trials of ZES(E) demonstrate lesser neointi-

mal suppression with this stent compared to either SES or
PES, resulting in lesser performanceofthis stent with respect
to angiographically measured trial endpoints. However,
ZES(E) is clearly superiorin efficacy to BMS, and likely com-
parable to other stent platformsin reducing clinical restenosis
in less complex lesions, particularly in the absence of routine
angiographic follow-up. The findings of very low rates of late
acverse safety events including very late stent thrombosis as

well as cardiac death or MI"? with ZES(E) is a notable posi-
tive attribute ofthis stent, particularly in lightofthe potential
ongoing thromboticrisks of SES and PES,’"* In this regard the
large, randomized PROTECTtrial has completed enrollment
of 8,800 patients to ZES(E) versus SES, andisthefirst clini-
cal DES study powered to demonstrate a difference in stent
thrombosis between two stent platforms (with ascertainment
of the primary endpointat 3 years).

Resolute

The Resolute stent (Medtronic Inc.) is similar to the Endeavor
stent in that zotarolimusis eluted from the thin-strut cobalt-

alloy BMSplatform (in this case, the updated and more deliv-
erable Integrity cobalt-alloy BMS). However, instead ofthe
phosphorylcholine coating of the Endeavor stent, the Reso-
lute stent employs the BioLinx tripolymer coaling, consisting
of a hydrophilic endoluminal component and a hydrophobic
component adjacentto the metal stent surface. This polymer
serves to slow the elution of zotarolimus, such that 60% of

the drug is eluted by 30 days and 100% by 180 days, making
this the slowest rapamycin analogue-eluting DES,

In the single-arm RESOLUTEtrial, ZES(R),""” the pri-
mary endpointof in-stent late lumen loss at 9-months was
0.22 mm, andthe in-segmentbinary restenosis rate was 2.1%,
both significantly less than seen with other studies of ZES(E)
or BMS. Low rates of MACE, TLR, and ARC definite/prob-
able stent thrombosis were observed. Two-year data from this
study have demonstrated TLR, TVR, and TVFrates of1.4%,
1.4%, and 7.9%, respectively, with no late stent thrombosis
events,'!®

The large RESOLUTE All-Comers randomized trial of
ZES(R) versus EES was conducted in 2,292 patients®; this
trial sought to enroll a more unselected patient population
thanin prior pivotal DES trials. The rate of the primary end-
point of TLFat 1 year was similar to ZES(R) and EES (8.2%
versus 8.3%, P for noninferiority < 0.001). In this trial, the
rates of death, cardiac death, MI, and TLR were similar with
both stents, but both definite and definite or probable stent
thrombosis occurred less frequently with EES at 1 year. In-
segment late loss at 13 months (after ascertainment of the
primary clinical endpoints) wasslightly greater with ZES(R)
compared to EES (0.15 mmversus 0.06 mm, P = 0,04), but
there were no differences in rates of binary restenosis among
the 460 patients undergoing angiographic follow-up, At
2 years, similarrates of clinical endpoints including TLE TVE
MI, TLR, and TVR were observed, with a trend toward less
stent thrombosis with EES (1.0% versus 1.9%, P = 0.077),

predominantly driven by events within thefirst year.”’ Three
patients in each group (0.3%) had very late stent thrombo-
sis (thrombosis occurring beyond 1 year), One additional
investigator-initiated randomized trial of ZES(R) and EES
has been reported; in the TWENTEtrial® 1,391 unselected
patients were randomized between these two stents. Notably,
“off-label” indications occurred in >75% ofpatients enrolled.
Atl year, the primary endpoint of TVF wassimilar with both
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stents (8.1% versus 8.2%, P = 0.94), with no observed differ-
ences in other clinical endpoints, including stent thrombosis
(definite/probable; 0.9% for ZES(R) versus 1.2% for EES).

In summary, the ZES (Resolute platform)is thefirst stent
to demonstrate comparable overall safety and efficacy to the
EES, although slight differences in angiographic and clinical
outcomes between these stent platforms may exist. Larger
studies and longer-term follow-up are required to assess
whether these device-specific performance characteristics
influence outcomesin actualclinical practice, and whether
the long-term safety ofthis stent is maintained.

Biolimus A9-Eluting Stents (BioMatrix)
The BioMatrix (Biosensors International, Switzerland) stent
(BES) elutes biolimus A9 (concentration 15,6 pg/mm), a semi-
synthetic rapamycin analogue with similar potency but greater
lipophilicity than sirolimus, from a stainless steel platform.
The stent platform thatoriginally was the S-stent is currently
the Juno BMSplatform, in the BioMatrix Flex iteration of
BES. Of note, the Nobori DES (Terumo Medical Corporation,
Japan)is a similar BESthatreleases biolimus using the same
polymer systern with a different BMS platform. The Nobori
DES has demonstrated favorable results compared to PES and
SES in three modest-sized randomizedtrials.) BES are
unique, especially compared to the previously describedfirst-
and second-generation DES, in that biolimus A9is eluted from
PLLA,a biodegradable polymer which is applied solely to the
abluminal stent surface, The biolimus A9 and PLLAare core-
leased, and the polymer is converted via the Krebs cycle into
carbon dioxide and water after a 6- to 9-month period. Con-

ceptually, such a stent might not be proneto late inflammatory
reactions as are occasionally seen with durable polymers, and
thusresult in improved outcomesafter 1 year.

MBES (n= 857) OSES (n= 850)
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The BioMatrix BES was first tested in the randomized

STEALTHtrial in which 120 patients with single de novo cor-
onary lesions received either a BES or a bare-metal S-stent.'”
Treatment with BES resulted in lower in-stent late loss at 6
months (0,26 mm versus 0.74 mm for BMS, P < 0.001). The
largest trial examining the safety and efficacy of BES was the
LEADERStrial, which randomized 1,707 “all-comer" patients
(55% of whom had acute coronary syndromes) to BES versus
SES.Similarratesofall clinical endpoints were observed at
9 months with both BES and SES, including the primary study

endpoint, which was the composite of cardiac death, MI, or
TVR (9.2% versus 10,5%, P = 0.39), Among the 427 patients
allocated to angiographic follow-up at 9 months, in-stent late
loss and binary restenosis were similar with both stents. Lon-
ger-term follow-up of LEADERS to + years has been recently
reported (Figure 31.10).'* Over the entire follow-up period,
the rate of the composite primary endpointof cardiac death,
MI, orclinically indicated TVR was lower with BES compared
to SES (19% versus 23%, P = 0.039), with gradual separa-
tion of respective event curves overtime. Additionally, while
overall definite/probable stent thrombosis rates were not sig-
nificantly different (3% for BES versus 5% for SES, P = 0.20),
the rate of very late definite/probable stent thrombosis was
significantly lower with BES (6 events (1%) versus 20 events
(2%), P = 0.005). Similar results were observed when assess-
ing the endpoint of definite stent thrombosis.

Collectively, these data demonstrate that BES has similar
efficacy as thefirst-generation devices, with a favorablesafety
profile that emerges particularly beyond 1 year. However,
much larger and adequately powered studies will be required
to determine whether BES,or other devices with bioabsorbable
polymers, offer true and sustained clinical advantages to the
best-in-class second-generation DES with durable polymers.
Several studies investigating these hypotheses are ongoing.

@ BES (n= 857) ( SES (n = 850)
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 Principal clinical endpoints at 7 year (left) and 4 years (right) from the randomized all-comers
LEADERS trial of a biolimus AS-eluting stent comparedto a sirolimus-eluting stent. BES, biolimus
A9-eluting stent; SES,sirolimus-eluting stent; MACE (major adverse cardiac events) denotes cardiac
death, myocardial infarction (Ml), or clinically indicated target vessel revascularization; stent throm-
bosis refers to Academic Research Consortium (ARC) definite or probable events.
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CONCERNS REGARDING SAFETY
| OF DRUG-ELUTING STENTS AND

POOLED COMPARISONS OF DRUG-
Rea Nee aeSND yA da

) METAL STENTS
 
The evidence base for initial DES approvals by the FDA con-
sisted primarily of randomized controlled trials enrolling
largely stable patients with relatively noncomplex,single, de
novo coronary artery lesions, Data from these early studies
demonstrated similar rates of death and Ml among DES and
BMS-treated patients.”2"* Yet, due to their potent efficacy,
DES are used “olf label” (in higher-risk patients and in more
complex lesions) in 60% to 70% of cases,'** leading to con-
cerns about the safety and appropriateness of the routine use
of DESin the “real world.” Moreover, most randomized stud-

ies (especially those conducted early in the DESera) included
primary outcomesofinterest that focused uponstentefficacy,
rather than absolute safety, As such, evidence of the safety
of DES has come from two sources—randomizedcontrolled

trials, which are usually small to modest in size, and typi-
cally underpowered to assess safety endpoints such as death,
MI, and stent thrombosis, as well as large-scale observational

Study ID

SCORPIUS
SESAMI

Typhoon
Passion

BASKET(SESonly)
STRATEGY
SES-SMART
Seville
HAAMU-STENT
MISSION!
PRISONII
Pacheetal
Ortolani et al
DIABETES
RAVEL
SIRIUS
C-SIRIUS
E-SIRIUS
TAXUSII
TAXUS IV
TAXUS V

Random Effects (1? = 0.0%)
Fixed Effects

 

studies, which provide a broaderlookat the real-world use of
DES and allow more generalizability and power.

A numberof analyses have amalgamated trial data across
clinical studies to increase overall sample size. In particular,
these studies have attempted to address one of the prominent
limitations of individual DESstudies, namely the limited power
to detect differences in low-frequency safety endpoints.In the
largest and most comprehensive metaanalysis of first-genera-
tion DES versus BMSstudies (including 9,470 patients from 22
randomized trials and 182,901 patients from 34 observational
studies), the use of DES in randomized trials was associated
with comparable rates of mortality and MI, with a 55% relative
reduction in TVR (Figure 31.11).* In the observational studies
included separately in this analysis (Figure 31.12), significant
heterogeneity was observed, and treatment with DES was in
fact associated with significant reductions in overall death, MI,
as well as TVR. Thedifferences observed between the find-

ings of randomizedtrials and observationalstudies included in
this analysis highlight the difficulty in assessing nonrandom-
ized active treatment comparisons through an observational
study design. In another metaanalysis, Stettler and colleagues
incorporated comparative data from SES versus BMStrials,
PES versus BMStrials, and SES versus PEStrials in a statisti-
eal “network” oftrials to discern treatmenteffects across all

Estimate (95% Cl) Weight (%)

1.28 (0.35, 4.61) 1.86
0.43 (0.11, 1.63) 1.70
1,01 (0.38, 2.65) 3.27
0.70 (0.96, 1.36) 6.99
0,82 (0.97, 1.84) 4.80
0.84 (0.96, 1.96) 4.30
0.21 (0.02, 1.71) 0.62
1.35 (0.23, 7.78) 1,00
2.00 (0,63, 6.38) 2.30
0.48 (0.09, 2.59) 1.09
0.50 (0,09, 2.67) 1.07
1.40 (0.45, 4.95) 2.40
2.00 (0.19, 21.38) 0.55
1,44 (0.48, 4.93) 2.55
1.75 (0.73, 4.16) 4.08
1.02 (0.87, 1.54) 17.82
0.68 (0.11, 4.04) 0.95
1,08 (0.25, 2.24) 2.57
1,61 (0.57, 4.53) 2.87
0.89 (0.63, 1.25) 26.28
0.97 (0.57, 1.65) 10.92

0.97 (0.81, 1.15)
0.97 (0.81,1.15), p = 0.72

 
Favors DES Favors BMS

10

 

 
stent; BMS, bare-metal stent.

1|Mortality in randomized trials comparing drug-eluting stents to bare-metal stents (from Kirtaneetal,,
* Circulation 2009), demonstrating similar overall mortality of both stent types. DES, drug-eluting
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Study ID Estimate (95% Cl) Weight (%)

NHLBI(off label, adjusted) SS 0.94 (0.64, 1.38) 3.19 !
NHLBI (on label, adjusted) ' + 1.47 (0.87, 2.48) 2.20
Germany Metabolic Syndrome - 1.47 (0.65,3.35) 1.11
Ontario (matched) —— 0.71 (0.59, 0.84) 5.46
Mayo FFR Substudy ——>—_—- 1,00 (0.21, 4.75) 0.35
Italian Diabetic Multivessel (adjusted) —$ 1.22 (0,36,4.10) 0.56
McMaster STEMI (adjusted) << hh 0.17 (0.03, 0.97) 0,28
Rotterdam Off-Label ~_ 0.98 (0.85, 1.13) 5,85
Washington Hosp Genter (matched) —_—— 1.16 (0.78, 1.75) 3,02
Asan Korea(adjusted) —+ 0,60 (0.48, 0.79) 4.35
SCAAR(adjusted) | oe 1,03 (0.94, 1.14) 6.30
Wake Forest (adjusted) _— 0.72 (0.55,0.95) 4.31
Western Denmark (adjusted) i 1,00 (0,86, 1.17) 5.72
NY State (adjusted, unmatched) = 0.84 (0.72, 0.97) 5.77
MIDAS(adjusted) ~~ 0.66 (0.59, 0.74) 6,14
Massachusetts (matched) > 0.79 (0.71, 0.89) 6.15
STENT(adjusted) ica 0.69 (0.55, 0.87) 4.63
Liverpool (matched) >= 0.45 (0.24, 0.84) 1.70
GHOST(adjusted) =a 0.55 (0.36, 0.83) 2.91°
DEScover(unadjusted) —— 0.53 (0.35, 0.80) 2.95
Cedars Acute MI 0,82 (0.37, 1,83) 1.16
REAL(adjusted) —— 0.83 (0.70, 0,98) 5,55
Melbourne 0.67 (0.23, 1.94) 0.71
Multicenter SVG (adjusted) 4.33 (0.47, 3.76) 0.74
ACUITY (from RCT) 0.63 (0.49, 0.82) 4.50
RESTEM 0.73 (0.51, 1.05) 3.40
ARTS II (from RCT) 0.74 (0.41, 1.95) 1.83
ERACI Ill (from RCT) 1,18 (0.54, 2.58) 1.20
Sussex Elderly 0.72 (0.30, 1.72) 1.00
SMART 0.59 (0.48, 0.71) 5.23
Northern New England(adjusted) 0.51 (0.26, 1.00) 1.53
Random Effects (P = 70.9%)
Fixed Effects

 
A Favors DES

 
 0.78 (0.71,0.86), 2 <0.001

0.81 (0.78,0.85)

—
Favors BMS 10

 

 

Figure31.12 | 
eluting stent; BMS, bare-metal stent.

includedtrials.’ In this analysis of 38 trials including data
from 18,023 patients, TLR was lower with SES and PES com-
pared to BMS, with similar mortality among patients treated
with SES, PES, and BMS,In this analysis, a reduction in the
hazard of MI was observed with SES compared to both BMS
(hazard ratio [HR] 0.81, 95% credibility interval 0.66 to 0.97,
P = 0,030) and PES (HR 0.83, 0,71 to 1.00, P = 0.045).

In additionto these and other analyses, numerous obser-
vational studies have focused uponthe examination of low-
frequency safety endpoints when comparing first-generation
DESto BMS,across a wide range ofclinical indications, More
than 50 nonrandomized comparisons between DES and BMS
have been published and/or presented to date. Aside from
the initial publication of data from SCAAR registry'® that
was subsequently revised with the addition of longer term
follow-up,” the majority of these studies have demonstrated

Mortality in observational studies comparing drug-eluting stents to bare-metal stents (from Kirtane
et al., Circulation 2009), demonstrating a reduction in mortality with drug-eluting stents. DES, drug-

favorable safety for DES compared to BMS. For example, in
the largest such analysis of DES safety, which was conducted
using data from 262,700 Medicare beneficiaries in the United
States, the use of DES was associated with lowerrates of death
(13.5% versus 16.5%, P < 0.001) and MI (7.5% versus 8.9%,
P < 0,001) with minimaldifferences in bleeding.'”

Despite the reassuring findings from these and other
observationalregistries of unselected DES use,it is our opin-
ion that data from these nonrandomized comparisons of
DES versus BMS should be considered exploratory at best,
and potentially misleading. This opinion is based upon sev-
eral factors: (1) Nonrandomized treatment comparisons are
subject to significant unmeasured confounding that cannot
be adequately accounted for using conventional statisti-
cal methodology; (2) Mortality reductions have never been
observed in randomized trials comparing first-generation

li
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DES to BMS; and (3) In propensity-matched observational
analyses comparing DES to BMS, the majority of benefit
of DES compared with BMS was evident within the first
30 days after implantation,"a difference that does not appear
to have an adequate pathophysiologic explanation. These
limitations notwithstanding, the abundance of randomized
trial and observational data with DES has been reassuring,
demonstrating efficacy of DES in reducing clinical resteno-
sis, and with no major safety concerns compared to BMS. As
described in the earlier sections on second-generation DES,
there are now emerging data demonstrating improvements
in safety outcomes with ZES(E), FES, and BES compared to
first-generation DES and even compared to BMS.Thesefind-
ings, in conjunction with superior and/or similar efficacy of
second-generation DES, suggest that the comparison between
the second generation DES and BMS may be hypothetically
even more favorable than prior studies comparing first-
generation DES to BMS, At present, however, this remains
unprovenas direct comparisons between second-generation
DES and BMSarescant.

BIOABSORBABLE DRUG-ELUTING
STENTS 

All BMSand DESplatforms in clinical practice today are per-
manentcoronary prostheses. As described above, in orderto
mitigate adverse vascular responsesto older DES, newer DES
platforms have tried to achieve BMS-like biocompatibility
througheither inert durable polymers or bioabsorbable poly-
mers. Building further upon this approach is the concept of
a completely bioabsorbable scaffold (or bioabsorbable stent).
This concept had been investigated prior to the DES era,!”
but remainedlargely dormantuntil recentefforts to combine a
bioabsorbable platform with the antirestenotic efficacy of DES.

Several bioabsorbable DES are currently undergoing
clinical trials, The stent at the most advanced stage of inves-
tigation and with the mostclinical data is the Bioabsorbable
Vascular Solutions EES (BVS-EES, Abbott Vascular, Santa
Clara, CA). The BVS-EES (Figure 31.1 3) isa polymeric bioab-
sorbable scaffold constructed of PLLA with a thin mixture of
poly-D, L-lactie acid (PDLLA)thatserves as the drug-carrier
vehicle for everolimus at a concentration of 8.2 mcg/mm. The
PDLLA enables controlled release of everolimus, with 80%
elution by 30 days. The BVS-EES has an overall strut thick-
ness of 150 ym in order to maintain structural integrity of the
stent in coronary applications.

The BVS-EES was initially investigated in the ABSORB
FIM study (ABSORB Cohort A) completed in 2006."*? In this
nonrandomized, open-label study of 30 patients receiving
BYS-EES in noncomplex de nove coronarylesions, device suc-
cess was 94% with a MACErate of 3.3% (one MIeventand no
TLR). Although a comparative study with cobalt chromium
EES demonstratedsimilar acuterecoil with BVS-EESto EES,"
in ABSORB, angiographic in-stentlate loss was 0.44 mm, and
appeared to berelatedin large part to late recoil ofthe scaffold’
rather than neointimal hyperplasia. Nonetheless, follow-up to

731

 
Bioabsorbable Scaffold (BVS, Abbott
Vascular). (Courtesy of Abbott Vascular.
©2013 Abbott.All Rights Reserved.)

5 years has demonstrateda persistently low MACErate (3.4%)
without any further occurrenceoflate complications.'** After
a manufacturing and design modification to the BVS-EES
(in order to improve strut strength and enabling storage at
room temperature), enrollment in Cohort B of the ABSORB
trial ensued.” The Cohort B patients (total of 101 patients)
represent two separate groups of patients undergoing vari-
ous modesof invasive and noninvasive follow-up (including
angiography, IVUS, optical coherence tomography (OCT),
and multislice computed tomography)at different timepoints
(6 months and 24 months, and 12 months and 36 months).
The cumulative rate of MACE at 18 months was reported to be
6.7%, comprising 3 MI events and 4 TLR events.!* There have
been no observed stent thrombosis events in either cohort of
the ABSORBtrial. Furthermore, OCT analyses from Cohort
B have demonstrated persistence of the mechanical scaffold-
ing properties of BVS-EES despite evidence of reductions in
strut core area.Strut malapposition has been rare, and strut
coverage occurred in almost 97% ofstruts at 12 months. The
ongoing ABSORB EXTENDtrial in up to 1,000 patients with
up to two de novo coronary lesions will further expand the
clinical evidence base of the BVS-EES.

Aside from the intuitive appeal of fully bioabsorbable
scaffolds, other potential advantages ofthis technology relate
to a restoration of normal arterial vasomotion and arterial
function (including resolution of side branch jailing and
obstruction), visualization of coronaryarteries via noninva-
sive means, and potentialfacilitation of repeat interventions,
if needed, These advantages would theoretically come in
addition to mitigating any adverseeffects of existing perma-
nent stent platforms (both DES and BMS).

DRUG“ELUTING STENT SUMMARY

In summary, significant progress has been made with sec-
ond-generation DES compared to their first-generation
counterparts in terms of enhanced deliverability (through
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thin-strutted cobalt alloy, cobalt-chromium, and platinum-
chromium platforms), safety (including ZES(E), EES, and
BES), and antirestenotic efficacy (EES, ZES(R), and BES).
Ongoing and future studies with these stents as well as future
third-generation DES and even bioabsorbable scaffolds are
needed to determine whether these benefits will constitute
further incremental improvements over BMS, particularly
regardingsafety.

STENT IMPLANTATION TECHNIQUE

Achieving optimal stent outcomes requires operator skill
in guide catheter, guidewire, and stent selection and usage.
Understanding the utility of adjunctive imaging and physi-
ologic lesion assessment catheters (e.g., [VUS, fractional
flow reserve [FFR], OCT; see Chapters 24 and 25), lesion
modification devices (e.g., atherectomy, thrombectomy),
and distal protection devices (see Chapter 29) is also criti-
cal to optimizing stent results. Perhaps most important,
however, intimate knowledge is required regarding the
appropriate indications for stent implantation versus alter-
native medical therapy or surgical revascularization, iden-
tification and treatment of high-risk patients and lesions,
appropriate use of adjunct pharmacotherapy, and the recog-
nition and management ofstent-related complications (see
Chapters + and 5).

Technical Aspects of Coronary Stent
Implantation
Guide Catheter and Guidewire Selection
Optimal guide catheterselection is critical for the successful
completion of moststent procedures and requires the opera-
tor to considerpriorto the case the amountof backup support
required and the luminal dimensions of the guide to accom-
modate the deviceslikely to be used. Stenting of noncomplex
lesionsis typically performed through 6F oreven smaller (e.g,
5F) guiding catheters. Smaller-diameter guides, however,
provide reduced backup support, a disadvantage that may
necessitate active guide catheter manipulation (deep guide
intubation), a technique thatis usually safe when performed
by experienced operators,although it may occasionally result
in proximal coronary dissection requiring placement of addi-
tional stents,

If significant guide catheter backup support is antici-
pated (e.g., fibrocalcific or tortuous vessels, distal lesions,
or chronic total occlusions[CTO]), or simultaneous deliv-
ery of multiple wires, stents, or use of atherectomy devices
is planned, larger-dimension guiding catheters (typically 7F
or SF) or those with specialized shapes (e.g., Extra-Back
Up or Voda shapes for the left coronary artery, and hockey
stick or Amplatz shapes for the right coronary artery and
SVGs) should be chosen. Larger guiding catheters may also

be required for stenting of bifurcation lesions when a two-
stent technique that requires contemporaneous delivery of
both stentsis required. An alternative to larger guidesizes to
increase supportis the use of a “mother-daughter” technique,
or coaxial deploymentof a smaller catheter through anexist-
ing guide catheter system,

Floppy wires should be used for moststent implant pro-
cedures, although at least medium shaft support is required
to advance most stents. More complex guide-anchoring tech-
niques or a second parallel (“buddy”) wire placed alongside
the wire being used may be considered furtheraidsto deliver
the stent when difficulty advancing the stent over an extra-
support wireis still encountered.

Stent Selection and Techniques
to Optimize Acute and Long-Term
Outcomes

Optimal stent selection and implantation technique will
minimize procedural complications, reducetherisk of stent
thrombosis, and enhance long-term freedom from resteno-
sis. Key issues include selection of the appropriate stent
(including stent diameter and length), implantation pres-
sure, the decision whether to predilate versus direct stent,
and whetherto postdilate or implant additional stents to
achieve an optimal result (Table 31.4). Balloon-expandable
rather than selfexpanding stents are almost universally
used for coronary applications, given their simplicity and
accuracy in positioning. Open cell designs are generally
more trackable than closed cell stents and may be favored
in tortuous vessels where conformability on bendsis impor-
tant or when stenting across bifurcation lesions (to reduce
the risk of side branch closure and preserve side branch
access), Closed cell designs, in contrast, may be desirable
when uniform or optimal scaffolding is required, such as
in ostial lesions, Excessive force should never be applied in
trying to pass a stent across a rigid, nondilated lesion, such
efforts are likely to be unsuccessful and increase the risk
of stripping the stent from the balloon,If guide support is
adequate andthe stent does noteasily pass across the lesion,
it should be carefully withdrawn back into the guide cath-
eter underfluoroscopic visualization and the lesion should
be aggressively predilated before an attempt to readvance
the stent is made.

The optimal pressure for stent implantation has been
a matter of some debate. Colombo first demonstrated that
high-pressure stent implantation techniques were impor
tant to achieve optimal stent expansion and to appose the
stent completely to the vessel wall. Although Colombo ini-
tially achieved these results with the use of adjunctive [VWUS
imaging,” acceptable results were also demonstrated with
moderate-pressure implantation techniques without IVUS
imaging,"Ina randomizedtrial of high (mean 16.9 atm)vet~
sus moderate (mean 11,1 atm) pressure for stent implantation
in 934 patients, similar rates of stent thrombosis and reste-
nosis were observed.'! In contrast, in a second randomized
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Tobie31.4Guidelines for Optimal Stent Selection and Implantation “uh

1. Choose the optimal stent length
 

 

A. Ensure adequate lesion coverage while avoiding excessively long stents, as stent length is a risk factor for
periprocedural myonecrosis, stent thrombosis, and restenosis.  

B. Implant the stent from normal reference to normal referenceif possible (starting 2 mm before and after the
lesion shoulder), which will avoid edge dissections. An edge dissection, unless mild, often requires
treatment with an additional short (8-10 mm) overlapping stent.  

C. Indiffusely diseased vessels, a normal reference segment often cannot be identified. The most severe ath-
erosclerotic segments should be stented so there are no major inflow or outflow lesions proximal or distal
to any stenosis. Spotstentingis likely preferable to the “full metal jacket” Avoid stenting over potential graft
anastomosis site (e.g. mid-distal LAD). 

D. For long lesions, use one longstentif possible.If multiple stents are required, they should overlapby
~2 mm to ensure completelesion coverage but minimizing thetotal length of overlap. 

2. Choose the optimal stent diameter   
A. Size the stent diameter with a ratio of 1.0-1.1:1 to the distal reference vessel diameter. Be cognizant that the

size of the distal vessel can be underestimated due to proximal severe disease or spasm (e.g. in the setting
of acute myocardial infarction). 

B.  |fthe vesselis tapering, a larger noncompliant balloon can then be used to morefully expand the proximal
stent segments. 

 

C. Be aware that within the same stentline, different-sized stents exist for different-diameter vessels. Oversizing
stents designed for small vessels will lead to inadequate scaffolding and possibly strut fracture.  

3. Predilatation versus direct stenting
 

 

A. Direct stenting may be considered when guide catheter support is good to excellent. Lesions not gener
ally amendablefor direct stenting include those with excessive vessel or lesion tortuosity or calcification,
diffuse disease or subtotal stenoses,bifurcations, acute myocardial infarction, or chronictotal occlusions,
While direct stenting is faster than predilatation prior to stenting, recognition of the potential for inadequate
expansionis critical prior to deploying a stent that then cannot be expanded, whichis a major risk factor for
stent thrombosis and/or restenosis. 

B. Ifdirect stenting is not feasible, predilatation should be performed with balloons undersized to the refer-
ence diameter by 0.5 mm, and with length shorter than the lesion so as to not extend the length of stenosis
requiring stenting. If this degree of predilatation does not allow stent passage, larger and/or higher-pressure
balloon inflations may be required. 

4. Implant and postdilate the stent at adequate pressure  

A. Most stents (except those mounted on a very compliant delivery system) should be implanted using at least
12 atm ofinflation pressure. 

B. Higher routine implantation pressures and/or requisite high-pressure postdilation with a noncompliant
balloon (16-18 atm or greater) are preferred by manyto optimize stent expansion and are often required in
fibrocalcific lesions. 

C. Indiffusely diseased vessels, consider implanting the stent at 10-12 atm to avoid edge dissections, and then
postdilate the stent at higher pressures using a short noncompliantballoonpositioned within the stent margins.  

5. Strive for an optimal angiographic stentresult, defined as 
A. Aresidual stenosis <10% 

No edgedissection greater than NHLBI type A  

TIMI grade 3 flow 

. Patencyof all side branches =2.0 mm in diameter  mio)9]a
Absenceofdistal thramboemboli, perforation, or other angiographic complications with associated chest
pain, electrocardiographic changes, or hemodynamic instability

NHLBI, National Heart, Lung, and BloodInstitute; TIMI,Thrombolysis in Myocardial Infarction.
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trial, routine high-pressure (17.0 atm) versus low-pressure
(9.9 atm) stent implantation resulted in greater initial and
6-month follow-up minimalstent cross-sectional areas.'”

More important than the actual deploymentpressure is
the overall degree of expansion of the stent itself. Inadequate
stent expansion has been linked to both stent thrombosis
as well as restenosis,"The use of compliance charts
supplied by stent manufactures can be misleading, as they
reflect ex vivo sizing; in vivo, stent size is determined not
only by the inflation pressure but also by the compliance
of the vessel, and systematic undersizing of stents has been
observed whenstents are assumedto be sized based upon
manufacturers’ compliance charts." Complete lesion cover-
age without edge dissections is also believed to be impor-
tant, as is the elimination of inflow and outflow stenoses that
can compromise flow and lead to stent thrombosis. [mplan-
tation of additional short stents may be required to cover
edge dissections and achieve optimal lumen dimensions.‘
With optimal stent implantation technique, stent throm-
bosis should occur in no greater than 1% of patients."”
Although routine high-pressure stent implantation and high
balloon-to-artery ratios result in greater stent expansion and
optimize late outcomes, care must be taken to avoid edge
dissections and perforation.

The use of adjunctive imaging technologies including
IVUS and OCT (see Chapter 25) can often be helpful to the
operator in real time. These invasive imaging technologies
facilitate the accurate assessment of true (media-to-media)
vessel size prior to stent implantalion, and can be useful post
deployment in assessing how well the stent has expanded
and whether there is any malapposition of stent struts. The
prospective data on the use of IVUS-guided stent implanta-
tion, however, is mixed," pattially due to the high level
of experience of operators enrolling in trials of 1VUS-guid-
ance (these operators’ stent implantation techniques are
often modified even in the absence of IVUS based upon their
knowledge of TVUS-based parameters of stent implantation).
There are emerging data on the use of other imaging tech-
nologies including OCT as an adjunct to stent implantation.
At present, IVUS(and/or OCT)is currently used in <10% of
patients undergoing stent implantation in the United States,
4 reflection of the learning curve this technique requires, dif-
ficulties in incorporating the information IVUS provides into
treatment decisions, logistic issues, and lack of widespread
reimbursement.

Like adjunctive imaging technologies, physiologic lesion
assessment (measurementofeither coronary flow reserve or
FFR) has utility during coronarystent implant procedures (see
Chapter 24), FFR can be used to identify the hemodynamic
significance of intermediatelesions, thereby providing direct
physiologic evidence to the operator who can then address
the suitability of the lesion for treatment." The use of an
FFR-guided strategy of stent implantation for patients with
multivessel disease has been shown to improve outcomes
over an angiography-alone guided strategy in a randomized
clitical trial." The use of FFR in the FAMEtrial was notonly

associated with a lower rate of adverse events, but was also
less costly due to a greater number of deferred lesions in the
FFR-guided group.'* FFR can also be used to determine the
adequacy ofstent implantation; an FFR of < 0.95 correlates
with an underdeployed stent by [VUS."° Finally, FFR may
also be useful in provisional stenting approaches to identify
cases where distal or side-branch disease may beleft alone,
thereby avoidingthe use of an additional stent.!°?

Role of Plaque Modification Prior to
Coronary Stent Implantation
The amountofplaquepresentprior to and after stent implan-
tation has been shown to be a strong determinant of sub-
sequentrestenosis,'® leading to the hypothesis that plaque
debulking using either directional or rotational atherectomy
devices prior to stenting would enhance event-free survival,
Similarly, the circumferential extent of calcium is a strong
determinant of inadequate stent expansion,’ andpilot stud-
ies initially demonstrated greater stent dimensions when
stenting was preceded by high-speed rotational atherec-
tomy,'.16Unfortunately, randomized trials have been unable
to demonstrate improved clinical or angiographic outcomes
with atherectomyprior to stent implantation compared with
stenting alone! particularly in light of the profound
effects of DES on reduction of restenosis.

At present, rotational atherectomy prior to stenting is
used in “niche” indications, primarily to treat heavily calci-
fied lesions or thoseresistant to balloon crossing or predila-
tation. In these cases, if rotational atherectomy is applied
safely and with good operator technique, this technique can
markedly improve the deliverability of coronary stents to the
target lesion. Directional atherectomy may still play a role in
selected cases of stenting in ostial, bifurcation, or left main
lesions to reduce plaque shift and subsequent side-branch
compromise (see Chapter 29), butat present, this technique
is reserved almost exclusively for the treatmentofperipheral
arterial lesions (see Chapter 34), Similarly, the major contem-
porary role for excimerlaser angioplasty is in the treatment
of peripheral arterial lesions and in rare cases for recalcitrant
coronarylesions or refractory stent underexpansion.

COMPLICATIONS OF CORONARY
STENTING 

Stent Thrombosis
The most feared complication following stent placementis
stent thrombosis, which while fortunately rare (occurring in
~0,5% to 1% of patients within | year), in more than 80% of
patients presents as acute MI, Treatment for stent thrombo-
sis is almost always emergent repeat PCI, although optimal
reperfusion is only achieved in two-thirds of patients.'** As
a result, stent thrombosis has been associated with 30-day
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mortality rates of 10% to 25%.'*°"°* Moreover, approximately
20% of patients with a first stent thrombosis experience a
recurrent stent thrombosis episode within 2 years.!*” Thus,
understanding and preventing this complication is of para-
mount importance.

The most widely utilized definition and timingclassifi-
cation of stent thrombosis was developed by the Academic
Research Consortium (ARC),!* with definite or probable stent
thrombosis considered the best tradeoff between sensitivity
and specificity (Table 31.5). Stent thrombosisis also classified
as primaryif itis directly related to an implanted stent, or sec-
ondary ifit occurs at the stent site after an intervening TLR
event. Primary stent thrombosis after BMS typically occurs
within the first 30 days after implantation, althoughrarely
can occurlater.’ In contrast, primary stent thrombosis after
DES can occur years afterward, with an annual incidence of
0.2% to 0.3% in patients with noncomplex coronary artery
disease,’”"” and 0.4% to 0.6% after unrestricted use, particu-
larly with first-generation DES (Figure 31,14).'°'"° Thus, pri-
mary stent thrombosis rates during long-term follow-up are
higher with most DES than BMS,with the differences emerg-
ing predominately beyond the first year after implant"?
However, after taking into account secondary stent throm-
botic events after TLR proceduresfor restenosis (which occur
more commonly after BMS than DES), the overall incidence
of stent thrombosis (primary plus secondary) does not seem
to be increased with DES compared to BMS,” and the overall
late rates of death and MI have been similar with DES and

BMS. From a clinical perspective, the benefits of DES in
reducing restenosis and subsequent MACE have been dem-
onstratedto offset the small excess risk of late primary stent
thrombosis with DES in an analysis of patients enrolled in the
pivotal PES approvaltrials.'"* Additionally, given the results

of longer-term follow-up with second-generation devices
including EES, ZES(E), and BES, which have demonstrated
low rates of stent thrombosis compared to first-generation
DES, whether these devices havethe ability to further reduce
stent thrombosis rates compared to BMS’is an area of active
investigation.

The mechanisms underlying stent thrombosis are mul-
tifactorial (Table 31.6), and include patient-related factors,
procedural factors (including stent choice), and postproce-
duralfactors (including type and duration ofantiplatelet ther-
apy).Stent thrombosis occurs more frequently in complex
patients and lesions, especially in patients with acute coro-
nary syndromes and thromboticlesions, diabetes, renal insuf
ficiency, diffuse disease, small vessels, and bifurcationlesions
requiring multiple stents.'4719447178 Variability in the anti-
platelet response to clopidogrel (either identified through
loss-of-function mutationsto the enzyme responsible for con-
version of clopidogrel to its active metabolite” or through
testing of platelet responsiveness) has been identified as
an independentrisk factor for early stent thrombosis. While
more potent dual antiplatelet therapies such as higher-dose
clopidogrel, prasugrel, or ticagrelor can reduce the incidence
of stent thrombosis, particularly in those at risk for resis-
tance,!*'® these regimensare also associated with a greater
risk of bleeding complications, and their use in unselected
patients undergoing PCI is at present unproven.’®It is thus
essential to carefully consider the individual patient's risk of
stent thrombosis (and MI) compared to bleeding before using
these regimens. ‘

Procedural factors associated with stent thrombosis

include the stent type selected (whether BMS or DES, and
even the specific DES used), as well as whether the stent is
adequately expanded and apposed to the vessel wall and is

 
Classification  

 

   

 

 

 

  

 

Definite An acute coronary syndrome with angiographic or autopsy evidence of thrombusor occlusion
within or adjacent to a stent.

Probable Unexplained death within 30 d afterstent implantation or acute myocardial infarction involving the
target-vessel territory without angiographic confirmation.

Possible Any unexplained death beyond 30 d after the procedure.

Timing 7

Acute Within 24 h (excludes events within the catheterization laboratory)
Subacute 1-30 d

Early Within 30d

Late30dTy
~Verylate=AfterTy 
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dam” Wenaweseret al., JACC 2008).
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placed in a vessel with sufficient “runoff” to support adequate
flow through the stent.'**!®” Hypersensitivity reactions to the
DES polymer and vascular inflammation have been associ-
ated with stent thrombosis.*2"8 Some DES polymers (par-
ticularly those not specifically designed for biocompatibility)
may be inherently thrombogenic, and prone to webbing and
peeling, serving as a nidus for thrombosis. Strut fractures
(which occur most commonly with stainless steel closed
cell stent designs, such as SES, especially with overlapping
stents in the right coronary artery!" have been pathologi-
cally and occasionally clinically linked to stent thrombo-
sis.’ Whether late acquired stent malapposition is a cause
oflate stent thrombosis, or merely a reflection of underlying
vascular toxicity to the drug or polymer with positive ves-
sel remodeling is uncertain." It is also uncertain whether
malapposition alone (in the absence of underexpansion) is a
determinant of late stent thrombosis. The most commonly
proposed explanation underlying the increased rate of very
late primary stent thrombosis with DES compared to BMSis
delayed or absent endothelialization ofstentstruts, Virmani
etal.first observed from autopsy studies that BMSstrut endo-
thelialization is 100% complete by 6 months, whereas DES
never achieve >50% endothelial cell strut coverage, even

beyond 3 years after implantation.'* Similar findings have
been reported in vivo with angioscopy'” as well as by OCT.”
Finally, a recently reported observation is thal somecases of
very late stent thrombosis may be due to the developmentof
neoatherosclerosis within stents with new plaque rupture.'”°

 

The rates of stent thrombosis may be decreasing with

improvements in stent technology, imaging, and adjunct
pharmacology. A large nonrandomized propensity-controlled
study has suggested that TVUS guidance may reduce stent
thrombosis at both 30 days and 1 year.’As discussed above,
less reactive and biocompatible polymers and improvements
in stent design have significantly reduced the rates of early
(EES) and late (EES, ZES(E), and BES) stent thrombosis,
Therole of potent antiplatelet therapy for the prevention of
stent thrombosis, particularly in the early phase, is well estab-
lished."*16.5820 While observational studies have uniformly
documented that premature thienopyridine discontinuation
within 6 months after DES placementis strongly associated
with stent thrombosis"!whether prolonged dual anti-
platelet therapy beyondthis time reduces stent thrombosis
and/or death and MIis unknown, with some studies in sup-

port of this hypothesis?”and others against2°'?® In this
regard the potential benefits of prolonged dual antiplatelet
therapy, including the prevention of stent-related and non-
stent atherosclerosis-related adverse events must be weighed
against the persistent risk of ongoing major bleeding with
combination therapy.

Three published randomized trials have tested this
hypothesis (Figure 31.15). In the pooled REAL-LATE/
ZEST-LATEtrial, 2,701 patents who were MACE-freefor at
least 1 year after DES (SES, PES, or ZES) were randomized
to an additional 2 years of clopidogrel along with aspirin
or aspirin alone.*® There were no significant differences
between the two groups in the late occurrence of the pri-
maty endpoint or cardiac death or MI, or of definite stent
thrombosis, and paradoxically the composite endpoint of
all-cause death, MI, or stroke was increased with prolonged
clopidogrel use, The PRODIGY trial randomized 2,013
stented patients (treated with BMS, ZES(E), SES, or PES)
to 6 versus 24+ months of dual antiplatelet therapy with
aspirin and clopidogrel, and demonstrated similarrates of
adverse ischemic events (including stent thrombosis) with
both strategies, and a greater incidence of hemorrhagic
complications with extended duration therapy.’*” Finally,
the EXCELLENTtrial randomized 1,443 patients after DES
implantation (with SES or EES) to 6 versus 12 months of
dual antiplatelet therapy, and also demonstrated similar
rates of ischemic events, including stent thrombosis, with
bothstrategies.The event rates from each of these stud-
ies, however, are small, and therefore none of these stud-
ies are adequately powered to demonstrate definitively the
most optimal duration of dual antiplatelet therapy follow-
ing DES implantation. Several additional randomized trials
are ongoing to address therelative safety and efficacy of pro-
longed dual antiplatelet therapy, the largest and most mean-
ingful of which is the Dual Antiplatelet Therapy (DAPT)
Study, in which 20,645 patients free from MACE 1 year after
SES, PES, EES, or ZES implantation are being randomized
to aspirin alone or aspirin plus a thienopyridine (either
clopidogrel or prasugrel), with follow-up for an additional
18 months.*
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Patient-related factors relating to increased thrombogenecity:

‘i Smoking
"ll Diabetes

  

 

B® Chronic kidney disease  

B Acute coronary syndrome presentation 

oS Thrombocytosis  

“B® High posttreatment platelet reactivity 
@ Premature discontinuation or cessation of dual antiplatelet therapy  

a Surgical procedures (unrelated to the PCI)  

Lesion-basedfactorsrelating to adverse rheology/thrombogenicity within stents: 
ll Diffuse coronary artery disease with long-stented segments

@ Small vessel disease

 

 

@ Bifurcation disease  

® Thrombus-containing lesions 

® Significant inflow or outflow lesions proximal or distal to the stented segment 

Stent-related factors:

® Poor stent expansion 

BH Edge dissectionslimiting inflow or outflow 

@ Delayed or absent endothelialization of stent struts

 

 
®@ Thicker stent struts  

B Hypersensitivity/inflammatory and/or thrombotic reactions to specific DES polymers (N.B. specific polymers may
have a protectiveeffect) 

@ Strut fractures  

B® Late malapposition/aneurysm formation 

® Developmentof neoatherosclerosis within stents with new plaque rupture

Treatment of Stent Thrombosis

Prompt reperfusionis critical when treating stent thrombo-
sis, particularly when it presents as acute ST-elevation MI.
While stent thrombotic events can be treated with fibrinolytic
therapy, emergent PCIis typically the rule. Stent thrombosis
may be treated with emergent thrombectomy (either aspira-
tion or mechanical) or with balloon angioplasty alone, often
in conjunction with administration of more potent antiplate-
let regimensincluding glycoprotein ITb/Illa inhibitors.” The
placement of additional stents should usually be avoided
unless a mechanical reason for the initial thrombotic event

is ascertained (e.g. edge dissection or residual untreated dis-
ease). The use of adjunctive imaging such as IVUS or OCT
will often reveal a possible cause of stent thrombosis, such

as stent underexpansion or malapposition, residual dissec-
tion, or significant inflow or outflow stenosis, and is thus
recommended following thrombectomy. In the absence
of a mechanical cause, hematologic evaluation should be
performed to exclude a hypercoagulable state (including
resistance to aspirin or clopidogrel) or thrombocytosis. Main-
tenance antiplatelet therapyis typically escalated in cases of
stent thrombosis (e.g. clopidogrel is switched to prasugrel or
ticagrelor, or cilostazolis added).

Restenosis

Restenosis is most commonly defined as renarrowing to a
diameter stenosis >50%, either within the stent or within

Teleflex Ex. 2167

Medtronic v. Teleflex

IPR2020-00134



 
Page 103

Teleflex Ex. 2167 
Medtronic v. Teleflex 

IPR2020-00134
 

Page 103

738 (Sedtion|vilinisiventionalTechniques
O Shorter Duration Bf Longer Duration

 
=

g |
g
£

2%

=

f
5
“

REAL-LATE/ZEST-LATE PRODIGY EXCELLENT
N=2701 N= 2013 N= 1443

12 mo vs. 24 mo 6 mo vs. 24 ma 6 mo vs. 12 mo
(2 yearrate) (2 yearrate) (1 year rate) 

‘Figure31.15. Outcomesin three randomizedtrials of extended-duration dual antiplatelet therapy versus
standard-duration therapy after stenting.

5 mm proximal or distal to the stent margin. By increasing
acute luminal gain**? and eliminating late recoil and nega-
tive vessel remodeling," BMS reduce the rates of restenosis
compared to balloon angioplasty.*’ However, stents induce
more arterial injury than stand-alone balloon angioplasty,
and therefore elicit a greater absolute amount of neointimal
hyperplasia developing overthefirst 6 to 12 months after the
procedure.’As a result, BMS result in binary angiographic
restenosis in 20% to 40% of lesions (with even higher rates
observed depending on patient and lesion complexity).
While restenosis most commonly presents with stable angina
and exercise-induced ischemia within 1 year of stent implan-
tation, it has become increasingly recognized that restenosis
presents as an acute coronary syndrome in as many as 25% of
patients, occasionally even with STEMI???

Thecauses ofrestenosis after stent implantation are mul-
tifactorial, In addition to excessive late neointimal hyperpla-
sia, restenosis alter BMS and DES has been associated with
stent underexpansion,?!"?"* edge dissections, and residual
untreated disease,"’#" geographic miss,” and strut frac-
tures. 187190220 Some! but not all*4"3 studies have found an

association between nickel allergy and restenosis after BMS
or DES, Genetic mutations in the genes encoding mTOR or
polymorphisms in the genes encoding proteins involved in
paclitaxel metabolism may result in resistance to SES and PES
respectively,“*Other genetic polymorphisms have also
been associated with restenosis"! Excessive inflammation

fromfirst-generation DES polymers (specifically eosinophilic
reactions to PES and granulomatous reactions to SES) may
provokelate restenosis,""7""

Numerous studies have demonstrated that the most

reproducible determinates of restenosis after BMS implanta-
tion are the presenceofdiabetes mellitus (especially if insulin
is required), small RVD, and long lesion length.?”?"" Other
factors associated with restenosis are treatment of ostial and/

or calcified lesions, true bifurcation lesions requiring main
vessel and side branch stents, CTOs, and SVGs.*? The same

factors are associated with (relatively) higher rates of DES

restenosis, although to a lesser absolute scale because of the
profound effects of DES in limiting the intimal hyperplastic
response to stent implantation. Angiographic and clinical
restenosis (as well as death, MI, and stent thrombosis) after
DES occursless frequently in FDA-approved “on-label” lesions
(generally noncomplex lesions for which safety and efficacy
have been established by large-scale randomizedtrials) than
in less studied and more complex “off-label” lesions,°%*
although in nearly all cases DES have been shown to reduce
TLR compared to BMS.%7*" As discussed above, newer
DESplatforms(especially EES, ZES(R), and BES) have been
shown to possess improved efficacy and safety. In addition, by
facilitating the operator's ability to achieve larger lumenareas,
IVUS may reduce restenosis and improve clinical outcomes
after BMS." No randomized trial has been adequately
powered to demonstrate a reduction in TLR with IVUSafter
DES implantation, although the recently reported AVIOtrial
demonstrated that the postprocedural minimalluminal diam-
eter was significantly greater with [VUS guidance.’

The incidence of angiographic restenosis after BMS
implantation peaks within approximately 6 months, thereaf-
ter, continued organization of the extracellular matrix results
in slight luminal enlargement, and serial angiographic and
IVUS studies have rarely shown late restenosis.*"*? More
recently late neoatherosclerosis with plaque rupture within
the stented segment has been described as a possible cause
of restenosis occurring years after BMS.*? In contrast, a
small amountof incremental angiographic late loss has been
described for several years after SES and EES implantation,
although reports on very late loss after PES have been con-
flicting.'°°2*2"" These observations imply the existence of
low-grade chronic vascular inflammation from either the
polymerorlack of healing. However, when comparedto their
BMScounterparts (or with EES versus PESin the SPIRIT tri-
als), there has beenlittle evidence demonstrating late loss
to be ofclinical relevance during extended follow-up of 2 to
5 years, !!!116170.248.249251 Ty the largest randomized trial exam-
ining theissue of “late catch-up” (SIRTAX), 1,012 patients
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were randomizedto PES versus SES and followedfor 5 years,

with angiographic follow-up performed systematically at
8 months and 5 years.”° Incrementallate loss between these
two time periods occurred with both stents, although more
so with SES than PES. At 1 year the rate of TLR wasless
with SES than PES, a benefit that was somewhat mitigated
at 5 years, However, because routine angiographic follow-up
was performed at regular intervals in this trial, the degree
to which routine angiographic follow-upitself (rather than
true clinical restenosis events) triggered late TLR procedures
is unknown." Nonetheless, a small degree of angiographic
late loss may be expected with durable polymer-based DES,
and may contributeto late adverse events in a smal] propor-
tion of patients.

Patients who develop in-stent restenosis are at high risk
for recurrence after percutaneous treatment, especially if the
pattern of restenosis is diffuse." [VUS and/or OCTimag-
ing is highly useful in patients with restenosis to differen-
tiate neointimal hyperplasia from stent underexpansion,
geographic miss, strut fracture, and other rare occurrences
such as chronic recoil and stent embolization which require

directed approaches to successfully manage.Isolated reste-
nosis at the stent edge can often beeffectively treated with
balloon angioplasty only or an additional short stent, Treat-
ment options for diffuse BMSrestenosis due to neointimal
hyperplasia have been extensively studied. In the BMSera,
neither cutting balloons, directional or rotational atherec-
tomy, nor repeat BMSproved better than balloon angioplasty
for diffuse in-stent restenosis,“ However, in selected cases,

the use of a cutting balloon or another force-focused device
may be useful in that it minimizes balloon slipping and
potentially affords a better initial angiographic result, Vascu-
lar brachytherapy with either locally applied beta or gamma
radiation waseffective in reducing recurrent restenosis within
1 year,®257 but was logistically complex, and the resultant
vascular toxicity with prolonged inflammation and oblitera-
tion of normal cell lines resulted in high rates of late stent
thrombosis (especially when new BMS were implanted) and
restenosis,"Following the introduction of DES, two mul-
ticenter randomized trials demonstrated that SES and PES

significantly reduced angiographic restenosis and improved
event-free survival compared to either beta or gamma vas-
cular brachytherapy in patients with BMS restenosis.
Treatmentof in-stent restenosis with DES has been shown to

be superior to balloon angioplasty alone in the randomized
ISAR-DESIRE trial.2Angiographic follow-up at 6 months
demonstrated recurrent restenosis after balloon angioplasty
in 44.6% of patients versus 14,3% for SES (P < 0.001) and
21.7% for PES (P = 0,001), with TVRrates of 33%, 8%, and

19% respectively (P < 0,001 and P = 0,02 compared to bal-
loon angioplasty, respectively). Based on the results of this
and othertrials, DES (with either PES or —limus analogue
stents) has becomethe standard of care for nearly all cases of
BMSrestenosis due to intimal hyperplasia, For patients who
are refractory to PCI-based strategies to treat restenosis, coro-
nary artery bypass grafting (CABG) should be considered.

The optimal treatment for DES restenosis typically
involves treatment with a second DES. (An emerging strat-

egy to treat both BMS and DESrestenosis is the use of drug-
eluting balloons, which are presently not approved for use
in the United States**). Compared to BMSrestenosis, DES
restenosis (particularly with more potent DES) tends to
be focal and is diffuse in less than one-quarter of patients.
If the stenosis is isolated to the margin or the stent, or is
focal within the stent, either balloon angioplasty or implan-
tation of a short DESis often selected, Managementof dif-
fuse DES restenosis has been less studied. In the CRISTAL

trial, 197 patients with diffuse restenosis (mean length ~14
mm) of cither an SES or PES were randomized to treat-
ment with SES versus balloon angioplasty.’ Follow-up
at 12 months demonstrated a significantly larger mini-
mal lumen diameter (MLD) with SES compared to balloon

angioplasty only (2,14 + 0.62 mm versus 1.71 + 0.55 mm,
P =< 0.0001), with a trend toward less TLR (5.9% versus
13.1%, P = 0.10). Many operators consider diffuse in-stent
restenosis after DES (if IVUS demonstrates adequate stent

expansion) to represent “drug failure” and will treat with a
different class of agent (e.g. PES after SES failure), However,
in the ISAR-DESIRE-2 trial, 450 patients with SES resteno-
sis were randomized to SES versus PES,**’ At 6 to 8-month

follow-up there were no differences between SES and PES in
late loss (0.40 + 0.65 mm versus 0.38 + 0.59 mm; P = 0.85),

binary restenosis (19.6% versus 20.6%; P = 0.69), or TLR
(16.6% versus 14.6%; P = 0.52).

Some operators have adopted a strategy of balloon
angioplasty for focal restenatic lesions, and DES use for
more diffuse restenotic lesions. In a randomized trial (N =

162 patients) of cutting balloon angioplasty versus SES for
focal (=10 mm)restenotic lesions and SES versus EES for
diffuse (10 mm) restenotic lesions, use of SES was shown
to reduce restenosis compared to cutting balloon angioplasty
(3.1% versus 20.6%, P = 0.06) for focal lesions, with no dif-
ferences observed between SES and EES for more diffuse

lesions,** Finally, recurrent diffuse DES restenosis represents
a major clinical challenge. Options that may be considered
includecilostazol,” brachytherapy,” and oral rapamycin,?”!
Ultimately, CABG surgery may be required in patients with
recurrent DESrestenosis.

Other Complications of Coronary
Stent Implantation
A review ofall complications that can occur duringor after PCL
is beyond the scopeofthis chapter (see Chapters + and 28).
However, several risks that are unique to or are increased
in frequency with coronary stenting compared with balloon
angioplasty should be appreciated.

Side Branch Compromise/Occlusion
Side branch compromiseafter stent implantation most com-
monlyresults from shifting ofplaque during stent deployment
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or high-pressure dilatation (though coronary spasm may
contribute). This has been termed the “snowplow”effect.
The incidence of side branch compromise after coronary
stent implantation is greater than after balloon angioplasty
alone2”*"* Side branch compromise and/or occlusion occurs
with a greater frequency when both the parentvessel and side
branch are diseased.””Stent-induced occlusion ofa large side
branch may result in significant myocardial ischemia and
infarction, though in mostpatients the long-term prognosis is
excellent, and most initially occluded side branches are pat-
ent at late angiographic follow-up.*%?”*

Side branch compromise and/or occlusion should be
anticipated whenevera stent is placed across a bifurcation.
If the side branch is large (=2.5 mm in diameter),or is =2.0
mm in diameter and diseased at its ostium,it should be pro-
tected with a second guidewire prior to PCI. Many operators
elect to wire and protect all side branches =1,5 to 2,0 mm
using a “keep-it-open" strategy in order to avoid loss of any
side branches. If the origin of the branch is narrowed,it is
often beneficial to predilate it prior to stent implantation in
the main branch, although this approach can increase the
necessity of a secondstentin the side branch,particularly if it
results in dissection of the side branch ostium. Predilation of

bifurcations are most commonly performed with conventional
balloon angioplasty, but alternatives include use of focused
force devices or debulking techniques such as atherectomy,
although these approaches have not been clearly shown to
preserve side branch patency beyond that achieved by bal-
loon angioplasty alone, Once the side branch is protected
with a second wire (and predilated if necessary), a stent may
be placed in the main vessel across the branch origin, tempo-
rarily “jailing” the wire, This usually preserves patency of the
side branch should occlusion otherwise occur and serves as a

locator for the side branch origin.2”If additional angioplasty
is planned, a third wire should then be passed through the
stent struts into the narrowed side branch, after which the

jailed wire is removed. Thelikelihood of a jailed wire becom-
ing “stuck” is rare if the parent vessel stent is implanted at
=12 atm of pressure, but jailing a long segmentof wire in
the parent vessel should be avoided, and hydrophilic wires
should be used cautiously becauseofthe risk of stripping the
polymer coating on its withdrawal, Alternatively, if there is
minimal narrowing at the origin of the side branch at baseline
or after balloon dilatation, a stent may be placed in the main
vessel across the side branch origin with the option of wiring
the side branch should it become compromised after stent
placement.

If the side branch significantly narrows after predila-
tation of either limb of the bifurcation, or the result is not

acceptableafter predilatation (which typically depends on the
plaque burden, extent of calcification, and angle or origin of
the side branch from the parent), a second stent should be
implanted in the side branch using one of numerous tech-
niques. With all these dual-stent techniques, however, the
stent thrombosis rate is increased compared with a single-
stent approach, and the restenosis rate within the second

stent at the side branch origin is increased comparedrelative
to the main branch (even with DES). As such, the single-stent
stratepy is preferable if an acceptable balloon-only (or simple
jailed wire) result in the side branch can be obtained.””

Stent Embolization

Embolization of the stent from the stent delivery system may
occur during antegrade passage in a fibrocalcific or tortuous
vessel, or upon withdrawal of the deviceafter failure to cross
a lesion (often when the edge of the stent snags onthe tip of
the guide catheter or on another plaque proximalto the lesion
itself), Risk factors for stent embolization include heavy ves-
sel calcification, pronounced vessel tortuosity, diffuse disease,
and attempting to deliver a stent to a distal lesion through
a previously implanted proximal stent,” When the original
Palmaz-Schatz stent was hand-mounted on a conventional

angioplasty balloon and no sheath was used, stent emboliza-
tion occurred in 8.4% of patients.’ Over the years, the devel-
opment of tighter stent-to-balloon crimping processes in
concert with lower-profile, more flexible devices has resulted
in the incidence ofthis complication decreasing to <1% to
2%27" Stent embolization into the peripheral vasculature
usually has no adverseclinical sequelae, but may rarely cause
limb ischemia or a cerebrovascular event. Conversely, intra-
coronary stent embolization is associated with significant
rates of coronary thrombosis, coronary artery occlusion,
and subsequent MI, with mortality rates as high as 17%, If
the stent can be removed through percutaneous (nonsurgi-
cal) techniques, the majority of patients have a satisfactory
outcome.”#!8?

Success rates for percutaneousretrieval of lost stents from
the coronary tree have ranged from 40% to 70% ofpatients in
contemporary series.?”?"**?" There are several basic strategies
that can be employed to address stent embolization. If the
coronary guidewire is still through the stent and has been
maintained in the distal coronaryartery, a low-profile balloon
can sometimes be advanced throughthe stent, allowing the
stent to be repositionedacrossthe target lesion and expanded.
If the stent cannotbe repositioned, the balloon can be placed
distal to the stent and inflated to trap the stent between the
balloon and guiding catheter, and then all components can
be withdrawn togetherinto the femoral sheath. If guidewire
position has been lost and the unexpandedstentis located in
a proximal portion of the coronary artery or has embolized
into a peripheral artery, it can sometimes be removed using
snare devices or forceps.If the stent is displaced from the wire
moredistally within the artery, a snare or series of wires can
be wrapped aroundit to attempt to ensnare it, Alternatively,
a second stent may be expanded adjacentto the dislodged
stent to trap and crush it against the vessel wall, effectively
excludingit from the lumen.If the stent cannot be removed
or effectively “excluded" from the coronary lumen, strong
consideration should be given to coronary artery bypass sur-
gery (with possible retrieval of the stent), although high mor-
tality rates have been describedin this situation,
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Coronary Perforation
Although the routine use of high-pressure postdilata-
tion improves stent expansion, the significant barotrauma
imparted to the vessel may result in frank perforation, par-
ticularly if oversized or particularly compliant balloons are
used either for deployment or postdilation. In a retrospective
analysis, Ellis and colleagues documented a 0,5% incidence
of perforation among 12,900 procedures,From most con-
temporary series with stents, perforation has been reported in
0.2% to 1,0% of patients, though mild perforationsare likely
underreported. Risk factors for perforation include female
gender, advanced age, lesion calcification and angulation,
CTOs, and adjunctive atherectomy use.” Device oversizing
is also a risk for perforation; Colombo reported that the use
of markedly oversized balloons (balloon-to-artery ratio >1,2
in the absence of [VUS guidance)hasa risk of perforation and
vessel rupture ranging from 1.2% to 3.0%."

An angiographicclassification of the severity of coronary
artery perforation has proven useful in determining progno-
sis and guiding treatment.’* A type I or concealed perforation
is the most common type, and usually requires observation
in case delayed tamponade occurs, but no additional specific
therapeutic measures. A type I] or limited perforation usu-
ally appears as a stain or blush at thesite of the arterial tear,
and can usually be managed with prolonged balloon infla-
tions with or without reversal of anticoagulation. Serial echo-
cardiography, both immediately postprocedure and 24 hours
later is indicated to ensure the absence of a growing pericar-
dial effusion. Of note, patients with a history of prior bypass
surgery usually have extensive mediastinal adhesions, and
perforations are rarely greater than type Il. Type III or free-
flowing perforations typically appear as continuousjetlike
dye extravasation and may rapidly result in hypotension and
tamponade requiring emergency pericardiocentesis, When
a type III perforation is visualized, the angioplasty balloon
should immediately be inflated at the site of coronary rupture
to obtain immediate hemostasis.

Most small perforations can be sealed with prolonged
balloon inflations and reversal of unfractionated heparin anti-
coagulation with protamine, unless a platelet glycoprotein
Iib/IIla receptor antagonist has been given.”* If the perfora-
tion is not readily closed with these measures and is severe,
pericardiocentesis with drain placement should be performed
to treat/prevent pericardial tamponade, and deployment of
PTFE-covered stents provides reliable sealing, usually obvi-
ating the need for emergency surgery. Given their porous
nature, two overlapping PTFE-covered stent grafts may occa-
sionally be required for hemostasis. Additionally, because
these devices are prone to higher rates of restenosis and/or
stent thrombosis, high-pressure postdilation is critical to
optimize their results, even if the perforation is sealed, If a
stent graft is unable to be delivered to the site of the perfora-
tion (as these are bulky devices), emergency surgery is usu-
ally required, though the associated rates of morbidity and
mortality in this setting are high,

Infectious Endarteritis

Placement of a foreign body endovascular prosthesis car-
ries the rare, albeit theoretical, risk of bacterial endarteritis.
In an experimental porcine model, following the induction
of transient bacteremia, a significant number of recently
placed coronary stents cultured positive for bacteria.“ The
risk of suppurative endarteritis in stented coronary arteries is
extremely rare, however, with only a handful of documented
cases in the literature.2*” Although periprocedural antibi-
otic therapy is thus not routinely recommended, antibiotic
prophylaxis may be considered if sterile technique has been
breachedorif the patient requires invasive procedures associ-
ated with transient bacteremia duringthe first 4 weeks follow-
ing stenting, though the utility of this approach has never been
demonstrated,

Allergic Reactions
Allergic reactions following coronary stent implantation are
rare, and can result from allergy to either contrast dye used
during the stent procedure, the antiplatelet regimen admin-
istered, or in even rarer cases, to the stent device itself, The

majority of allergic reactions to contrast dye and the antiplate-
let regimen can be managed with the use of antihistamines
and corticosteroids; in the case of allergy to the antiplatelet
regimen, there is a low rate of cross-reactivity between agents,
and switching to a different agent (e.g. prasugrel or ticagre-
lor) can eliminate the symptoms. With respect to the stent
device itself, there do not appear to be adverse reactions to
stent implantation evenin patients with a history of a metal
allergy, In a series of 29 allergic patients who underwent coro-
nary stent implantation, similar rates of adverse clinical out-
comes were observed when compared to a matched patient
population without metal allergy."

STENT USAGE IN SPECIFIC

PATIENTS AND LESIONS 
Acute ST-Segment Elevation
Myocardial Infarction (See Chapter 30)
Prompt reperfusion with either fibrinolytic therapy or PCI
has been demonstrated to improve myocardial salvage and
reduce mortality for patients with acute STEMI. Compared
to fibrinolytic therapy, timely reperfusion with PCI results in
improved myocardial salvage and reducedrates of recurrent
ischemia, reinfarction, stroke, and death.” Several studies
have examined the use of stents compared to balloon angio-
plasty in patients with STEMI. In a metaanalysis of studies
comparing the use of BMS with balloon angioplasty alone,
implantation of BMS in STEMI was shownto result in simi-
lar rates of mortality and reinfarction, but reduced rates of
TVR (Figure 31.16),In light of these results and the fact
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that stent implantation can optimize acute proceduralresults
(maximizing lumen gain, and reducing abrupt closure and/
or recoil), stents are used in the vast majority of cases of PCI
for STEMItoday, However, stent implantation within or adja-
centto a fibroatheroma mayresult in delayed endothelializa-
tion,” and appropriate stent sizing can bedifficult in cases
of STEMIdueto recent occlusionof the vessel with resulting

layering thrombus, distal vessel spasm, and a desire to not
oversize stents for fear of no reflow and distal embolization.
These factors, combined with the heightened thrombotic
state of patients with STEMI, are potential explanations for
the relatively higher rates of stent thrombosis that have been
reported after stent implantation in STEMI,’”? although
this risk can be somewhat ameliorated with more potent anti-

platelet agents.'"?"""
Following the introduction of DES, there have been at

least 15 randomized trials comparing the use of DES versus
BMSin patients with STEML Thelargest of thesetrials was
the HORIZONS-AMItrial, which randomized 3,002 patients

with evolving STEMI to PES(E) versus BMS at 123 inter-
national centers.?°*#° The primary efficacy and safety end-
points were the 12-month rates of ischemia-driven TLR and
MACE(a composite of death, reinfarction, stroke, or stent
thrombosis), respectively. Routine angiographic follow-
up at 13 months (beyond the primary endpoint) was per-
formed in 1,249 patients. At 12 months, PES compared to
BMS reducedtherates of ischemia-driven TLR (4.5% versus

7.5%, HR (95% confidenceinterval [CI] = 0.59 [0.43, 0.83],
P = 0.002) with similar rates of MACE (8.1% versus 8.0%,
HR [95% CI] = 1.02 [0.76, 1.36], P = 0.92). The 13-month
rates of angiographic binary restenosis were reduced from
22.9% with BMS to 10.0% with PES (RR (95% Cl] = 0.44

(0.33, 0.57], P < 0.001). In-stent late loss was reduced with
PES from 0.82 = 0.70 mm to 0.41 + 0.64 mm (P < 0.001),

 

Metaanalysis from 13 randomized controlled trials of bare-metal stents compared to balloon angio-
plasty in acute myocardial infarction in 6,922 patients (adapted from De Luca et al., Int J Cardiol!
2008). TVR, target vessel revascularization.

with comparable rates of infarct artery reocclusion, ulcer-
ation, ectasia, and aneurysm formation between the two stent
types. The greatest reduction in TLR was evident in patients
with one or more risk factors for restenosis (RVD <3.0 mm,

lesion length >30 mm,or insulin-treated diabetes mellitus),
whereas patients without any of these variables had similarly
low rates of TLR with BMS as with PES.” Clinical follow-up
from HORIZONS-AMIat 3 years has been reported,”* and
demonstrated nonsignificantly different rates of death, rein-
farction, stent thrombosis, and MACE with PES and BMS.At
3 years TLR was reduced from 15.1% with BMS to 9.4% with
PES (HR [95% Cl] = 0.60 [0.48, 0.76], P < 0.001), although
the absolute benefit of PES was less pronouncedin patients
in whom routine angiographic follow-up was not performed
(12.7% with BMSversus 8.7% with PES, HR [95% CI] = 0.67
[0.48, 0.93], P = 0.01).

The findings from HORIZONS-AMIparallel the amal-
gamated experience of randomized trials of DES versus BMS
in STEMI. Collectively enrolling almost 8,000 patients, and
with follow-up ranging from 3 to 5 years, these trials have
demonstrated similar rates of death, reinfarction, and stent
thrombosis with both stent types, and relative reductions
in TVR with DES compared to BMS.""* Of note, the most
updated metaanalysis of these trials demonstrated a signifi-
cantinteraction between DES versus BMS use and time with

respect to the endpoint of stent thrombosis: DES were asso-
ciated with a greater risk of very late (but not overall) stent
thrombosis.** Additionally, while the rates of angiographic
and clinical restenosis (TLR or TVR) have been consistently
reduced with DES compared to BMS in STEMI,” manyof
these studies incorporated routine angiographic follow-up,
which may artificially overestimate the absolute benefits
of DES compared to BMS (the “oculostenatic reflex”),!08”
Further, the overall rates of events related to restenosis are
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typically lower among patients with STEMI, partly due to
the lesion composition (favoring thrombus over plaque) and
also because restenosis in an infarctedterritory is less likely
to manifest clinically. As such, the overall clinical benefit of
DES relative to BMS is somewhat attenuated on an absolute

level, and is determinedby the patient’s baselinerisk of reste-
nosis (Figure 31.17).Due to the thrombotic risk of these
patients, maintenance of dual antiplatelet therapy is of par-
ticular importance among STEMIpatients, in whom future
adherence with antiplatelet medications may be difficult to
assess. Premature discontinuation of dual antiplatelet ther-
apy within 1 year after DES implantation in STEMI has been
strongly associated with subsequent mortality°” As such,
a detailed risk-benefit analysis of DES versus BMS use in
STEMIis warranted.

Patients with Diabetes Mellitus

Patients with diabetes have higher rates of angiographic
and clinical restenosis than those without diabetes,”°?? In

general, the pivotaltrials in which DES were randomized to
BMS revealed comparable relative safety and efficacy with
DES in patients with diabetes compared to those without
diabetes, although with greater absolute reductions in TLR
and TVR in diabetic patients given their higher baseline
risk!" As a result, DES are typically favored for coronary
revascularization over BMS,if PCI is chosen as a revascular-
ization strategy.

The most appropriate choice of specific DES among
patients with diabetes is unknown. Mostprior studies have
shown comparable rates of in-stent late loss with PES in
patients with diabetes versus those without diabetes,” sug-
gesting that the multiple pathways with which paclitaxel
interferes with restenosis (by affecting microtubular function)
makesits action relatively independentofthe diabetic state”

Bare metal stent
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Pint 
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HR [95%]

0.99 (0.43, 21.7]
a p=0.93 

3.3 3.2
IschemicTLRat12months(%)
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N= 947 (32.2%)

0.58 [0.37, 0.92]

 

Intermediate (score = 1)

Considerable controversy has existed, however, whether the
greater suppression oflate loss from stents whichelute potent
-limus analogue is preserved in patients with diabetes, given
that the effect of rapamycinin interfering withthe cell cycle
is regulated by glycosylation-dependent enzymes.** In this
regard, several small-to-moderate sized studies have pro-
vided conflicting results. For example, among 379 patients
with diabetes randomized to SES versus PES(E)in the REAL-
ITY trial, the rates of restenosis and clinical events were

comparable with both stents.*” In contrast, in the random-
ized 250-patient ISAR-Diabetes trial, SES compared to PES
resulted in a greater reduction in late loss at 6 months, but
nonsignificantly different rates of TLR at 9 months.°°*

This issue has more recently been addressed in a pooled
patient-level analysis of 1,869 patients from the SPIRIT II,
SPIRIT Ill, SPIRIT 1V, and COMPAREtrials of EES versus

PES?”In this analysis, while EES was associated with supe-
rior outcomes compared to PES among nondiabetic patients,
in patients with diabetes, the rates of composite adverse
events al | year (and their components) were almostidentical
between the two stent types. A strongly positive interaction
(P = 0.0001) was present between diabetes and the stentplat-
form with respectto 1-year events, confirming the observation
ofa statistically superior effect of EES over PES in nondiabetic
patients (and similar outcomes in diabetic patients). While
there are limited randomized data in diabetic patients with
other —limus analogue DES, the ZES(R) recently received a
specific FDA indication for use in patients with diabetes based
upon the overall performanceof the stent in patients with dia-
betes. Pooling the results of the ZES(R) clinicaltrial program,
878 patients with diabetes were treated with ZES(R), with a
12-monthrate of target vesselfailure of 7.8%, which was supe-
riorto a historical performance goal of 14.5%.*"° Thus, potent
rapamycin analogue-eluting stents have been demonstratedto
be effective in patients with diabetes.

Gi Paclitaxel-eluting stent

HR [95%]
0.39 [0.21, 0.74]

p= 0.003
19.8

= 0.01

 HR [95%]

p=0.02

7.3
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Risk score for restenosis
 

HORIZONS-AMI: Rates of 12-month ischemic target lesion revascularization according torisk strata
(from Stone et al., JACC 2010). The risk of ischemic target lesion revascularization is similar in both
stents in patients at low risk for restenosis but more pronounced among patients at intermediate
and high risk. HR, hazard ratio.
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Often the most critical revascularization decision in

patients with diabetes mellitus is the mode of revasculariza-
tion, i.e., whetherto perform PCI or CABG.A metaanalysis of
four randomizedtrials has demonstrated comparable 5-year
rates of death, MI, or stroke in patients with diabetes treated
with BMS or CABG; however,the rate of repeat revasculariza-
tion procedures was significantly greater among BMS-treated
patients,!! In the CARDia trial, 510 patients with diabetes
mellitus and multivessel disease were randomized to PCI
(with either BMS (31%) or SES (69%) — DES were used after
SES becameavailable) versus CABG.™” The primary endpoint
of all-cause death, MI, or stroke at 1 year occurred in 10.5% of
patients treated with CABG versus 13.0% of patients treated
with PCI (HR [95% Cl] = 1.25 [0.75 to 2,09], P = 0.39).
When comparing patients treated during the time in which
SES were available, the 1-year event rates were 12.4% versus
11.6% for CABG versus SES (HR [95% CI] = 0.93 [0.51 to
L.71], P = 0.82). Whereas CARDia was too underpowered
to be definitive and has only reported 1-year follow-up, the
ongoing FREEDOM trial,”* which is enrolling more than
2,000 diabetic patients to SES or PES versus CABG with a
follow-up of 6.75 years, will provide important evidence-
based guidance for this high-risk subgroup of patients with
multivessel disease.

For patients with diabetes who undergo PCL, specific
issues that require foresight by the operator include the treat-
mentof diffuse disease and disease in small vessels. Because
the relative and absolute risks of restenosis and stent throm-
bosis are higher in diabetic patients, assiduous attention to
procedural technique and details is critical, Specific attention
should be paid to appropriate stent length (using the least
amountofstent length in order to cover obstructive lesions)
and optimization of stent lumen area to minimize the effects
of a more aggressive intimal hyperplastic response.

Multivessel and Left Main Disease
Although theyaredistinctly different conditions, revascular-
ization decisions for patients with left main and multivessel
disease are often considered together because historically the
default strategy for these lesion subtypes has been CABG.
Patients with multivessel disease treated with PCI have higher
rates of restenosis and stent thrombosis than those with
single-vessel disease, especially when diffuse disease, small
vessels, CTOs, and bifurcation lesions requiring treatment
are present. In contrast, while restenosis and thrombosis are
relatively rare after stenting the relatively short, large-caliber
left main segment, PCI failure in the left main jeopardizes a
sufficiently large amount of myocardium to entail a high risk
of mortality.

While there have beenseveral trials examining the use
of PCI versus CABG for multivessel disease, the majority of
these trials have been conducted prior to the introduction
of DES. A widely cited metaanalysis by Hlatky et al?! was
performed using individual patient data from 10 random-
ized trials of PCL versus CABGin 7,812 total patients with

multivessel disease. However, the majority of includedtrials
were of balloon angioplasty alone compared to CABG; BMS
were used in only fourof these trials, and no study included
in this analysis utilized DES. Amongpatients enrolled in tri-
als using BMS, follow-up up to 5 years has demonstrated
comparable rates of death, Ml, or stroke between BMS and
CABG (16.7% versus 16.9%, P = 0.69), with no heterogene-
ity noted in patients with diabetes versus those without dia-
betes or with double- versustriple-vessel disease.’ However,
the 5-year rates of unplanned revascularization were signifi-
cantly higher with BMS compared to CABG (29.0% versus
7.9%, P < 0.001).

Prior to the introduction of DES, there had beenno ran-
domized trials of PCI versus CABG in patients with unpro-
tected left main disease, because observational studies had
showna high rate of procedural failure and late sudden car-
diac death with balloon angioplasty,’ and unacceptably high
restenosis and MACErates with BMSin this anatomic sub-
group." In a small prospective tial, Erglis et al!’ random-
ized 103 patients with left main disease to BMS versus PES,
and demonstrated that PES resulted in significantly lower
6-monthrates of binary restenosis (6% versus 22%, P = 0.02)
and MACE (13% versus 30%, P = 0.04), The ISARleft main
investigators then randomized 650 patients with left main
disease to PES versus SES,"* and found comparable 1-year
rates of composite death, MI, or TLR (13.6% versus 15.8%,
P = 0.44), definite stent thrombosis (0.3% versus 0.7%,
P = 0.57), and restenosis (16.0% versus 19.4% P = 0,30)
with the two stent types. In another small randomizedtrial,
the LEMANSinvestigators assigned 105 patients to either
PCI with BMS or DES(thelatter used in only 35% ofpatients)
versus CABG." The primary endpoint of change in LVEF 12
monthsafter the procedure was significantly greater with PCI
than with CABG. PCI also had a significantly better early
safety profile.

The most contemporary and relevant examination of
the relative safety and efficacy of DES versus CABG in mul-
tivessel and left main coronary artery disease is the SYN-
TAX trial, which randomized 1,800 patients with either
triple vessel disease (N = 1,095) and/or left main disease
(N = 705) to PES(E) versus CABG, with the primary aim
of demonstrating noninferiority of PES to CABG." The
primary endpoint of SYNTAX, the 1-year composite rate of
all-cause mortality, stroke, MI, or unplanned repeat revas-
cularization, however, occurred significantly less commonly
with CABG than with PES, and thus noninferiority could
not be claimed (Figure 31.18, left), However, the major
differences in the primary study endpoint were driven by
greater rates of repeat revascularization with PCI compared
to CABG (although the difference between PCI and CABG
was greatly reduced with PES than in the earlier era with
BMS). When considering the composite endpointofdeath,
MI, or stroke, there were no differences between the two
study arms, and similarly, the rates of death or MI individ-
ually were similar between PCI and CABG. However, the
L-year rate of stroke was significantly lower with PCI than
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1-year (left) and 4-year (right) results from the SYNTAX trial in which 1,800 patients with triple
vessel and/or left main disease were randomized to paclitaxel-eluting stents versus coronary artery
bypass graft surgery. CABG, coronary artery bypass grafting; PES, paclitaxel-eluting stent; MACCE,
major adverse cardiac or cerebrovascular events including death, myocardial infarction (Ml), stroke,
or unplanned repeat revascularization. P = NS unless otherwise noted.

with CABG. Longer-term follow-up of the SYNTAX trial is
ongoing to 5 years; 4-year results have been reported on
819 patients in the CABG arm (91.3%) and 879 patients in
the PCI arm (97.3%), with 78 CABG patients and 24 PCI
patients lost to follow-up.*”! In this analysis (Figure 31.18,
right), the benefit of CABG over PCI with respect to the
primary composite endpoint has persisted with the largest
difference between treatment arms observed in the rate of

repeat revascularization procedures. However, a trend toward
lowerrates of death, stroke, or MI has also emerged between
the two groups (14.6% with CABG versus 18.0% with PCI,
P = 0,07), Patients treated with CABG hada significantly
lower all-cause mortality when compared to PCI (8.8% ver-
sus 11.7%, P = 0,048) and MI wassignificantly lower as
well (3.8 versus 8.3%; P < 0,001). Of particular concern
related to this difference in MI is the overall rate of definite/

probable stent thrombosis in the PES arm, which was 8.8%
al 4 years.

A borderline interaction (P,, = 0.11) was present
between the randomization armand the primary 1-year end-
point for patients with left main versus triple-vessel disease
in SYNTAX, such that the primary majoradverse cardiac and
cerebrovascular event (MACCE) endpoint was improved in
triple-vessel disease patients randomized to CABG, where
there were no significant differences in composite adverse
events between PES and CABG for left mainpatients,”? More-
over, the selection of the most appropriate revascularization
modality in these complex patients may be further discrimi-
nated by use of the SYNTAX score (www.syntaxscore.com),
an anatomic-based risk score that was prospectively defined
prior to patient enrollment. Patients undergoing PCI had

progressively higher MACCErates with high SYNTAXscores,
where MACCE outcomes after CABG were independent of
SYNTAX score. The 4-year outcomes from the SYNTAXtrial
according to the presence of left main disease and SYNTAX
score tertile appear in Table 31.7.9"These data suggest that
CABG might be favoredfor patients with triple-vessel disease
and high or intermediate SYNTAX score, or left main dis-
ease and high SYNTAX score, Conversely, the 4-year results
were equally good or better with PES compared to CABG in
patients with triple-vessel disease and low SYNTAX score,
and in particular for left main disease and low or intermedi-
ate SYNTAX score. However, given the modest samplesizes of
these post hoe subgroups, these impressions should be con-
sidered hypothesis-generating only. Moreover, whether other
scores incorporating clinical risk factors would have superior
discrimination to the SYNTAX score has not been prospec-
tively validated.2*7**

Nonetheless, on the basis of the SYNTAXtrial, the most

recent US and EU guidelines have elevated PCI of the left
main to either a class IIb recommendation (US guidelines),
or Ila or [lb (EU guidelines) depending on therelative risk
and complexity for PCI versus CABG.23"6 The results of
PCI in patients with complex coronary artery disease may
be further optimized by use of better stents and pharma-
cotherapy than were employed in SYNTAX,*°”" and with
the regular use of IVUS and FFR guidance,*?* which
were rarely utilized in SYNTAX. Many of these issues are
being addressed in the ongoing EXCELtrial, in which 3,100
patients with unprotected left main disease and a low to
moderate SYNTAX score are being randomized to PCI with
EES versus CABG.
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“Leftmaindisease =n=118 n=104 2=s—(<«té‘iNBsn=D n=135 n=149 os

MACCE 26,0% 28.4% 0.60 29.5% 29.7% 090 42.6% 26.38%  <0,003

- Death,Ml, 12.3% 14.2% - 14.8% 203% -231% 185% - ;
or stroke

= Death 71% 9.2%) 8.0% 14.7% - 179% 10.5% 0.06
- MI 43% 31% - 6.0% 46% - 10.9% 61% -

- Stroke 18% 41%- 1.0% 36% - 16% 49%-
-Revascularization 18.2% 16.8% - 20.2% 120% - 31.3% 11.8%  <0,001

MI, myocardial infarction; MACCE, major adverse cardiac or cerebrovascular events (death, MI, stroke, or revascularization); PES, paclitaxel-elutingstents; CABG, coronary artery bypass graft surgery.

Chronic Total Occlusions

Clinieal and angiographic restenosis rates after both balloon
angioplasty and stent implantation are increased following
PCI of CTO compared to nonoccluded stenoses, due prin-
cipally to an increased incidence of diabetes, greater lesion
length, plaque mass, and calcification.°°” Additionally, dur-
ing crossing of CTO lesions, wires and devices are sometimes
advanced in the subintimal space; without stenting, these
sepments are likely to reocclude. Stenting of CTO lesions
has thus become the default strategy when PCI is planned,
and the use of DESis preferred. In a 200-patient randomized
trial of SES versus BMS, the use ofSES resulted in signifi-
cant reductions in binary angiographic restenosis (7% versus
36%, P < 0.001) and TLR (4% versus 19%, P < 0.001), with
reductionsin clinical restenosis maintainedat up to 4 years of
clinical follow-up.™! A large numberof retrospective, nonran-
domized, and historically controlled comparisons of DES and
BMShavesimilarly demonstrated approximately 60% reduc-
tions in clinical restenosis endpoints with DES compared

to BMS. However, despite similar hazards of mortality and
Ml with DES compared to BMSinametaanalysis aggregating this
data, a trend towardincreased stent thrombosis was observed
with first-generation DES (RR: 2.79, 95% Ch 0,98-7.97,
P = 0,06), meriting some concern.Additionally, SES has
been associated with a 16% rate of stent fracture whenused

in CTO lesions, particularly in long overlapping segments of
disease.Studies are ongoing to determine whether these
results may be improved upon by second-generation stents
which are more fracture-resistant, such as EES and ZES(R).”

A numberof advances in CTO technique have renewed
the interest in tackling these lesions, which historically
have had the lowest rates of procedural success amongall
lesions undergoing PCI, Critical issues related to stenting of
CTOlesions include adequate selection of CTOs that are in
viable and/or ischemic myocardial territories, minimizing
stent overlap and overall stented length as much as possible,
avoidance of stent implantation in diffusely diseased distal
territories, and optimization of lumen area in vessels that
are chronically underfilled (and therefore can appear smaller
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than they actually are in the reperfused state). Finally, prior
to CTO recanalization and stent implantation,it is critical to
ascertain the ability of a patient to adhere to dual antiplatelet
therapy because stent thrombosisof recanalized CTO lesions
will likely result in acute MI due to regression ofcollaterals
supplying the CTOterritory.***

Bifurcation Lesions

Bifurcationlesions represent 20% or more of stenoses under-
going angioplasty, and PCI of coronary bifurcation lesions
is associated with increased procedural complications and
worsened long-term outcomes. Due to the higher rates of
clinical restenosis at bifurcation lesions, the use of DES
for the main vessel of a bifurcation lesion has become the
standard of care for bifurcation disease. For true bifurcation

lesions (atherosclerotic involvement of both the parent and
side branch), the major decision is whether to undertake a
provisional or dual-stent strategy. With provisionalstenting,
the main vessel is stented (often after optimal predilatation
of the side branch), and the side branch is dilated or stented

only fora truly unacceptableresult (typically a diameterste-
nosis >50% or severe dissection). A strategy of provisional
stenting of the side branchis the generally accepted current
approach to bifureation disease unless there is significant
high-grade and lengthy disease within the side branch.
This approachis also usually preferred if the parent vessel
is large and the side branchrelatively small. Alternatively,
when boththe parent vessel and side branchare large (22.5
mm), especially when the side branch arises at a shallow
angle, planned stenting of both branches may be consid-
ered, Various approaches to dual stenting of bifurcation
lesions have been developed andare briefly outlined below
(Figure 31.19)”

T-Stent Technique
A stent is deployed at the ostium of the side branch, followed
by a second stent in the parent vessel. Unless the angle of
origin of the side branchis 90°, however, the operatoris faced
with the dilemma of whetherit is better to leave a portion of
the ostial side-branch lesion unstented orrisk having part of
the stent protrude into the parent vessel (making subsequent
advancementof the parentvessel stent difficult or impossi-
ble). A modification of this technique to maximizeostial side
branch coverage is the T-and-protrusion technique, where
the main branchstent is deployedfirst, followed by stenting
of the side branch with a balloon angioplasty catheter in the
main vessel, The side-branch stent is brought back to pro-
trude slightly into the main branch to maximize ostial cov-
erage, and is then deployed, impinging on the main branch
balloon, making a “T.” A kissing balloon inflation (into the
main branch and side branch simultaneously) is then per-
formed to ensure adequate flow into both branches without
compromise.

"Culotte” Stent Technique
A stent is deployed into the side branch with extension into
the proximalaspectof the parent vessel. A wire is then passed
through the side struts of this stent and into the distal par-
ent vessel. After balloon dilatation, a second stent is passed
through the side struts into thedistal, so that the proximal
ends of the first and second stents overlap in the proximal
vessel. This technique is the most technically complex, but
offers excellent scaffolding and coverageof the bifurcation.

“Crush” Stent Techniques
After predilatation of both limbs, two stents are positioned
simultaneously in the side branch and main branch. The side-
branch stent extends into the proximal main vessel 2 to 3 mm
(or less in the “mini-crush”); the parent branch stent extends
at least several millimeters more proximally, The side-branch
stentis inflated first, trapping the main-branchstent delivery
system. After confirmation of patency without dissection in
the side branch, the side-branch guidewire andstent delivery
system are removed, and the main-branchstent is implanted,
“erushing” the side-branch stent. Following this, the side-
branch stent is rewired and simultaneous kissing balloon
inflations are performed(it is generally recommendedthatall
bifurcation stent techniques be completed by kissing balloon
technique). There have been many modificationsofthis tech-
nique, including modified sequences of stent implantation
suchas in the "reverse crush,” whichis applicable whenside-
branch stenting was not initially planned. In this case,after
main branch implantation, a second stentis placed in the side
branch extending into the proximal parent vessel (within the
previously placed stent), and a balloon angioplasty catheter
is placed in the main vessel. The side-branchstent is then
deployed, impinging on the balloon, After removal of the
side-branchstent delivery system and wire, the main-branch
balloon is then inflated to crush the proximal portion of the
side-branch stent, and a final kissing balloon inflation is per-
formed. Balloon crushing of the side-branch stent can also
be used as the initial approach (prior to main branch deploy-
ment) in the “step crush” technique, a technique that is use-
ful when smaller guide and sheath sizes are used). Other
modifications include performance of additional kissing bal-
loon inflations prior to main branch deployment(e.g. “dou-
ble-kissing crush” technique) which can improve procedural
outcomes.

The crush technique is simpler than the culotte tech-
nique and affords excellent coverage of the carina; however, a
randomizedtrial of the two techniques demonstrated a trend
toward more frequent periprocedural enzymatic elevation
with the crush technique butsimilarrates of late events with
both techniques.*” Recrossing the crushed side-branch stent
with a guidewire and balloon can be challenging and time
consuming, however, but is essential because late outcomes
are significantly improved following a simultaneous kissing
balloon inflation with this technique.”
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Strategies for the treatmentof bifurcation disease (from Louvard et al,, Heart 2004). 1 and 2. Clas-
sicT-stenting beginning with side branch stenting. 3. Modified T-stenting. 4. “Crush” technique.

 

5. ClassicT-stenting beginning with main branch stenting. 6. Provisional T-stenting. 7. “Culotte” or
“trousers” technique, 8. Touching stents completed or not as Y technique. 9. “Trouser legs and seat”
technique, a classic touching stents technique completed proximally by a “skirt” technique. 10. Kiss-
ing stents technique, 11. “Skirt” technique.

Simultaneous Kissing Stents/V-Stenting
Twostents are deployed simultaneously over separate guide-
wires: one in the parent vessel and one in the side branch, For
simultaneous kissing stents, both stents extend side by side
in the main vessel proximal to the bifurcation (for V-stenting,
these stents are deployedat the ostia of both branches, mini-
mizing the length of the “carina”). Although this technique
offers the advantage of simplicity and control of both vessels,
a new, more proximal carina is created in the center of the
proximal parent vessel, which is unlikely to endothelialize
fully and can be very difficult to wire ifrepeat PCL is required.
Also, placementofan additionalstentis problematic should a
proximal dissection occur.

Bifurcation Summary
An exhaustive review of the pros and cons of these tech-
niques is beyond the scope of this chapter. However, as a

general rule, a provisional strategy to bifurcation lesions
is preferred as it can result in safer procedural outcomes,
and, by minimizing the amountof stent at the carina, can
minimize the risks of subsequent stent thrombosis. When
treating bifurcation lesions provisionally, it is generally rec-
ommended to wire and protect all side branches =1.5 to
2.0 mm using a “keep-it-open” strategy in order to prevent
and/orfacilitate management of side branch compromise
and occlusion (see stent complications section above), If an
upfront two-stent strategy is selected, a familiarity with the
techniques is necessary, because the majority of these dual-
stent techniques are technically complex, require use of a
larger (7F or 8F) guiding catheter, and can pose difficulty in
reaccessing the parentvessel or side branch through overlap-
ping metallic elements,

A variety of novel strategies for the treatment of bifur-
cation disease with drug-eluting balloons is also currently
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undergoing evaluation,*)>” but current data using drug-elut-
ing balloons in native coronary stenoses have been mixed,
Additionally, several dedicated drug-eluting bifurcation stent
systems have been designed and are under investigation.
Bifurcationstent systems can be classified as those that facili-
tate access to the side branch to simply the PCI procedure,
versus novelstents designed to address the unique geometric
challengesof the bifurcated stenosis, Initial experiences with
the Axxess™self-expandingnitinol stent (Biosensors Interna-
tional, Switzerland) (coated with the bioabsorbable polymer
PLLA whichelutes the antiproliferative rapamycin analogue
biolimus AQ) have demonstrated low rates of restenosis of
both the main vessel and side branch in both true bifurcation
lesions as well as in the distal bifurcation of the left main

coronary artery"7" This “reverse cone”stent is designed to
adapt to and cover the main parent vessel and the bifurcation
carina, and is used in conjunction with dedicated DES of one
or both branches whennecessary. Preliminary data have also
been published on the use of the Stentys™ paclitaxel-eluting
side branch access stent? and the Taxus Petal™ dedicated

bifurcation stent*"*; further clinical data are awaited in order
to determine the long-term advantages of these stents for the
treatmentof bifurcation disease.

SaphenousVein Grafts
The most common cause of recurrent ischemia following
CABG surgery is atheromatous degeneration within the body
of an SVG, and BMShave been associated with improved
outcomes compared to balloon angioplasty in SVG inter-
vention.**7** While DES have the potential to further lower
rates of restenosis of the target lesion within SVGs, disease
progression at nontarget sites within SVGsis frequent, and
additionally, due to the large caliber of most SVGs,the “toler-
ated late loss” within SVG lesionsis typically greater than in
native coronary vessels. Two small randomized trials of DES
versus BMSforcritical SVG stenoses were conducted early in
the DES experience, and demonstrated lower rates of angio-
graphic restenosis with DES,*°° With extended follow-up
to a median of 32 months in one of these studies, however,

the antirestenotic advantage of SES compared to BMS was
lost, and SES wasassociated with higher mortality.**! A more
recentlarger randomizedtrial, the ISAR-CABGtrial, random-
ized 610 patients to either BMS, SES, PES, or biodegradable
polymer SES,*? At 1 year, the use of all DES versus BMS was
associated with reductions in TLR (7% versus 13%, P = 0.01)

as well as composite death, MI, and TLR (15% versus 22%,
P = 0,02), with no differences observed in overall mortality
or stent thrombosis. Further follow-upof this trial will help
to critically assess the occurrence oflate safety outcomes.

Atpresent, for patients that can tolerate longer-term regi-
mensof dual antiplatelet therapy, DESare typically preferred
for either focal disease in large graft conduits or for diffuse
graft degeneration (if native coronary artery PCI or repeat
surgery is not an option). Notably, a small pilot study of

prophylactic “sealing” of moderate, noncritical SVG lesions
with PESin order to prevent disease progression within SVGs
was superior to medical therapy alone, suggesting a possible
preventive role for DES in degenerating SVG lesionsprior ta
their becomingcritical.A large randomizedtrial is required,
however, before such an approachis undertaken.

CONCLUSION: CURRENT
PERSPECTIVES AND FUTURE
DIRECTIONS 

The development and evolution of the coronary stent has
resulted in remarkable progress in the lesser invasive treat-
ment of coronary artery disease. Over the past two decades,
coronary stenting has emerged as the dominant technology
for catheter-based coronary revascularization. The availabil-
ity of stents with excellent deliverability and scaffolding, the
demonstration that stenting improves acute and long-term
outcomes in a wide variety of lesion types, the development
of effective and better-tolerated pharmacologic regimens to
prevent stent thrombosis, and now the marked suppression
of restenosis with antiproliferative bioactive coatings have
facilitated the application of stenting to almost every patient
and lesion subset. However, although infrequent, stent
thrombosis and restenosisstill occur with even the best DES,
and the reliance on long-term, dual antiplatelet therapy is a
major limitation for many patients. Novel DES approaches
aimed at tackling this issue underactive development and
current study include further investigation of second- and
third-generation durable polymer platforms with the ability
to passivate the vascular endothelium, dual-agent DES that
may also confer improved safety and/or efficacy, biodegrad-
able polymer and polymer-free stents designed to minimize
reactions to the drug carrier, and finally, fully bioabsorbable
scaffolds thatoffer the potential to eliminatelate stent throm-
bosis. Further enhancements to stent design will additionally
allow these devices to continue to improye with respect to
deliverability and ease of use, and novel adjunctive drugs and
devices may furtherfacilitate the use of PCI for the most com-
plex patients and coronary anatomies. As such, the coronary
stent is certain to remain the foundation for the minimally
invasive treatmentof coronary atherosclerosis for the foresee-
able future.
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Profiles in Coronary Artery Disease
 

ROBERT N. PIANA and AARON KUGELMASS

Atherosclerotic coronary artery disease (CAD) continues to
be the most frequent cause of death in the United States and
other developed nations,'? Besides mortality, coronary artery
disease accounts for substantial morbidity anddisability. Diag-
nostie and therapeutic procedures for coronary disease have
evolved rapidly over the last 40 years, and in parallel with
advancements in medical therapy, have resulted in a signifi-
cant decrease in both morbidity and mortality? The medical
and procedural progress in the treatment of CAD represents
one of the major accomplishments of modern medicine.

Cardiologists play a crucial role in identifying clini-
cal CAD and developing a cogent treatment plan for an
individual patient. The cardiovascular physician is charged
with applying evidence and guideline-based diagnostic and
treatment regimens that are individualized around anatomic
and clinical characteristics. Though technical in basis, these
approaches must also consider patient and family preference,
and thus incorporate cultural, emotional, and value-based
considerations on a backgroundofclinical science.

This chapter is designedto provide examples of patient-
centered therapy of CAD based on individual clinical and
angiographic profiles. These case-based examples have been
selected to demonstrate the application of clinical evidence
and guideline recommendations of percutaneous coronary
intervention (PCI) in the contemporary management of CAD.

STABLE CORONARY ARTERY
DISEASE 

In patients with symptoms of stable angina, it is critical to
establish a diagnosis of coronary artery insufficiency. While
this may be based solely on functional noninvasive testing,
coronary angiography using cardiac catheterization® and, in
 

Jeffrey J. Popma and Judith L. Meadows authored this chapter in the
prioredition,

970

selected cases, coronary computed tomographic angiography
(CTA)are indicatedin patients with high-risk functional test-
ing, or in whom diagnostic certainty is critical.* The objective
of therapy for stable CADis to reduce not only mortality, but
also prevent further progression, anginal pain, and disability.

For the majority of patients with clinically stable, symp-
tomatic CAD, guideline-directed medical therapy (GDMT),®
including aspirin, beta blockade, hypertension control, and
HMG-coA reductase inhibitors (statin) if tolerated, and life-

style modification constitute the primary proven treatment
modality at this time.?!° In advanced CAD,significant left
main CAD, and three-vessel CAD with diminished left ven-

tricular systolic function, surgical revascularization with cor-
onary artery bypass graft surgery (CABG) has demonstrated
survival benefit over historic (limited) medical therapy.

The Clinical Outcomes Utilizing Revascularization and
Aggressive DruG Evaluation (COURAGE) trial randomized
patients with stable coronary artery disease (single-vessel and
low-risk multivessel) to GDMT versus GDMTand PCI." This

trial demonstrated no significant reduction in cardiac mortality,
myocardial infarction, need for revascularization, or long-term
angina symptomsin those patients treated with PCL. Thesetrial
findings have remained controversial, but pending more con-
temporary trials that utilize advanced imaging techniques and
drug-eluting stents (DESs), an initial therapeutic approach of
guideline-directed medical therapy (GDMT) has been deemed
appropriate.*!° More recently, the Fractional Flow Reserve-
Guided PCI versus Medical Therapy in Stable Coronary Dis-
ease (FAME2) trial suggested that in patients with stable CAD,
FFR-guided PCI of lesions (FFR < 0,80) in addition to optimal
medical therapy can reduce the incidence of urgent revascu-
larization." Whetherthis approachwill be adopted inclinical
guidelines or practice remains to be determined.

For those patients who continue to experiencelifestyle
limiting angina despite guideline-directed medical therapy,
coronary revascularization is an option. For patients with
single-vessel CAD, PCI is an option and class | indication®
when GDMTfails in relieving symptoms. For patients with
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multivessel CAD, PCI and bypass surgery have been shown to
have similar 5-year rates of myocardialinfarction and death."
However, the need for repeat revascularization is higher in
patients undergoing PCI. Stratification of multivessel CAD
patients for PCI on the basis of angiographic complexity can,
however, select patients in whom this risk is minimal.'* In
addition, a note of caution should be applied regarding the
choice ofrevascularization for the subgroupofpatients with
diabetes mellitus. The Bypass Angioplasty Revasculariza-
tion Investigation (BARI) trial suggested a survival benefit of
CABG when compared to PCI in patients with multivessel
disease and diabetes mellitus, thus raising an initial concern
in this patient population,’ This concern has been confirmed
by several subsequentclinicaltrials and registry analyses and
by a meta-analysis summarizing 10 randomized clinical tri-
als.1° More recently, in the Future Revascularization Evalua-
tion in Patients with Diabetes Mellitus: Optimal Management
of Multivessel Disease (FREEDOM)trial, patients with dia-
betes mellitus and multivessel coronary artery disease were
randomized to revascularization with CABG or with con-

temporary PCI utilizing drug-eluting stents.'’ The primary
outcome was a combined endpoint including death from any
cause, nonfatal myocardial infarction, and nonfatal stroke at
5 years. At 5-year follow-up, the primary endpoint occurred
more frequently in patients undergoing PCI when compared
to patients undergoing CABG. The difference between PCI
and CABG was driven by a higher rate of death from any
cause and nonfatal myocardial infarction in the PCI group
when compared to the CABG group.” Thus, when consider-
ing revascularization for patients with multivessel CAD, the
revascularization modality should be established on the basis

 
Se | 45-year-old man with a history of hyper-

tension, hyperlipidemia, and cigarette smoking presented to
his physician with exertional dyspnea and vague chest dis-
comfort, He was beingtreated witha statin, beta blockers, and
an ACEinhibitor. Exercise stress testing with sestamibi scin-
tigraphy, to 9 METS, demonstrated severe reversible perfusion
defects of the inferior, inferoapical, anterior, and anteroapical
segments. Rest ejection fraction was 52%, but declined to 33%
during stress, There was transient left ventricular dilation.
Nitrates and aspirin were added to his medical regimen. The
patient was referred for coronary angiography (Figure 41.1).
This demonstrated severe three-vessel CAD, withdiscrete le-

sions in the proximalright coronary and proximal to mid left
anterior descending arteries, There was a more diffuse lesion
in the small mid circumflex artery. Stress testing was consis-
tent with a high risk of future events and the patient was symp-
tomatic, despite medical therapy, necessitating revasculariza-
tion. The angiographic complexity of the coronary arteries’

Lhapter 4

of patient preference, clinical and angiographic characteris-
tics that are determinantof acute and long-term success, and
the presence of diabetes mellitus. As such, for patients with
multivessel CAD requiring revascularization, collaborative,
evidence-driven decision-making by cardiologists and cardiac
surgeons, based onclinical and angiographic determinants of
acute and long-term benefit, is essential.®

Invasive, as well as CT based, coronary angiographyis
effective in identifying fixed stenosis of coronary arteries. While
important in establishing a diagnosis of CAD with attendant
need for secondary prevention,it is the functional significance
of individual coronary stenosis that is critical in developing a
patient-centered therapeutic strategy. Physiologic stress test-
ing, both exercise and pharmacologic, provides the physiologic
basis for CAD treatment, especially reyascularization. Similarly,
fractional flow reserve (FFR) can provide critical functional
information in the cardiac catheterization lab. This invasive

technique (see Chapter 24) provides the opportunity to further
assess the functional significance of specific coronary stenoses
in order to direct therapy at the time of angiography, FFR has
been shown to besimilar to perfusionstress testing in predict-
ing clinical events associated with a given stenosis. Conversely,
FFR has been shown to be effective in identifying coronary
stenoses that do nat require revascularization in order to pre-
vent CAD-related events,"Like all procedures, FFR should
be used judiciously, For those patients with a severe stenosis
that correspondsto a territory of ischemia identified with func-
tional testing, there is no need to perform FFR. However,in the
case of intermediate stenoses, or stenoses that do not appear
to be related to ischemia by functional testing, FFR should be
performedin orderto assess functionalsignificance.

stenoses was limited, suggesting a successful outcome with
percutaneous revascularization. A 3.0 X 20 mm drug-eluting
stent was deployedintheleft anterior descendingartery, with
excellent angiographic result, Subsequently, a 3.0 * 12 mm
drug eluting stent was deployed in the right coronary artery,
also with excellentresult. Given the limited distribution of the

left circumflex artery, and the absence of detectable ischemia
in that distribution, revascularization of this artery was de-
ferred, The patient had an uncomplicatedclinical course and
was discharged with dual antiplatelet therapy for 1 year.

Commentary: This case was selected to demonstrate
clinical decision-making in stable coronary artery disease.
Thepatient’ left ventricular compromise and ongoing symp-
toms despite meclical therapy were the indications for re-
vascularization. While the patient had multivessel coronary
artery disease, the angiographic complexity was limited. This
suggested a favorable outcome with a percutaneous approach
utilizing drug-eluting stents.
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Figure 41.1 Stable coronary artery disease. A. Angiographyofthe right coronaryarteryin the left anterior oblique
view demonstrates a severe stenosis of the proximal segment (arrow). B. Right anterior oblique
with cranial angulation demonstrates severe stenosis of the proximal and mid left anterior descend-
ing artery (arrow). C. Right anterior oblique with caudal angulation demonstrates severe stenosis of
the circumflex artery (arrow), as well as of the proximal and mid left anterior descendingartery.
D. Deployment of a 3.0 X 20 mm drug-eluting stent in the left anterior descending artery (arrow).
E. Postdilation with a 3.5 x 15 mmballoonin the left anterior descending artery stent(arrow).
F Excellent angiographic appearanceof the left anterior descending artery (arrow). G. Deployment
of a 3.0 X 12 mm drug-eluting stent in the right coronary artery (arrow). H. Excellent angiographic
appearanceofthe right coronary artery stent (arrow).
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ACUTE CORONARY SYNDROMES
ST SEGMENT ELEVATION
MYOCARDIAL INFARCTION 

Indications for Angiography and
Percutaneous Coronary Intervention
It has been estimated that annually 610,000 Americans will
have a new myocardial infarction (MI) and 325,000 will have
a recurrent MI.? While the incidence of ST segment eleva-
tion myocardial infarction (STEMI) has been declining, the
incidence of non-ST segment elevation myocardial infare-
tion (NSTEMI) has increased.” It has been suggested that
the increase in the incidence of NSTEMI mightbe related
to improved detection with the use of more sensitive bio-
markers. Over the past six decades, the annual death rate
for coronary artery disease has declined progressively,” and
it is today >50% lower than it was in 1950. This reduction
is owing to a combination of factors including the institu-
tion of ICU care and EMSservices, the decline in the rate

of STEMI?" improved primary and secondary prevention
through GDMT* and, more recently, by further evolution
of reperfusion therapy for STEMI, Reperfusion therapy, by
which coronary blood flow is reestablished through pharma-
cologic (thrombolytic) or mechanical (primary PCI) means,
is the hallmark of therapy for STEMI, Primary PCI, when
available in a timely fashion, is more effective than throm-
bolytic therapy for the treatment of STEMI(see Chapter30),
andit is associated with a significant reduction in mortality,
reinfarction, and stroke, Despite these differences, the key to
STEMI management depends on the timely establishment
of reperfusion. Current ACC/AHA Guidelines place primary
PCl as a Class I indication, when performed within 12 hours
of symptom onset, when it can be performedin a timely fash-
ion (goal within 90 minutes of medical contact), in patients
ineligible for thrombolytic therapy, and in patients present-
ing with heart failure and/or cardiogenic shock.*** Throm-
bolytic therapy remains a viable and Class I indication for
those patients who are unable to receive primary PCI within
120 minutes from first medical contact (FMC),

Technical Considerations

Angiography and PCI should be performed expeditiously,
with the goal to minimize the time to successful reperfu-
sion. To this end, as described in Chapter 30, most operators
routinely perform a diagnostic angiography of the “non-
culprit" vessel initially, based upon ECG localization, and
then perform angiographyofthe culprit vessel with a guide
catheter. In vessels in which thrombotic obstruction persists,
initial wiring attempts with a soft, hydrophobic wire are
advisable, as most lesions are soft and easily crossed. Upon
crossing the lesion, confirmation of intraluminal position,
either based on angiography or in the event of persistent

occlusion, by Dottering with a balloon to allow some dis-
tal flow, is advised. In patients with persistent obstruction,
the balloon may be advanced distal to the obstruction and
the wire removed, and careful, manualinjection of contrast
through the wire lumen can confirm intraluminalposition.
Thereafter balloon inflation of the thrombotic occlusion can

proceed. In patients with large visible thrombi, or proxi-
mal occlusions, many operators will proceed initially with
aspiration thrombectomy, The TAPAStrial demonstrated an
acute improvement in coronary blood flow and a reduced
incidence at 1 year of cardiac death and the composite of
death and nonfatal reinfarction with aspiration thrombec-
tomy.” This approach carries a level Ila indication in current
guidelines.” Stent implantation can thenfollow. Both bare-
metal and drug-eluting stents have been shown to be effec-
tive. Decisions about stent type remain operator dependent
and should be based on vessel size and other angiographic
factors, as well as clinical variables, including likelihood
of patient compliance with dual antiplatelet therapy. In all
cases, proper vessel sizing is critical in order to ensure ade-
quate stent expansion andstrut apposition, thereby reducing
the risk of stent thrombosis.

STEMI often occurs in patients with multivessel CAD,
with significant lesions in “non-culprit” vessels. Current
guidelines argue against immediate treatment of “non cul-
prit” lesions at the time of primary PCI(ClassIII indication).
The guidelines are supported by several registry analyses and
randomized clinical trials, as well as by a recent large meta-
analysis showing that in the setting of primary PCI for acute
myocardial infarction, staged PCI is associated with lower
short- and long-term mortality when compared with simulta-
neous culprit vessel PCI and multivessel PCI.”

 A 45-year-old man with no priorcardiac his-
tory andrisk factors limited to cigarette smoking presentedto
a rural hospital emergency room with 3 hours of worsening
substernal chest discomfort, Initial EKG was consistent with

acute anterior wall myocardial infarction (Figure 41,2), The
patient was administered aspirin, prasugrel, and unfraction-
ated heparin per protocol.

Expedited transfer to a nearby primary PCI center was
arranged with a transport time of 20 minutes. Coronary an-
giography was performed (Figure 41.3). This demonstrateda
culprit lesion in the mid segmentoftheleft anterior descend-
ing artery, highly suggestive ofa large intraluminal throm-
bus. The lesion was crossed with a soft wire and aspiration
thrombectomy was performed with evident thrombusaspi-
ration (Figure 41,4). Subsequently a drug-eluting stent was
deployed in “direct" fashion.

The patient had a stable postprocedural course. Medi-
cal therapy at discharge included indefinite aspirin ther-
apy, prasugrel for 12 months, an ACE inhibitor, and a beta
blocker. Smoking cessation wasinitiated in the hospital and
continued in cardiac rehabilitation.
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“Figure41,2.ST segment elevation myocardial infarction. Twelve-lead electrocardiogram demonstrating ST
segmentelevation leads V2-V6.

Commentary: This case wasselected to demonstrate the
importance of rapid reperfusion therapy in management of
ST segmentelevation myocardial infarction. Primary PCI was
selected given its rapid availability owing to a coordinated
system of care in this rural region.”” Had this beenlacking, or
had transport time to a PCl-capable facility been longer, ini-
tial treatment with thrombolytic therapy would have been ap-
propriate, as would have been had the patient's presentation
beencloser to symptom onset, despite the availability of PCI.
The significant thrombus burdenfavoredthe initial employ-
ment of aspiration thrombectomyprior to stent deployment.

NON-ST SEGMENT ELEVATION
ACUTE CORONARY SYNDROME 

Indications for Angiography and
Percutaneous Coronary Intervention
Coronary angiography, with an intent of revascularization
(surgical or percutaneous), is a Class | recommendation for
patients presenting with non-ST segment elevation acute
coronary syndrome, unstable angina, or myocardial infarc-
tion. Patients with refractory ischemia—including angina, or
hemodynamic orelectrical instability—or morestable patients

at higher risk for future clinical events should undergo early
angiography, andif indicated PC1.5 Large randomizedclinical
trials utilizing a background of contemporary antithrombic
therapy demonstrated that an initial strategy of angiogra-
phy followed by appropriate revascularization reduced the
incidence of death and recurrent myocardial infarction, as
compared to a more conservative initial approach of medi-
cal therapy and noninvasiverisk stratification,” Early angi-
ography and subsequent revascularization (6 to 24 hours),
as compared to “cooling off," with later angiography and
revascularization, reduce clinical events (composite of death,
myocardial infarction, or CVA in high-risk Acute Coronary
Syndrome (ACS) patients).

In ACS patients undergoing coronary angiography,
the determination of revascularization strategy (PCI versus
CABG) should be similar to that for patients with stable
CAD. The patient's angiographic profile, likelihood of suc-
cess, clinical variables, and patient preference should all be
considered.

Management
For patients with non-ST elevation ACS, appropriate medical
management including aspirin, ADP receptor blockers, and
anticoagulation with either unfractionated or low molecu-
lar weight heparin is mandatory (see Chapter 5). Additional
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} ST segmentelevation myocardial infarction. A. Angiog-
~ raphy of the nonculprit RCA was performedfirst. B. Right

anterior oblique view with cranial angulation demonstrating
severe stenosis of the mid left anterior descending artery,
with sluggishdistal flow. The angiographic appearanceis
highly suggestive ofintracoronary thrombus hallmarked
by luminal irregularity and a filling defect. C. After crossing
with a floppy wire, aspiration thrombectomy was performed
(arrow points to marker tip of the thrombectomy catheter).
D. Angiographic appearance ofthe culprit lesion following
deploymentof a 3.5 x 15 mm drug-eluting stent. Excellent
distal flow was present.

medical therapy including beta-blockers and blood pressure
controlin conjunction with aggressive lipid lowering therapy
with statins is also indicated,*””

Approaches to PCI should be based on anatomic and

err clinical factors. Both bare-metal and drug-eluting stents canbe utilized. As in the setting of STEMI, stent choice should
be predicated on risk of restenosis, stent thrombosis, patient
compliance, and other technical and clinical considerations.
With fourth-generation drug-eluting stents being widely
employed,stentdelivery is rarely a consideration in determin-
ing ifa bare or coated stentis to be employed,In patients with
multivessel CAD undergoing PCI, multivessel intervention
in a single setting is commonplace. That said, consideration
of contrast burden andrisk of contrast-induced nephropathy
(CIN), radiation dose, initial lesion result, the extent of myo-
cardium atrisk, and otherpatient-specific factors should guide
whetherstaging of secondary lesions should be considered.

CASE 41.3 NM 82-year-old man with a history of cor-
onary artery disease presented with severe chest pain and
diaphoresis, Electrocardiography demonstrated dynamic
anterolateral T-wave inversions, and cardiac markers (tropo-
nin) were borderline. The patient was stabilized with aspi-

Thrombus obtainedvia aspiration rin, unfractionated heparin, beta blocker, and nitrates. The
~ thrombectomy. patient had undergone coronary angiography and placement
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of bare-metal stents in the proximal and middleleft anterior
descending artery 2 years earlier. Shortly after stent place-
mentthe patient developed recurrentepisodes of both gastro-
intestinal and genitourinary bleeding requiring transfusion.
Clopidogrel had been stopped at that time and was not re-
started during the current admission. Prior to angiography
the patient expressed that he was adamantly opposed to coro-
nary artery bypass surgery owing to the need for prolonged
recovery and risk of stroke, both of which would preventhis
wife from living independently,

The patient underwent coronary angiography
(Figure 41.5), which demonstrated a culprit lesion in the
middle left anterior descendingarteryatthesite of the earlier

 
stent, In addition, there were high-grade stenosis in the right
and circumflex arteries, Thelimited angiographic complexity
(low SYNTAX score) and preserved systolic function, sug-
gested that PCI would afford a good outcomeand meetthe
patient's desire to avoid surgery. However, the patient's poor
candidacy for long-term dual antiplatelet therapy precluded
multiple drug-eluting stents. Fractional flow reserve was
performed onthe right coronary (FFR = 0.84) and circum-
flex (FFR = 0.91) arteries. Accordingly, revascularization
of these lesions was deferred, Given the discreet segmental
nature of the in-stent restenosis of the middle left anterior

descending lesion and the patient's bleeding risk, conven-
tional balloon angioplasty with a 2.5 X 12mm balloon was

. Non-ST segmentelevation acute coronary syndrome. A. Angiographyof the right coronary artery in the
left anterior oblique angle demonstrates a severe stenosis of the proximal segment(arrow). B. Right
anterior oblique view with cranial angulation demonstrates severe stenosis of the mid left anterior
descendingartery, at the site of a previous stent (arrow). C. Left anterior oblique view with cranial angu-
lation demonstrates moderate to severe stenosis of the proximal circumflex artery (arrow). D. Balloon
angioplasty of mid left anterior descending in-stent restenosis with a 2.5 x 12 mm balloon (arrow).
E. Excellent angiographic result of mid left anterior descendingartery in-stent restenosis (arrow).
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performed, This resulted in an excellent angiographic re-
sult. The patient was discharged with a limited course of
dual antiplatelet therapy and optimal medical therapy for
his residual coronary disease, He had an excellent long-termoutcome.

Commentary: This case was selected to show complex,
patient-centered decision-making in a patient with acute
coronary syndrome,An early invasivestratification strategy
was employed. Consideration of the patient's preferences
and hemorrhagic risk was central in choosing the revas-
cularization approach, Fractional flow reserve provided
physiologic insight into lesions that angiographically ap-
peared severe, thereby mitigating the need for multivessel
revascularization and playing a key role in evidence-based
revascularization that met the patient's personal and clini-
cal needs.

 The patient is a 79-year-old female with a
history of hypertension and diabetes mellitus. In addition,
she has had angina for many years, which has been stable
and is controlled with beta blocker, amlodipine, long-acting
nitrates, a statin, and aspirin. She presented to the emergency
room with the acute onset of severe left-sided chest pain and
left arm numbnessat rest. Initial EKG was unremarkable;
however, the initial troponin was elevated, She was treated
with intravenous nitrates, clopidogrel, and low molecular
weight heparin. Her chest pain abated uponinitiation of her
therapy, and she remained pain free; however, her troponin
peaked at 12, She was referred for coronary angiography and
further therapy.

  

Coronary angiography demonstrated severe three-
vessel coronary artery disease with bifurcation stenosis of
the mid left anterior descending artery involving the os-
tium of the diagonal branch (Figure 41.6), a stenosis of
the proximal segmentofa large-branching obtuse marginal
branch of the circumflex artery, and a subsequentbifurea-
tion lesion of the vessel involving both the ostia of both
terminal vessel branches, The angiogram also demonstrat-
ed moderate to severe stenosis of the distal segmentof the
right coronary artery. Left ventriculography demonstrated
markedly reduced systolic function, with an ejection frac-
tion of approximately 30% and with anterior and inferior
hypokinesis and apical dyskinesis. The study was com-
pleted and revascularization options were considered ina
collaborative heart team meeting of theclinical and inter-
ventional cardiologists and a cardiac surgeon. The dimin-
ished left ventricular function, as well as the angiographic
complexity of the coronary artery disease (numerous le-
sions including multiple, complex bifurcation stenosis,
with the resultant need for many stents), led the group to
favor CABG, The patient's high functional status and lack
of other major morbidities were felt to support this choice
clinically. After consultation with the patient and her fam-
ily, CABG (with five grafts including an internal mammary
artery graft) was performed, The patient had an uneventful
postoperative course,

Commentary:In this case, while percutaneous coronary
intervention was technically possible, the complexity of the
patient's coronary anatomy, as well as the significant reduction
in left ventricular function, favored surgical revascularization,
which was chosen,

 
c

 

 | Non-ST segmentelevation acute coronary syndrome.A. Left anterior oblique view with caudal angu-
~ lation demonstratesa bifurcation lesion of the middle left anterior descending artery involving the

 
ostium of the diagonal branch (arrow). B. Right anterior oblique view with caudal angulation demon-
strates severe stenosis of the proximal segmentof the large branching obtuse marginal branch. There
is additional stenosis of the distal vessel as it bifurcates into terminal branches, involving the ostia of
both branches (arrow). C, Angiography of the right coronary artery in the left anterior oblique view
demonstrates a moderate to severe stenosis of the distal segment (arrow).
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UNPROTECTED LEFT MAIN

CORONARY ARTERY DISEASE 
COMED 4 70-year-old man with known severe oc-

clusive peripheral vascular disease and chronic obstructive
pulmonary disease (forced expiratory volume = 700 mL)
developed pulmonary edema requiring intubation and ven-
tilatory support. During an episodeofatrial fibrillation with
a rapid ventricular response, the patient developed deep
precordial ST-segment depression and hypotension. Owing
to ongoing ischemia despite maximal medical therapy and
ongoing ventilator dependence, coronary arteriography was
performed from the right radial approach. Diagnostic angiog-
raphy demonstrated an 80% ostial left main stenosis, Surgical
consultation recommended that he was not a candidate for

CABG owing to his severe pulmonary disease, and the left
main lesion was corrected by balloon predilatation and im-
plantation of a drug-eluting stent,

Caudle A 62-year-old woman with severe iliofemo-
ral vascular disease underwent CABG for 80% ostial left main

stenosis and 95% stenosis of the second marginal. The mam-
mary artery was not suitable for CABG,and she received vein
grafts to the left anterior descending and the marginal branch,
Five monthslater she developed recurrent angina. Angiogra-
phy demonstrated preservedleft ventricular function and oc-
clusion of the bypass grafts, an 80% ostial left main stenosis,
and an occluded marginal (Figure 41.7A). Her surgeon re-
ferred her for percutaneous revascularization,Hemodynamic
support was initiated using an Impella device, which was suc-
cessfully advanced throughaniliac stent (Figure 41.7B). The
marginal artery was recanalized and stented, and the ostial
left main was also stented (Figure 41.8).

A

 
advanced through iliac stent.

Page 138

 

 An 85-year-old man with severe pulmonary
fibrosis on home oxygen presented with atrial fibrillation with
rapid ventricular response, pulmonary edema, and non-STel-
evation myocardial infarction. Coronary angiography demon-
strated critical distal left main disease involving the ostium
of the LAD, LCX, and ramus intermedius (Figure 41,9), The
ejection fraction was 20%. After being declined for CABG, he
was referred for consideration of high-risk coronary interven-
tion, Given the complexity of the stenosis and the severely
reduced left ventricular systolic performance, prior to the
intervention hemodynamic support with TandemHeart was
initiated. The trifurcation lesion was managed successfully
by stent implantation and the patient was symptom-free at
2-year follow-up (Figure 41.10),

Commentary: Diagnostic coronary angiography uncov-
ers significant unprotected left main coronary artery (ULM-
CA) stenosis in 5% to 7% of cases.*°*! Coronary artery bypass
graft (CABG) surgery has historically reigned as the standard
of care for these high-risk patients based on the improved
survival as compared to medical therapy observed in the
Veterans Administration Cooperative Study and in the Col-
laborative Study in Coronary Artery Surgery.** With im-
proved pharmacologic therapy and the dramatic reduction in
restenosis afforded by DES, enthusiasm for tackling ULMCA
lesions with interventional techniques has mounted. Impor-
tant data from clinical trials are now available to help guide
decision-making for such high-risk interventions.

The multicenter, nonrandomized Reyascularization for
Unprotected LM Coronary Artery Stenosis: Comparison of
Percutaneous Coronary Angioplasty versus Surgical Revas-
cularization (MAIN-COMPARE) registry examined long-
term outcomes after PCI (DES = 784; BMS = 318) or CABG

(n = 1,138) for ULMCAstenosis.** After propensity match-
ing, there was no difference in death or the composite of
death, MI, and stroke, However, repeat revascularization was

 
A. Anteroposterior caudal angiogram ofthe left coronary artery. Left main ostial 80% stenosis (white
arraw) and the occluded mid circumflex/marginal (double white arrow) are shown. B. Impella device

Teleflex Ex. 2167

Medtronic v. Teleflex

IPR2020-00134



 
Page 139

Teleflex Ex. 2167 
Medtronic v. Teleflex 

IPR2020-00134

 
A. Totally occludedleft circumflex (LCX) marginal is recanalized and stented. B. Left main (LM) was
very short, and ostial left main stent was placed extending into the left anterior descending artery
(LAD), followed by kissing balloons in the LM/LAD and LCX. C. Right anterior oblique cranial view of
final result showing the LAD to be a small diffusely diseased vessel mid and distal. D. Anteroposterior
caudal view showing the final results in the LM ostium and LCX.

significantly higher after PCI with a hazard ratio of 4.76 at 3
years (P < 0.001).

The Premier of Randomized Comparison of Bypass Sur-
gery versus Angioplasty Using Sirolimus-Eluting Stent in
Patients with Left Main Coronary Artery Disease (PRECOM-
BAT) trial randomized 600 patients with ULMCAstenosis
to CABG versus PCI with a sirolimus DES in a noninferior-

ity trial?® Surveillance angiography was performed at 8 to
10 monthsafter PCI or for symptoms. At | year the primary
endpoint of death, MI, stroke, or ischemia-driventarget ves-
sel revascularization was reached in 8.7% of PCI and 6.7%

of CABG patients, meeting the wide noninferiority margin
set for this study. The composite event rates at 2 years were
not statistically different (12.2% PCI versus 8.1% CABG),
but there was a significant increase in ischemia-driven tar-
get lesion revascularization after PCI as compared to CABG
(9.0% versus 4.2%). Outcomes favored PCI in isolated left

main or left main plus single-vessel disease, whereas more
complex anatomy favored CABG.The overall low eventrates
in this study are notable, and it is unclear if surveillance

angiography drove higher repeat revascularization rates in
the PCI group.

The Synergy between PCI with Taxus and Cardiac Sur-
gery (SYNTAX) study randomized 1,800 patients with multi-
vesselor left main CAD to PCI with a paclitaxel-eluting stent
versus CABG. Asthe overall study failed to demonstrate non-
inferiority of PCI, subgroup analyses from this trial are con-
sidered hypothesis generating, In the ULMCA subgroup (705
patients), similar 1 year major adverse cardiac and cerebro-
vascular events were found (15.8% versus 12.7%; P = 0.44).
The incidence of stroke was significantly higher after CABG
(0.3% versus 2.7%: P = 0.009), whereas repeat revascular-
ization was higher with PCI (11.8% versus 6.5%; P = 0.02).
Outcomes with the two strategies appeared to depend in part
on the SYNTAX score, a measure that incorporates lesion
location, lesion complexity, and number of lesions. Com-
posite outcomes weresimilar for PC] and CABGin patients
with low or intermediate SYNTAX scores. However, patients
with high (>32) scores hada significantly higher rate of the
primary outcome with PCI (25.3% versus 12,9%).*” Recent
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‘Figure411.9 A. Left anterior oblique caudal angiogram showingcritical distal LM stenosis (arrow) involving the
~~ origin of the LAD, ramus, and LCX. B. Through an 8F guide, the LAD, ramus, and LCX are wired

(arrows). Cardiac support with TandemHeart is initiated. Left atrial cannula of the TandemHeart is seen
in the left atrium (double arrow).

5-year outcome data on the ULMCA cohort from SYNTAX
showsimilar outcomes for PC] and CABG (MACCEof 36.9%

versus 31%; p = 0.12). The outcomes were again best in low
and intermediate SYNTAXscore patients, and in those with
single- or double-vessel CAD. In those with three-vessel CAD
and high SYNTAXscores, the outcomes appear to continue
to favor CABG.

The Evaluation of Xience Prime or Xience V versus

Coronary Artery Bypass Surgery for Effectiveness of Left
Main Revascularization (EXCEL) trial is currently enrolling
patients with left main disease and a SYNTAX score of =32

to evaluate patients with less complex coronary artery disease
than found in those enrolled in SYNTAX.This will allow

an assessment of second-generation DES for the treatment of
ULMCA,

Technical Considerations

Mechanical support (Intraaortic balloon pump, TandemHeart,
Impella, ECMO)is generally not required in hemodynami-
cally stable patients undergoing ULMCA PCI. In unstable
patients mechanical support may be considered in advance,
and vascular access for these devices should be assessed.

Objective lesion assessmentwith fractional flow reserve (FFR
< 0.80) or intravascular ultrasound (IVUS; minimal luminal
area <6 mm”) may help confirm the functional significance

 
 A.I5550)Auercantarwhwomeadsenaawhwievatclawaeidecne>of LCX is “T stented” with a 2.5 X 18 mm Endeavorusing a balloonin the left main to

ensure that the stent does not protrude backinto the left main and impedeaccess to the ramus
and LADfor additional intervention. The stent is postdilated to 2.75 mm. B. The LAD and ramus
are treated using a 3.0 X 12 mm Endeavor DES (Ramus) and 3.0 x 15 mm Endeavor DES (LAD)
deployed in simultaneouskissing stent fashion. Both are postdilated to 3.5 mm. C. Right anterior
oblique cranial view ofthe final result after stenting the LAD, ramus, and LCX.
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ofa lesion, Heavy endoluminalcalcification by 1VUS suggests
the need for rotational atherectomytofacilitate stent expan-
sion. Speed is of the essence in PCI of ULMCA.Given the
large volume of myocardium subtended, balloons and stents
are all readied prior to critical steps, inflation durations are
minimized, and bailout equipment for side branch occlu-
sion or perforation is on standby, While PCIis generally per-
formed on the mostdistal lesion first, ULMCA lesions may
require treatment first in order to workdistally later without
inducing global ischemia.

The location of the stenosis within the left main coro-

nary artery will generally determine the complexity of the PCI
(see Chapters 28 and 31). About 30% of stenoses involve the
ostium or body ofthe left main.* Focal, ostial/body left main
lesions can generally be treated with short, large-diameter
stents with a minimum of peri-PCl ischemia, Coaxial guiding
catheter supportallowspositioning of the proximalportion of
the stent just 1 to 2 mm withinthe aorta andfully covering the
ostial left main stenosis, A nonaggressive guide (e.g., Judkins
left) may facilitate controlled guide disengagementto allow
precise positioning ofthe ostial stent. Short, high-pressure
balloon inflations minimize ischemia time and provide full
stent expansion.

Left main lesions involving the distal left main bifurea-
tion account for roughly 60% of ULMCA stenoses.” These
generally require placingthe distal portion ofthe stent within
either the left anterior descending (LAD) orthe left circum-
flex coronary artery, or both, One large observational study
of LMCA bifurcation stenting found that a one-stent tech-
nique was associated with reduced MACEat 2 years as com-
pared to a two-stents technique (propensity-adjusted hazard
ratio for the risk of 2-year MACE was 0.53 (95% Cl: 0.37 to
0.76).Restenosis rates in left main bifureation lesions are
higher than forisolated ostial/body lesions, with the most
commonsite of restenosis being the circumflex ostium.” The
distal LMCA bifurcation angle generally dictates the tech-
nique employed. Angles of ~90 degrees allow T stenting or
oneofits variants—techniques that minimize stent overlap,
More acute angles are generally treated with single-vessel
provisional stenting or other techniques (crush, Culotte,
V stenting, T and Protrusion). Completion kissing balloon
angioplasty is recommended to optimize stent geometry.

Forelective intervention, current U.S, guidelines provide
a class Ila recommendation for LMCA PCI whenthelesion is

=50%, the anatomyis consistent with low acute complications
and favorable long-term outcome (e.g., SYNTAX score =22,
ostial or body location), and there is increased surgical mortality
risk (e,.g., STS mortality prediction of =5%).® The recommen-
dation is Ib for a similar situation with a low-to-intermediate

risk of acute complications and an intermediate-to-highlikeli-
hoodoffavorable long-term outcome(e.g., SYNTAX score =33,
bifurcation left main lesion), PCI should not be performed in
ULMCAfor patients with unfavorable anatomy for PCI and
low surgical risk. Given the enormousstakes for patients with
ULMCA, the importance of a heart team approach to decision-
makingin stable patients cannot be oyeremphasized.®

CHRONIC TOTAL OCCLUSION

A 59-year-old man with premature CAD,
prior CABG, and multiple prior PCIs of the native vessel
presented with severe exertional angina that developed with
exercise and was relieved withrest, despite maximum medi-
cal therapy. Exercise stress testing demonstrated reversible in-
ferior wall ischemia (Figure 41.11). Coronary arteriography
demonstrated a patent left internal mammaryartery to the
LAD and oceluded SVGsto the diagonal branchand posterior
descending branches. The native left coronary artery had a
patent left circumflex coronary artery and diffuse disease of
the LAD and diagonal branches. The right coronary artery
was ectatic and was patent to the posterior descending ar-
tery. Just distal to the crux, there was a total occlusion ofthe

distal continuation of the RCA (Figure 41.12). A large right
posterolateral branch was being filled by left-to-right and
right-to-right collaterals, Conventional coronary guidewires
were unsuccessful in crossing the occlusion. The Intralumi-
nal Therapeutics Safe Steer RF coronary guidewire was then
used to cross the occlusion using optical coherence reflec-
tometry guidance, to confirm the intraluminalposition of the
guidewire, and radiofrequency energy to cross the occluded
segment, Once successlul wire crossing was obtained, coro-
nary stent placement was performed with normal flow into
the large posterolateral branch,

 

Indications for Coronary
Arteriography and Percutaneous
Revascularization

Defined as a complete occlusion of =3 months duration,
CTOs are found in up to 50% of patients with significant
obstructive coronary artery disease (=70%) at catheteriza-
tion.” Despite this prevalence, historically only 8% to 15% of
patients with CTO has undergone PCIIn fact, the presence
of CTOis a major predictor of advising against PCI" in favor
of medical therapy or CABG."' This practice patternlikely
reflects uncertainty regardingtheclinical benefit of CTO PCI,
as well as the significant technical challenges with this proce-
dure, Fortunately, recent marked advances in equipment and
procedural technique have rendered CTOs less daunting in
experienced hands, The challenge forinterventionalists is to
determine whento tackle these complex lesions and how to
achieve effective revascularization safely and expeditiously
when PCIis attempted.

There are no randomized trials comparing CTO PCL
to medical therapy. The Occluded Artery Trial (OAT) com-
pared PCI to medical therapy fortotal occlusion of the culprit
vessel =28 days after acute myocardial infarction in stable
patients with high-risk features (proximal vessel occlusion or
ejectionfraction <50%).PCI did not reduce the incidence

of death, reinfarction, or Class IV heart failure up to 4 years
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_ Stress echocardiogram demonstrating inferior-posterior hypokinesis with exercise (arrows), A. Para-
' sternal long-axis rest. B, Parasternal long-axis stress. C. Parasternal short-axis rest. D. Parasternal

 

short-axis stress, E, Apical two-chamber rest. F Apical two-chamber stress. (Courtesy of Noninvasive
Cardiac Laboratory, Brigham and Women’s Hospital, Boston, MA.)

as compared to medical therapy (17.2% versus 15.6%), but
the clinical context (recent MI) and the coronary anatomy
(recent thrombotic occlusion) in OAT were far different

from those of the CTO population. In true CTOs, success-
ful PCI has been associated with improved left ventricular
function," reduced angina and need for CABG," and even
improved survival’**’ when compared to failed procedures.
Other observational data have suggested an adverse prog-
nostic effect of untreated CTO, Fractional flow reserve of the

collateral circulation to CTOsis reliably <0,80, consistent
with ischemia in the CTO territory even in the presence of
large collaterals.** Following primary PCI, nonrevascularized
CTO of a non-infarct related artery at 30 days is associated
with increased long-term mortality.” Among unselected PCI
patients the presence of unattempted CTO in two vessels
appears to define the population at highest risk for subse-
quent death and myocardial infarction.

It is possible that the observed favorable effects of suc-
cessful CTO PCIin fact reflect the fact that patients with failed
or unattempted CTO PCI may represent a sicker population
or, more ominously, that failed attempted CTO PCIactually
confers harm, Studies in Europe and Asia are currently ran-
domizing CTO patients to PCI versus medical therapy, but
al present we are left to make ourbest clinical judgment.
Current guidelines provide a Class Ila recommendation that
PCI of the CTO is reasonable in patients with appropriate
clinical indications and suitable anatomy when performed by

operators with appropriate expertise.* A Heart Team approach
is emphasized, with specific input from cardiothoracic sur-
gery, as is an individualized risk—benefit analysis encompass-
ing clinical, angiographic, and technical considerations.

Technical Considerations

Several consensus documents have attempted to formalize a
systematic approach to CTO intervention,!** Operator expe-
rience and commitmentto the technique are consideredcriti-
cal to the success of complex CTO intervention. Ad hoc PCI
of complex CTOsis discouraged to allow for intensive review
of the angiographic and clinical data andto utilize the Heart
Team approach. Bilateral simultaneous coronary angiography
is recommended with minimal panning in low magnification,
injecting the contralateral vessel first, followed by the CTO
vessel to optimize vessel assessment. Septal collaterals are
best assessed in the RAO cranial and caudal views. Critical

angiographic characteristics to review include (i) the proxi-
mal cap location and morphology, (ii) lesion length,(iii) size
and quality of the target at the distal cap, and(iv) the collat-
eral vessels.” A clear entry into the proximal cap anda lesion
length >20 mm favor success with a standard antegrade
approach. When the proximal cap has noclear entry point,
or the distal target is poor, or there are favorable collaterals,
a retrograde approach may be preferable, Epicardial collater-
als should be avoided in the retrograde approach owing to
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Recanalization of a total coronary occlusion.A. A flush occlusion of the distal continuation of the
right coronary artery (arrow), B.Initial attempts at crossing the occlusion with a hydrophilic coronary

i guidewire result in the creation of a false lumen andparallel tract to the right posterolateral branch
(arrow), C. The Intraluminal Therapeutics SafeSteer coronary guidewire is used to advancethe wire

j into the true lumenusing optical coherence reflectometry (arrow). D. Using this method, the guide-
wire is advanced into the distal portion of the right posterolateral branch. E. A 2.0 mm balloonis used
to dilate the occlusioninitially. F This is followed by stent placementin the verydistal right coronary
artery. G. An additional balloon inflation is performed in the distal right posterolateral branch. H.The
final angiographic result demonstrates no residual stenosis and normal flow into the distal vessel.
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perforation risk. Success of retrograde PCLis enhancedif the
collaterals have minimal tortuosity and enter thedistal vessel
far enough beyond the distal cap to allow wire purchase.If
the collateral is the sole source of perfusion to the occluded
vessel, therisk of acute intraproceduralischemia increases.

Anticoagulation with unfractionated heparin is favored
over bivalirudin for PC] on CTO, asit can be reversed in the
case of perforation. Similarly, glycoprotein Ub/Illa inhibitors
are avoided, Equipmentfor pericardiocentesis, embolization
coils, and covered stents should be readily available to man-
age perforation. An activated clotting time of >350 seconds
is recommended during retrograde procedures to minimize
the risk of thrombosis in the instrumented collateral ves-

sels.* Routine use of a two-guide technique is advocated—
one guide for antegrade injection in the CTO vessel and a
second shorter guide (=90 cm) in the contralateral coro-
nary to facilitate retrograde techniques, Large-caliber guides
enhance support and allow exchange of bulky devices or
balloon-trapping techniques, while long-access sheaths help
overcome peripheral vascular tortuosity that may otherwise
hinder guide performance, Techniques to minimize radiation
exposure to the patient and the operator (reducing cine and
fluoroscopy framerates, using “store” fluoroscopyrather than
cineangiography whenappropriate, and using additional pro-
tective shielding) should be employed for these potentially
long procedures.

Successful CTO intervention requires familiarity with a
significant numberof niche wires and devices. Hydrophilic
0.014 inch wires with 0.009 inch tapered tips of low stiff-
ness are available to probe the entry cap for microchannels in
the antegrade approach.If unsuccessful, and if the pathway
to the distal lumen is clear, escalation to increasingly stiff,
nontapered wires is appropriate. A wire-directed retrograde
throughcollaterals to the distal cap can provide a target for
antegrade approach. Alternatively, an antegrade subintimal
dissection approach can be attempted, using a knuckled wire
or a blunt-tip metal microcatheter (CrossBoss, BridgePoint
Medical, Plymouth, MN). The wire or catheter is advanced
parallel to the true lumen up to the distal cap. With a micro-
catheter in the subintimal space for support, reentry into the
distal true lumen is attempted with a stiff wire. The Sting-
ray system (BridgePoint Medical) can be advanced over a
wire into the subintimal space. Wheninflated, the balloon
assumes a flat shape with an exit port on either side. A 0.0025
inch wire is then advanced into the appropriate port facing
the true lumen to achieve reentry.

Once successful antegrade wiringis achieved, low-profile
balloons are used to cross the occlusion to establish a chan-

nel for stenting. If balloons cannot cross, guide support can
be enhanced with a GuideLiner (Vascular Solutions, Minne-
apolis, MN) and wire support can be augmented with various
balloon-trapping techniques. Finally, a Tornus microcatheter
(Asahi Intecc) can be used. This device is counterclocked

over the wire to screw through the lesion. Stents are supe-
rior to balloon angioplasty for CTO intervention, and DESare
superior to BMS,*°7

In the retrograde approaches, access to thedistal target
vessel via a bypass graft is preferred to a septal collateral, and
access via an epicardial collateral is generally avoided due to
increased risk of perforation. Generally a low-profile over-
the-wire balloon or a microcatheter is used to support a long
hydrophilic wire. Once the wire is negotiated into the distal
target vessel, retrograde to the distal cap, the septal is dilated
with a small balloon (~1.5 mm)at low pressure or using the
Corsair septal dilator microcatheter (Abbott Vascular) to avoid
equipment entrapment in the collateral. A microcatheter is
advanced to the distal cap and the occlusion is traversed using
one of multiple techniques, such as antegrade puncture with
the retrograde wire as a target, retrograde puncture, or reverse
subintimal dissection and reentry. If the lesion is crossed ret-
rograde, subsequent treatment of the lesion is most easily
accomplished by crossing this new lumen antegrade and com-
pleting the procedure in a standard antegrade fashion. Exter-
nalization of the retrograde wire using a snareis also possible,
In this approach, maintaining microcatheter position through
the septal collateralsis critical to prevent septal injury during
the wire manipulations, The externalizedrail can then be used
to complete the procedure in an antegrade fashion.

In specialized CTO centers, CTO intervention is success-
ful in up to 85% of cases, with substantially lower success
rates in less experienced hands.Similarly, rates of perforation
and mortality are <19.°! With DES, target lesion revasculariza-
tion rates are <10%."' Although a randomizedtrial of PCI ver-
sus CABG or medical therapy for CTO is sorely needed,atthis
time CTO interventionis a reasonable alternative in appropri-
ately selected patients when performed in experienced centers.

SAPHENOUS VEIN GRAFT DISEASE

ane | 60-year-old man with a history of coronary
artery disease and prior CABG presented with an acuteinfe-
rior-wall myocardial infarction. The EKG demonstrated an
inferior-wall myocardial infarction, manifest by ST-segment
elevation of leads I, Ill, and AvL (Figure 41,13), Coronary
arteriography demonstrated a patent left internal mammary
artery (LIMA) to the LAD, patent SVGto the obtuse marginal
and diagonal branches, ostial left main and RCA occlusions,
and a recently occluded SVG to the posterior descending ar-
tery (PDA, Figure 41.14). The occluded SVG to the PDA was
crossed with a 0.014 inch BMW wire, and a distal injection
demonstrated abundant thrombus anda focal stenosis in the

midportion of the SVG. A 0.014 inch FilterWire EZ (Boston

Scientific, Natick, MA) was placed across the stenosis, and
the FilterWire was deployed in a smoothportion ofthe SVG,
ASF AngioJet XVG catheter was used to removetheresidual
thrombus. Following this, two 3.5 X 33 mm CYPHERstents
were placed in the proximal and mid SVG. The SVG was post-
dilated with a 4.0 mmpostdilatation balloon, The FilterWire
was then removed, and normalflow was found in the distal
RCA andits branches,
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CSSA 4 55-year-old man with prior bypass sur-
gery, includinga vein graft to the first marginal, presents with
unstable angina, The proximal portion of the graft has been
previously stented and angiography demonstrates a severe
in-stent restenosis (Figure 41,15A). The in-stent lesion is
deemed low-risk for distal embolization and no-reflow at the
time of intervention, andstenting of thelesion is performed
without distal protection, The lesion is successfully treated,
but there is now a distal cutoff in the subtended marginal
branch (Figure 41,15B). Balloon angioplasty is performed
at the site of distal cutoff with restoration of brisk antegrade
flow with no residual obstruction (Figure 41,158).

Indications for Coronary
Arteriography and Percutaneous
Revascularization

Even with excellent surgical techniques, SVGs are at risk
for deterioration owing to progressive degeneration in the
higher-pressure arterial environment.It is thus estimated that
>50% of SVGs become diseased or occlude within the first

decade after CABG. Repeat CABG for SVG failure, particu-
larly when there is a patent LIMA to the LAD, is associated
with lower success rates and less symptomatic benefit than
those of the initial procedure.

Technical Considerations

Anticoagulation for percutaneous intervention on SVGs 1s
typically achieved with unfractionated heparin or bivaliru-
din. Procedural success with current techniques generally
exceeds 90%depending in part on the presence ofgraft
degeneration and lesion location, The major risk of SVG
intervention is the occurrenceofdistal embolization,” The

degree of risk for embolizationrelates to the extent of SVG
degeneration, which includesan estimateofthe percentage of
graft irregularity and ectasia, friability, presence of thrombus,
and numberof discrete or diffuse lesions (>50% stenosis)
located within the graft. Case selection is therefore critical.
Severely diffusely degenerated grafts with poordistal out-
flow and chronic total SVG occlusions are generally avoided,
particularly if an option for revascularization via the native
coronary circulation exists. Glycoprotein I[b/Illa antagonists
are not beneficial in this regard and do not improve overall
outcomes of SVG intervention. Although atherectomy and
thrombectomy have been tried to prevent embolization and
its attendant complications, only the use of embolic protec-
tion devices has resulted in a reduction of adverse clinical
events (see Chapter 29),°!

Three general classes of embolic protection devices
have been approvedfor clinical use: occlusion systems that
use a low-pressure balloon to occlude flow during interven-
tion, embolic entrapmentfilters that permit flow through the
SVG during intervention but capture the debris within the
distalfilter, and proximal occlusion systems. The PercuSurge
Guatdwire (Medtronic Vascular, Santa Rosa, CA) device is
a low-profile system (0,014 inch guidewire) with a balloon
that is inflated at low pressures to occlude flow onceit is
positioned distal to the target lesion, Any debris liberated
by intervention remains trapped in the stagnant column of
blood and is subsequently aspirated witha different catheter
before the occlusion balloon is deflated to restore antegrade
flow, The 801-patient SAFER trial, in which patients under-
going SVG intervention were randomized to stenting using
this distal protection device versus a conventional guidewire,
demonstrated a substantial reduction in 30-day major adverse
clinical events (16.9% to 9.6%) and no-reflow (8.3% to 3.3%)
using the device.Subsequent trials with distalfilters (e.g.,
FilterWire, Boston Scientific, Natick, MA; SpiderFX, ev3
Endovascular, Inc., Plymouth, MN) and proximal occlusion

Teleflex Ex. 2167

Medtronic v. Teleflex

IPR2020-00134



 
Page 146

Teleflex Ex. 2167 
Medtronic v. Teleflex 

IPR2020-00134

 
Figure 41.14) Saphenous vein graft intervention (SVG), A. The left main coronary artery is occludedatits origin.
oe B. The right coronary artery is occluded andfills faintly by right-to-right bridging collaterals. C. The

SVG to the diagonal branch is patent. D. The SVG to the ramus branch is patent. E. The SVG to an
obtuse marginalbranchis patent. FThe SVGto the posterior descending branchis acutely occluded
(arrow). G. After wire recanalization, a large thrombusis seen in the midsegmentof the SVG (large
arrow)that extends more distally within the SVG (smal! arrows). H. An XVG AngioJet catheter (large
arrow) is used to remove the thrombus after placementof a distal protection FilterWire (small arrow).
1.A3.5 X 33 mm CYPHER stentis placed in the distal portion of the SVG. J. Another 3.5 x 33 mm
CYPHERstentis positioned in the proximal portion of the SVG. K. After removal of the FilterWire,
the left anterior oblique projection demonstrates patency of a cascade of posterior descending and
posterolateral branches. L. Complete stent expansion is confirmed in the left lateral projection.
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‘Figure41.15A. Left panel showsa very proximal lesion owing to in-stent restenosis in a saphenousvein graft to

the obtuse marginal system. The magnified view of the lesion demonstratesa critical lesion followed
by a filling defect just beyond the obstruction. The right panel shows the subtended marginal system.
B. Left panel showsdistinct cutoff (white arrow) of the upper branch of the obtuse marginal owing to
distal embolization during stenting of the ostial lesion without embolic protection. Right panel shows
restoration offlow after balloon angioplasty of the cutoff site. (Reproduced with permission from: EV
Haddad, Piana RN. No-reflow, distal embolization and embolic protection. In: Moscucci M, ed.
Complications of Cardiovascular Procedures: Risk Factors, Management and Bailout Techniques.
Lippincott & Wilkins, 2011.)

devices (Proxis Embolic Protection System, St Jude Medical,
Maple Grove, MN) have been noninferiority trials demonstrat-
ing similar outcomes.”Givenourinability to predict which
patients will develop an embolic complication, embolic pro-
tection devices should be usedin all suitable patients under-
going SVGintervention, Despite this Class I recommendation

in the 2011 ACC/AHA/SCAI PCI guidelines, embolic protec-
tion is used in only ~23% ofeligible patients.”

Microvascular (arteriolar) spasm and dislodgement of
platelet aggregates are also causes of periprocedural myocar-
dial infarction (MI). In addition to appropriate antiplatelet
and antithrombotic therapy, agents to treat microvascular
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spasm (nitroprusside, adenosine, verapamil, nicardipine) are
therefore typically employed whentreating vein grafts.

A meta-analysis of 19 studies demonstrated a 41% rela-
tive reduction in target vessel revascularization with DES as
compared to BMS for SVG intervention without an increase
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