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Hyperexpansion of
Coronary Stents and
Clinical Outcomes

The complication rates and late clinical follow-up of patients who experience stent hyper-
expansion have not been well studied. We designed this prospective study to evaluate the
influence of stent hyperexpansion on clinical outcomes in patients with coronary artery
disease.

Patients who underwent coronary stenting were divided into 2 groups according to
whether or not their stents hyperexpanded (defined as stent/artery luminal diameter
ratio of >1.1/1.0 with no residual stenosis) during implantation. Clinical, angiographic,
and procedural characteristics were evaluated at baseline, and clinical outcomes were
analyzed in-hospital and at 1 year. The primary endpoint comprised 1-year major ad-
verse cardiovascular events (MACE): death, myocardial infarction, and target-vessel re-
vascularization.

Clinical characteristics were not statistically different between patients with hyperex-
pansion (n=94) and those without (n=542; controls). The hyperexpansion group had signifi-
cantly smaller mean target-vessel diameters and less severe stenoses; their stents were
implanted at higher pressures (13.51 + 12.93; P=0.01); and they had higher balloon/artery
ratios (1.07 U vs 0.99 U, P <0.0001) and higher aggressiveness scores (14.5 U vs 12.79 U,
P <0.0001). Rates of angiographic success and in-hospital MACE were similar, although
the hyperexpansion group more often had occlusions of large side branches (5.3% vs
1.5%,P=0.03). At 1 year, the groups had similar rates of MACE (10.8% vs 10.7%), including
target-vessel revascularization (8.2% vs 6.5%). Multivariate analysis revealed associations
between stent hyperexpansion and higher aggressiveness scores, higher balloon/artery
ratios, and narrower target vessels; the hyperexpansion group also had more target-ves-
sel large-side-branch occlusions. Hyperexpansion was not associated with lower rates of
MACE. (Tex Heart Inst J 2006;33:437-44)

ptimal implantation of a coronary stent, defined as implantation that results

in clinically effective expansion of the stent and residual stenosis <10%, is

associated with lower rates of angiographic restenosis and subacute throm-
bosis than non-optimal procedures."” To achieve these results, it is often necessary to
use aggressive approaches, such as high implantation pressures, oversized balloons, or
both.*"? These methods may, however, cause a stent to extend beyond the reference
diameter of the target vessel, or “hyperexpand,” resulting in negative residual stenosis
and the angiographic phenomenon known as the “step-up, step-down” effect. Several
clinical studies have compared the clinical efficacy of high versus low implantation
pressure,”"> but none have studied the complication rates and late clinical follow-up
of patients in whom stent hyperexpansion has occurred. In this prospective study, we
compared clinical outcomes after 1 year in patients who experienced stent hyperex-
pansion, as opposed to optimal stent implantation with no hyperexpansion.

Patients and Methods

Patients

Eligible for inclusion in this study were all patients undergoing percutaneous coronary
intervention (PCI) with coronary stents as treatment for symptomatic coronary artery
disease at the Instituto de Cardiologia do Rio Grande do Sul (Porto Alegre, Brazil)
from April 1996 through December 2000. Excluded from the study were patients
who received Ist-generation stents (coil or tubular), underwent angiographically un-
successful procedures, or had residual stenosis >10% after stent implantation.
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Clinical Presentation

Stable angina was defined as angina that had remained
stable during the last 2 months before stent implanta-
tion. Unstable angina was defined as angina that had
worsened or intensified, with or without chest pain at
rest, during the last 2 months before stent implanta-
tion. Acute myocardial infarction (AMI) was defined
as ongoing chest pain and ST-segment elevation that
prompted referral for percutaneous revascularization of
an infarce-related artery.

Indications for Stenting

Indications for stenting included elective procedures,
provisional stenting procedures, and salvage procedures.
Elective procedures were those that were planned. Pro-
visional stenting procedures were those necessitated by
suboptimal results of a coronary angioplasty procedure
(large nonocclusive dissections, residual lesions greater
than 50%, or elastic recoil). Salvage procedures were
those performed during an episode of acute occlusion.

Implantation Procedure

All patients were receiving oral platelet inhibitors—
aspirin (100 mg daily) and ticlopidine (250 mg twice
daily)—at the time of PCI. In urgent cases, these agents
were administered during or soon after stenting. Intra-
venous boluses of heparin were administered during
the implantation procedure, and intracoronary nitro-
glycerin was routinely administered before angiography
in all patients. Standard PCI techniques were used™"
to place the following stents: 313 Multilink Duet or
Tristar (Guidant/Advanced Cardiovascular Systems;
Santa Clara, Calif), 260 Tenax (Biotronik; Berlin,
Germany), and 103 BX Velocity (Cordis, Johnson &
Johnson Interventional; Miami Lakes, Fla). In most
patients, treatment involved balloon dilation followed
by stent placement. In each instance, the treating phy-
sician decided on the type and number of stents to
use, and whether to use high pressure. A stenting
procedure was considered successful if it resulted in no
major adverse cardiovascular events (MACE) during
the patient’s hospital stay.

Angiographic Analysis

All angiographic analyses were performed by experi-
enced operators, with use of manual pachymeters. Tar-
get-vessel diameter was defined as the mean diameter of
the luminal segments proximal and distal to the lesion.
The severity of stenosis was measured in 2 orthogonal
views. Lesion length was measured “shoulder to shoul-
der.” Longer, interrupted lesions were considered to be
a single lesion only when the normal segment that lay
between them was <10 mm long . Stenoses were classi-
fied according to criteria established by the American
College of Cardiology.” Balloon/artery ratio was de-
fined as the ratio between the nominal diameter of the
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balloon used to implant the stent, according to the data
supplied by the balloon’s manufacturer, and the target
vessel diameter. Aggressiveness score was defined as the
product of the balloon/artery ratio multiplied by the
maximum pressure (atm) used to implant the stent, as
proposed by Hoffmann and coworkers.” High-pressure
stent implantation was defined as the use of pressures
214 atm.

Study subjects were classified into 2 groups on the
basis of stent hyperexpansion. The occurrence of hy-
perexpansion was determined by measuring mid-stent
luminal diameter immediately after stent deployment
and comparing it with the target-vessel diameter. Hyper-
expansion was defined as a postimplantation stent/
artery luminal diameter ratio of >1.1/1.0 and residual
stenosis of at least —~10%. Optimal implantation with
no hyperexpansion was defined as a postimplantation
stent/artery luminal diameter ratio of <1.1/1.0 and re-
sidual stenosis ranging from —10% to 10%.

Follow-Up and Study Endpoints
Patients were followed up for 1 year by clinical evalu-
ation in an outpatient clinic, by contact with the at-
tending physician, or by telephone contact. Follow-up
angiography was performed only when symptoms or
signs of recurrent myocardial ischemia were present.
The primary endpoint of the study was a compos-
ite of MACE, which comprised cardiac-related death,
Q-wave or non-Q-wave myocardial infarction, and
target-vessel revascularization (including coronary ar-
tery bypass grafting and PCI) 1 year after the index
stenting procedure. Clinical, procedural, and angio-
graphic characteristics and in-hospital follow-up data
regarding the study population were recorded and pro-
spectively entered into a dedicated database. Al MACE
that occurred during the in-hospital period and within
the Ist year after stenting were recorded in the database.
Other adverse events recorded were subacute thrombo-
sis (defined as in-stent occlusion occurring >24 hours
but <30 days after stent implantation) and occlusion of
large side branches (2.0 mm).

Statistical Analysis

Categorical variables were expressed as percentiles; con-
tinuous variables were expressed as the mean + standard
deviation (SD). Differences between the 2 study groups
were evaluated by the y? test (categorical variables) and
by Student’s #test (continuous variables). The rate of
MACE-free survival during the 1-year follow-up pe-
riod was analyzed by the life-table method, and the dif-
ference between survival curves was calculated by the
log-rank method. Multivariate analysis was used to cor-
rect for differences between the groups that could have
influenced 1-year MACE rates. Multivariate analysis
was also used to identify predictors of hyperexpansion,
and the Hosmer-Lemeshow goodness-of-fit test was
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used to determine the model that most appropriately
fit the data.” For all other tests, a P value <0.05 was
considered to be statistically significant.

Results

Patients’ Characteristics

There were no statistically significant differences be-
tween the hyperexpansion group (n=94) and the con-
trol group (n=542) in terms of age, sex, or frequency of
cardiac risk factors (Table I). The clinical presentation,
previous AMI, previous myocardial revascularization,
and mean left ventricular ejection fraction were also
similar between groups.

Patients with hyperexpansion less frequently had 3-
vessel disease (8% vs 16%; P=0.05) (Table II). The
mean target-vessel diameter was significantly lower in
the hyperexpansion group than in the control group
(3.03 £ 0.38 mm vs 3.35 + 0.40 mm; P <0.0001), as
was the mean severity of stenosis before stent implan-
tation (82% =+ 11% vs 86% =+ 10%; P=0.003). There
were no other statistically significant differences re-
garding the target vessels. Lesion length, calcium seen
on angiography, and American College of Cardiology
lesion type were similar in both groups.

Procedural Characteristics

The indications for stenting were similar in both groups
(Table III). Patients treated with Multilink stents had
a greater proportion of hyperexpanded stents (17.7%)
than did those patients treated with Tenax stents
(10.9%) or BX Velocity stents (11.1%) (P=0.046). How-
ever, when the influence of the stent type on the prob-
ability of hyperexpansion was adjusted for the other
important covariates, it no longer remained associated
with hyperexpansion. There were no statistically sig-

nificant differences between the 2 groups in terms of
mean stent length, mean nominal balloon diameter,
or final luminal diameter. The mean residual steno-
sis was significantly less in the hyperexpansion group
(-14.22% £ 6.6% vs 0.48% + 3.42%; P <0.0001), as
expected on the basis of the definitions that we used. The
mean implantation pressure was significantly higher in
the hyperexpansion group (13.51 £ 2.27 atm vs 12.92
* 2.03 atm; P=0.01), as were the mean balloon/artery
ratio (1.07 £ 0.11 vs 0.99 + 0.06; P <0.0001) and the
aggressiveness score (14.5 +2.74 U vs 12.79 £ 2.06
U; P<0.0001). The independent predictors of hyper-
expansion were aggressiveness score, balloon/artery ra-
tio, and target-vessel diameter. When separate models
were compared by means of the Hosmer-Lemeshow
goodness-of-fit test, none reached statistical signifi-
cance. The aggressiveness score remained as the stron-
gest predictor of hyperexpansion (aggressiveness score:
1*=9.2832, P=0.319; balloon/artery ratio: ¥*=14.3192,
P=0.0738; and target-vessel diameter: ¥*=10.9032,
P=0.2072).

Study Outcomes

One-year clinical follow-up data were obtained in 97%
(617/636) of our study population. In 33% (210/636),
angiography was performed at follow-up because of re-
current symptoms or myocardial ischemia. The hyper-
expansion and the control groups had similar clinical
success rates (98.9% vs 98.3%; P=NS). One in-hospi-
tal death (1.1%) occurred in the hyperexpansion group,
and 6 (1.1%) occurred in the control group. No in-
hospital AMIs occurred in the hyperexpansion group;
3 (0.6%) occurred in the control group. Occlusion of
large side branches occurred more often in the hyper-
expansion group (5.3% vs 1.5%; P=0.02) (Fig. 1).
Subacute thrombosis occurred with similar frequency

TABLE I. Clinical Characteristics of Patient Population (n=636) According to Stent Hyperexpansion after

Implantation

Hyperexpansion

Characteristic (nte934) m=N5312) P Value
Age, years (+ SD) 59.88 £ 10.53 60.27 £10.93 0.75
Female, % 27 29 0.61
Systemic arterial hypertension, % 41 36 0.48
Smoker, % 62 59 0.66
Dyslipidemia, % 59 52 0.19
Diabetes mellitus, % 15 24 0.07
Previous coronary artery bypass grafting, % 7.4 10 0.36
Previous percutaneous transluminal coronary angioplasty, % 14 9 0.17
Previous acute myocardial infarction, % 19 27 0.09
Clinical presentation, % 0.78
Stable angina 20 22 0.75
Unstable angina 62 62 1.0
Acute myocardial infarction 18 16 0.78
Texas Heart Institute Journal Coronary Stent Hyperexpansion and Clinical Outcomes 439



TABLE Il. Angiographic Characteristics According to Stent Hyperexpansion after Implantation (n=676)

Hyperexpansion

Yes No
Characteristic (n=95) (n=581) P Value
Extent of disease, % 0.11
1-vessel 54 48 0.36
2-vessel 38 36 0.71
3-vessel 8 16 0.05
Target vessel, % 0.07
Left main 0 1 1.0
Anterior descending 59 50 0.12
Circumflex 19 14 0.28
Right 21 30 0.09
Vein graft 1 5 0.10
Target-vessel diameter, mm 3.03+0.38 3.35+0.40 <0.0001
Stenosis severity, % 82+ 11 86+10 0.003
Minimal luminal diameter, mm 0.54+0.34 0.49+0.35 0.18
Lesion length, mm 0.16+4.49 10.85+4.62 0.18
Calcium, % 15 15 0.95
Lesion type (ACC), % 0.70
A 3 4 1.0
B1 15 14 0.96
B2 63 58 0.38
C 19 24 0.16
ACC = American College of Cardiology classification
TABLE lll. Procedural Factors According to Stent Hyperexpansion after Implantation (n=676)
Hyperexpansion
Yes No
Characteristic (n=95) (n=581) P Value
Indication for stenting, % 0.19
Elective procedure 53 50 0.59
Provisional procedure 36 43 0.21
Salvage procedure 12 7 0.19
Stent length, mm 15.62 £4.55 15.66 £+ 4.67 0.94
Implantation pressure, atm 13.51+2.27 12.92 £2.03 0.01
Balloon diameter, mm 3.24 +£0.39 3.31+£0.38 0.10
Residual stenosis, % -14.22+6.6 0.48+£3.42 <0.0001
Final luminal diameter, mm 3.42 £0.40 3.36 £0.39 0.12
Balloon/artery ratio, U 1.07 £0.11 0.99 +0.06 <0.0001
Aggressiveness score, U 145 +274 12.79 £2.06 <0.0001

Atm = atmospheres; U = arbitrary units

in both groups (none in the hyperexpansion group vs
0.7% in the control group; P=NS).

At 1-year follow-up, the hyperexpansion and control
groups had similar rates of MACE (10.8% vs 10.7%),
target-vessel revascularization (8.2% vs 6.5%), coro-
nary angioplasty (4.2% vs 4.3%), coronary artery by-
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pass grafting (4.2% vs 2.4%), AMI (2.1% vs 1.2%),
and cardiac mortality rate (3.2% vs 1.5%) (Figs. 2 and
3). In those patients who underwent angiography on
follow-up, angiographic restenosis occurred with simi-
lar frequency in both the hyperexpansion group and
the control group (12.0% vs 12.8%). The differences
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were not statistically significant for any of these vari-
ables.

By multivariate analysis, the presence of hyperex-
pansion was not associated with 1-year MACE. Inde-
pendent predictors of 1-year MACE were target-vessel
diameter, lesion length, and diabetes mellitus, as shown

in Table I'V.

Discussion

In this study, the clinical outcomes after stent hyper-
expansion were generally similar to those after optimal
stent implantation without hyperexpansion. Patients
in the hyperexpansion group experienced MACE and
target-vessel revascularization just as frequently as did
patients in the control group. However, patients in the
hyperexpansion group experienced side-branch occlu-
sions more frequently. The aggressiveness score was

107 W Hyperexpansion
O Control
81 P=0.03
S
o 61 5.3
o
8
f
g 4
E 32 31
21 24
2 1.5
0.7
0 ,_|
0 + T T T |
Abrupt Dissection SAT Branch

closure occlusion
Fig. 1 Periprocedural complications of stent implantation.

SAT = subacute thrombosis

M Hyperexpansion
O Control

P=0.03

10.8 10.7

Percentage (%)
(o))
L

MACE TVR PCI CABG AMI Death

Fig. 2 Clinical events at 1-year follow-up (n=617).

AMI = acute myocardial infarction; CABG = coronary artery
bypass grafting; MACE = major adverse cardiovascular events;
PCI = percutaneous coronary intervention; TVR = target-vessel
revascularization
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Fig. 3 Survival free of major adverse cardiovascular events
(MACE) at 1 year.

the variable most strongly associated with hyperexpan-
sion.

Clinical Outcomes

During the last decade, the “bigger-is-better” approach
has been the hallmark of guided intravascular stent
implantation. This approach has gained additional
acceptance as the association between optimal stent
expansion and lower rates of subacute thrombosis and
restenosis has become clear. However, the bigger-is-
better approach may now have to be revised in light of
recent experimental and clinical findings. Studies in
animals and human beings have shown that intimal
hyperplasia increases when stent struts are more deeply
embedded in the arterial wall during implantation.”*
The results of several clinical studies have suggested that
excessive trauma to the vessel wall should be avoided.
In one of those studies, Hoffmann and coworkers’ re-
ported an association between aggressiveness score and
increased neointimal volume in 102 patients evaluated
by intracoronary ultrasonography. In another, Uretsky
and colleagues" showed that the systematic use of very
high pressures (20 atm) at implantation increases pro-
cedural complications and does not lower the rate of
target-vessel revascularization. Randomized clinical
trials”" comparing the effects of high- versus low-pres-
sure strategies on target-vessel revascularization rates
have shown no clinical benefits of routinely using
higher pressures, even when those higher pressures re-
sult in less residual stenosis and larger cross-sectional
areas. The idea that excessive vascular trauma occurs
when higher pressures are used may also explain why,
in 1 randomized clinical trial, routine ultrasonographic
guidance did not lead to better clinical outcomes de-
spite better angiographic results.”

Although the effects of implantation pressures and
oversized balloons on clinical outcomes have been stud-
ied extensively, their direct effects on the arterial wall
(that is, the step-up, step-down effect of hyperexpan-
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TABLE IV. Multivariate Analysis of Candidate Variables Associated with the Occurrence of 1-Year MACE

Variable Odds Ratio 95% ClI Wald »? B P Value
Age 0.99 0.96-1.02 0.50 -0.01 0.92
Diabetes mellitus 1.84 0.99-3.41 3.75 0.61 0.053
Lesion length 1.07 1.01-1.13 5.55 0.07 0.02
Reference vessel diameter 0.34 0.15-0.75 7.04 -1.07 0.01
Stenting in LAD 1.54 0.87-2.73 2.15 0.43 0.14
Stent type 1.40 0.77-2.53 1.21 0.33 0.27
Hyperexpansion 1.04 0.48-2.27 0.01 0.04 0.92
Constant 1.69 0.12 0.52 0.73

Cl = confidence interval; LAD = left anterior descending coronary artery; MACE = major adverse cardiovascular events

sion) have not. The present findings should help fill this
gap in knowledge: in our study, hyperexpansion nei-
ther worsened nor improved clinical outcomes. These
results suggest that aggressive implantation strategies
should not be used simply to achieve an angiographic
step-up, step-down effect.

Occlusion of Side Branches

Side-branch occlusion occurs after stent implantation
in approximately 10% of cases when the stent struts
cover the ostium of a branch vessel. The mechanisms
responsible for this adverse effect include the redistribu-
tion and displacement of atherosclerotic plaque toward
the branch ostium (the so-called “snow-plow effect”),
embolization of atherosclerotic débris, thrombosis,
vessel dissection, spasm, and blockage of the ostium
of the branch by the stent struts.”*** The outcome of
side-branch occlusion has traditionally been consid-
ered benign,”* and the regression of branch stenoses
or occlusions has been shown in some late follow-up
angiographic studies. *?*** Other studies have shown
higher rates of non-Q-wave myocardial infarction and
a slightly increased release of creatine kinase and its
MB isoenzyme (CK-MB) after side-branch occlusions,
although the clinical import of the increased CK-MB
release is as yet unknown.”

In the present study, we found that large side-branch
occlusions occurred more often in the group with stent
hyperexpansion than in the control group (5.3% vs
1.5%; P=0.03). In previous studies, the use of higher
pressures and larger balloons was also associated with
the type of stent used, side-branch occlusion, side-
branch ostial lesions, and dissection toward the plane
of the branch ostium.*"

Mechanisms of Hyperexpansion

The expansion of intravascular stents into the artery
wall is the result of complex interactions between bal-
loon diameter, material, and implantation pressure;
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stent type; stent material; and vascular compliance.*?*

Vascular compliance is determined by the character-
istics of the arterial wall and plaque, such as calcium
content, eccentricity, and presence of positive or nega-
tive vascular remodeling.”** The final stent diameter
is related linearly to the balloon/artery ratio and im-
plantation pressure; this diameter is largest when the
maximum compliance of the vessel is achieved.>*? A
stent’s configuration and material also influence its
expansion and stability (absence of retraction) once de-
ployed.?® The differences between stent models appear
to be more important among 1st-generation stents. Nev-
ertheless, recent studies have shown that even the latest-
generation stents expand in vivo to only 60% to 70%
of the diameter expected by their manufacturers.”*
The plaque burden, as evaluated by intracoronary ul-
trasonography, appears to be related to incomplete stent
expansion, even in the case of the latest-generation pros-
theses.”

We found that aggressiveness score, balloon/artery
ratio, and target-vessel diameter were all associated with
stent hyperexpansion. However, as shown by the Hos-
mer-Lemeshow goodness-of-fit tests, the aggressiveness
score most appropriately fit our data. This not only em-
phasizes the role of aggressive implantation strategies
in the genesis of stent hyperexpansion, but also sug-
gests that stent hyperexpansion is more closely related
to implantation strategy than it is to either the intrinsic
characteristics of the target lesion or the compliance of
the target vessel. Still, it is important to note that target
vessels were, on average, narrower in the hyperexpan-
sion group, which suggests that patients with smaller
vessels are more frequently treated with oversized bal-
loons. Other studies have noted this, as well.**

Study Limitations

One limitation of our study was that some of the differ-
ences between the 2 study groups may have influenced
outcome independently of hyperexpansion. For exam-
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ple, patients in the hyperexpansion group were more
likely to have narrower vessels, and were less likely to
have 3-vessel disease and lesions that were more severe.
A 2nd limitation was that our angiographic analyses did
not include quantitative online angiography. However,
this limitation was offset in part by having experienced
operators review all angiographic data. Intravascular
ultrasonography, which might have provided useful in-
sights in stent hyperexpansion, was not included in the
study protocol. A 3rd limitation was the unavailability
of specific information regarding the pharmacological
therapy given to each patient, although all patients who
undergo PCl in our laboratory receive standard-of-care
therapy.

Conclusion

This study shows that stent hyperexpansion is associ-
ated with more aggressive implantation strategies and
narrower target vessels. When compared with optimal
stent implantation, stent hyperexpansion does not re-
duce the rate of target-vessel revascularization or MACE
and is associated with more frequent periprocedural oc-
clusion of large side branches of the target vessel. These
findings suggest that stent hyperexpansion should not
be pursued during the procedure, since clinical benefit
was not shown in our study, nor has it been shown in
any other study to date.
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