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Coronary intervention has evolved from balloon angioplasty, 
atherectomy, and bare-metal stenting (BMS) to implanting drug-
eluting stents (DES). Consequently, the restenosis rate has been 
reduced dramatically but not completely eliminated, even in the 
DES era. Therefore, experimental efforts to prevent restenosis by 
using various pharmacologic agents and mechanical devices are 
underway.1,4

Optimal preclinical models of restenosis are needed so that 
restenosis-preventing therapies and new medical devices can 
be tested appropriately. Various animal models have been used 
for restenosis research, ranging from rats and rabbits to sheep 
and swine. However, the porcine nonatherosclerotic coronary 
artery restenosis model is the most useful, practical, and adapt-
able model because of its similarity to humans in terms of size, 
anatomy, and response after vessel injury.16,17,21,22 In addition, the 
same equipment and techniques as in human coronary angio-
plasty are used, which is a great advantage of this model.5,6,19,20 

When porcine coronary arteries are injured by overstretch balloon 
angioplasty, a typical medial laceration occurs and is filled by 
neointima identical to human restenotic neointima.4,7 Pigs are not 
only used in balloon overstretch models but also coronary stent 
restenosis models. Stent overexpansion can induce severe arterial 
injury and considerable coronary artery restenosis.7

In experimental restenosis studies, large volumes of new neo-
intimal hyperplasia are required to evaluate potential therapies 
for restenosis. However, few studies have compared neointimal 
growth after balloon injury with that after stent overexpansion.7 
In the current study, we used intravascular ultrasonography 
(IVUS) to assess the extent of neointimal hyperplasia and to ex-
amine the relationship between the magnitude of neointimal hy-
perplasia and the degree of vessel injury in the nonatherosclerotic 
porcine coronary models of balloon overstretch injury and stent 
overexpansion. In addition, we evaluated whether optical coher-
ence tomography (OCT) revealed differences in neointimal tissue 
characteristics between balloon overstretch and stent overexpan-
sion model.

Materials and Methods
Animals and procedures. Animal care and study procedures 

were done in accordance with a protocol by the Stanford Uni-
versity Administrative Panel on Laboratory Animal Care (no. 
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APLAC-11639) and followed the guidelines in the AALAS Po-
sition Statement for Humane Care and Use of Laboratory Ani-
mals. A total of 5 SPF, female, juvenile Yorkshire Swine (Sus scrofa; 
weight, 30 to 45 kg) were obtained from a local commercial farm 
(Pork Power, Turlock, CA) and maintained on free-choice food 
(product no. 203S, Nature’s Match Sow and Pig Complete Feed, 
Purina Mills, St Louis, IL) and tap water. The animals were al-
lowed to acclimate for at least 48 h. All animals were housed in 
individual pens, under a 12:12-h light:dark cycle (lights on, 0700 
to 1900), at a temperature of 68 to 76 °F (20.0 to 24.4 °C).

Aspirin (650 mg) and nifedipine (30 mg) were administered 
orally at least 12 h prior to the procedure, and aspirin (81 mg) was 
continued for the duration of the study. The swine were fasted 
overnight and then sedated by using an intramuscular injection 
of tiletamine–zolazepam (6 mg/kg), followed by inhalant mask 
induction (isoflurane, 4% to 5%). After intubation, anesthesia was 
maintained by using 1% to 3% isoflurane in oxygen. For analge-
sia, carprofen (2 mg/kg) and buprenorphine (0.005 to 0.01 mg/
kg) were administered intramuscularly prior to the procedure. 
The pigs were instrumented with auricular catheters and identi-
fied with numbered ear tags. After the introduction of an arte-
rial sheath in the right or left femoral artery, an 8-French guiding 
catheter was inserted into the ostium of the coronary artery. The 
animals received heparin intravenously (300 U/kg) to maintain 
an activated clotting time of greater than 300 s. Baseline coronary 
angiography was performed to identify an optimal injury site ac-
cording to artery size. The sizes of angioplasty balloon and stent 
were chosen on the basis of the estimated vessel diameter at the 
target lesion. After advancing a 0.014-in. guidewire into the target 
vessel, a BMS was deployed to achieve a balloon-to-artery (B:A) 
ratio of greater than 1.1:1 in stent overexpansion model. Balloon 
overstretch injury was produced at least 10 mm proximal from 
the stented site to achieve a B:A ratio of greater than 1.3:1. The 
balloon was inflated for 30 s twice, with a 30-s interval. Three 
coronary arteries—the left anterior descending artery, circumflex 
artery, and right coronary artery—were treated in all animals. 
Subsequently, vessel patency was confirmed by coronary angiog-
raphy. The swine were then allowed to recover, after which they 
were monitored and received 81 mg aspirin daily for the duration 
of the study.

The swine underwent follow-up coronary angiography at 4 
wk. At the same time, IVUS and OCT examinations were per-
formed for all treated vessels. At the end of the study, the animals 
were euthanized with an intravenous bolus of potassium chloride 
(74.5 mg/kg) while under deep inhalant anesthesia.

Quantitative coronary analysis. The obtained angiograms were 
evaluated and analyzed by using QAngio XA software (version 
7.3, Medis, Leiden, Netherlands). At follow-up, the balloon injury 
sites were identified relative to their distance to the stented site. 
The quantitative coronary analysis (QCA) parameters of minimal 
lumen diameter, reference vessel diameter, and percentage diam-
eter stenosis were measured. Late loss was defined as the differ-
ence between the minimal luminal diameter immediately after 
the procedure and at follow-up. The B:A ratio was calculated as 
the mean diameter of the fully dilated balloon:mean diameter of 
the native (undilated) vessel.

IVUS evaluation. All IVUS examinations were performed af-
ter intracoronary administration of 0.2 mg nitroglycerin. Imag-
ing assessment by IVUS was conducted by using Atlantis SR 
Pro 40 MHz catheters (Boston Scientific, Natick, MA) with an 

automated pullback speed of 0.5 mm/s. The IVUS catheters 
were positioned at least 5 mm distal of the stented site and then 
pulled back at least 5 mm proximal to the edge of the balloon in-
jury site. The images were recorded and later analyzed by using 
Echoplaque version 3.0.38 software (INDEC Medical Systems, 
Santa Clara, CA).

IVUS measurements included the cross-sectional areas (CSA) 
of the external elastic membrane (EEM), lumen, and plaque 
(plaque = EEM – lumen). The percentage of lumen area steno-
sis was calculated as mean lumen CSA – minimal lumen area 
[MLA]) / mean lumen CSA × 100%. The percentage obstruction 
of the stent area was also calculated as: (intrastent plaque area/
stent area) × 100%. Plaque burden (plaque / EEM CSA × 100) was 
reported from the slice containing the MLA site. The remodeling 
index was calculated as the EEM CSA at the MLA site divided by 
the average of the proximal and distal reference segment EEM 
CSA.11 When the lesion EEM area is greater than the reference 
EEM area, positive remodeling has occurred, and the index will 
be greater than 1.0. If the lesion EEM area is smaller than the refer-
ence EEM area, negative remodeling has occurred, and the index 
will be less than 1.0.

OCT assessment. All OCT examinations (M2 system, LightLab 
Imaging–St Jude Medical, Westford, MA) were performed after 
intracoronary injection of 0.2 mg nitroglycerin. During image ac-
quisition, the occlusion balloon was inflated at 0.4 to 0.8 atm, and 
saline was infused at 0.6 to 1.0 mL/s. The image catheter was 
pulled from distal to proximal by using a motorized pullback 
system at 1.0 mm/s, and continuous images were stored digitally 
for subsequent analysis. Analysis of the OCT images at 1-mm lon-
gitudinal intervals was performed by using proprietary software 
(LightLab Imaging).

Neointimal tissue was evaluated qualitatively according to 
a published OCT classification system, which recognizes 3 pat-
terns: homogeneous, layered, and heterogeneous.2,13,23 The homo-
geneous pattern comprises a uniformly signal-rich structure. The 
layered pattern has a signal-poor appearance with a high-signal 
band adjacent to the luminal surface. The heterogeneous pattern 
was identified as the presence of several varied signals. When 
multiple patterns were seen, the dominant pattern was adopted. 
Representative cases of each type of tissue structure and backscat-
ter are shown in Figure 1.

Statistical analysis. All continuous data are given as mean ± 1 
SD. For intergroup comparisons, an unpaired t test was applied 
to continuous variables. To examine the correlations between the 
measured variables, a regression analysis was applied to each 
set of measured variables. Categorical variables are presented as 
percentages (%). The χ2 test was used for categorical variables. A 
2-tailed P value less than 0.05 was considered statistically signifi-
cant. All statistical analyses were performed by using SPSS (ver-
sion 22.0, SPSS, Chicago, IL).

Results
A total of 30 sites in 15 vessels were treated by using balloon 

injury or stent implantation. At follow-up, one angiogram was 
unavailable, and we were unable to obtain IVUS and OCT im-
ages of 2 stented sites due to the extent of neointimal hyperplasia, 
which prevented the imaging catheters from passing the lesions. 
Consequently, we analyzed 28 treated sites (balloon injury, 14; 
stent, 14) by QCA and 28 IVUS images (balloon injury, 15; stent, 
13). For tissue characterization, we analyzed 388 cross-sectional 
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OCT images (balloon injury, 218 cross-sections from 15 treated 
sites; stent, 170 cross-sections from 13 sites).

Reference vessel diameter at baseline (mean ± 1 SD) was 3.1 
± 0.3 mm for balloon injury and 2.6 ± 0.4 mm for stenting (P = 
0.003). All 3 coronary arteries were overstretched by using con-
ventional semicompliant angioplasty balloons (diameter, 4.0 ± 
0.4 mm; length, 15.9 ± 2.7 mm) at average pressure of 13.8 ± 3.4 
atm in the proximal part of the vessel and stented distally with a 
BMS (diameter, 3.0 ± 0.2 mm; length, 12.3 ± 2.8 mm) at average 
pressure of 10.7 ± 1.7 atm. The B:A ratio achieved was 1.44 ± 0.18 
(range, 1.16 to 1.78) for balloon injury and 1.26 ± 0.10 (range, 1.11 
to 1.43) for stenting. Baseline lesion and procedural characteristics 
are summarized in Table 1.

The variables measured at follow-up are shown in Table 2. The 
injuries led to a late loss of 0.97 ± 0.56 mm in the balloon injury 
site and 1.11 ± 0.67 mm in the stented site (P = 0.57). The lumen 
area stenosis and plaque burden at the MLA site were greater 
in the stented sites than the balloon injury sites (21.7% ± 8.9% 
compared with 32.8% ± 12.1%, P = 0.01; 30.1% ± 10.1% compared 
with 44.7% ± 10.1%, P < 0.01, respectively), although stenosis di-
ameter did not differ between the balloon injury and stent groups 
(19.0% ± 7.9% compared with 22.1% ± 9.4%, P = 0.33). The degree 
of negative remodeling was significantly larger in the balloon 
injury group than the stent group (remodeling index, 0.86 ± 0.11 
compared with 1.00 ± 0.04, P < 0.01).

Relationship between B/A ratio and stenosis. Relationships 
between the B:A ratio and the variables measured by QCA and 
IVUS are shown in Figure 2. Linear regression analysis showed 
that larger B:A ratios yielded greater late loss and lumen area 
stenosis at both the balloon injury sites (late loss: r = 0.70, P < 0.01; 
lumen area stenosis: r = 0.65, P < 0.01) and the stented sites (late 
loss: r = 0.64, P = 0.02; lumen area stenosis: r = 0.69, P < 0.01). The 
stent group demonstrated that higher B:A ratios resulted in larger 
plaque burden (r = 0.72, P < 0.01), but the B/A ratio was not a sig-
nificant predictor of plaque burden in the balloon injury group. 
At the balloon injury sites, a higher B:A ratio was significantly 
associated with greater negative remodeling (r = 0.53, P = 0.04).

Morphologic characterization of neointimal tissue by OCT. 
In the tissue characterization analysis (Figure 3), the distri-

bution of the optical patterns differed significantly (P < 0.01) 
between balloon injury sites and stented sites. At the balloon 
injury site, the predominant pattern was the homogeneous pat-
tern (balloon, 81.7%; stent, 42.4%), whereas almost half of the 
neointimal tissue in stented sites had a layered pattern (bal-
loon, 13.7%; stent, 49.4%). The heterogeneous pattern occurred 
infrequently in both balloon injury and stented sites (balloon, 
4.6%; stent, 8.2%).

Discussion
In this study, we used IVUS and tissue characterizations by 

OCT to assess the extent of neointimal hyperplasia in the non-
atherosclerotic porcine coronary artery model after balloon over-
stretch or oversized BMS deployment at a range of B:A ratios. We 
found that: 1) stent overexpansion produced greater neointimal 
responses than balloon overstretch injury; 2) higher B;A ratios 
yielded greater late loss and lumen area stenosis in both balloon 
injury and stent overexpansion sites; 3) larger B:A ratios resulted 
in larger plaque burden in stented sites but not balloon injury 
sites; 4) in balloon injury sites, increased B:A ratios resulted in 
greater negative remodeling; and 5) OCT revealed differences in 
neointimal tissue characteristics between balloon overstretch and 
stent overexpansion sites, in which a layered tissue pattern oc-
curred more frequently in stented sites, whereas most of the neo-
intimal tissue in balloon injury sites had a homogeneous pattern.

Our results show a greater neointimal hyperplastic response to 
stent overexpansion compared with balloon overstretch injury. 
This response is apparent as the significant differences in lumen 
area stenosis and plaque burden at MLA sites. Balloon overstretch 
injury is caused by the temporary stress on vessel wall during 
balloon inflation, resulting in a medial injury that leads to the 
restenotic response. The overstretch dilation caused by the bal-
loon usually creates only a single laceration of the media, which 
gives rise to an eccentric lesion that rarely protrudes into the lu-
men. Once the balloon is deflated, the mechanical stretching and 
tears associated with balloon inflation is followed by elastic recoil 
of the vessel.10,18 Our results show a strong relationship between 
the B:A ratio and the degree of lumen loss: a larger B:A was as-

Figure 1. Representative optical coherence tomographic images of each tissue morphologic pattern. Homogeneous pattern: a uniformly signal-rich 
structure. Heterogeneous pattern: several, varied signal strengths. Layered pattern: a signal-poor appearance with a high-signal band adjacent to the 
luminal surface.
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sociated with a stronger negative remodeling after balloon injury. 
Therefore, in the balloon overstretch model, constrictive negative 
remodeling rather than neointimal formation may predominantly 
contribute to luminal narrowing.

Stents, in contrast, can prevent the constrictive remodeling 
seen after balloon angioplasty, and oversized stents seem to in-
duce multiple injuries instead of a single intimal tear.7 After the 
deployment of oversized stents, the injured artery is exposed to 

Table 1. Baseline lesion and procedural characteristics

Balloon injury (n = 15) Stent overexpansion (n = 15) P

Reference vessel diameter (mm) 3.1 ± 0.3 2.6 ± 0.4 0.003

Balloon or stent diameter (mm) 4.0 ± 0.4 3.0 ± 0.2 <0.001
Balloon or stent length (mm) 15.9 ± 2.7 12.3 ± 2.8 <0.001
Balloon or stent deployment pressure (atm) 13.8 ± 3.4 10.7 ± 1.7 0.01

Balloon-to-artery ratio 1.44 ± 0.18 1.26 ± 0.10 0.002

Acute gain (mm) 0.7 ± 0.4 0.6 ± 0.4 0.33

Data are presented as mean ± 1 SD.

Table 2. QCA and IVUS measurements at follow-up

Balloon injury Stent overexpansion P

QCA n = 14 n = 14
Late loss in vessel 0.97 ± 0.58 1.05 ± 0.68 0.76

 diameter (mm)
Diameter stenosis (%) 19.0 ± 7.9 22.1 ± 9.4 0.33

IVUS n = 15 n = 13
Lumen area stenosis (%) 21.7 ± 8.9 32.8 ± 12.1 0.01

Plaque burden at MLA 30.1 ± 10.1 44.7 ± 10.1 0.001

 site (%)
Remodeling index 0.86 ± 0.11 1.00 ± 0.04 0.002

QCA, quantitative coronary analysis; IVUS, intravascular ultrasonography; MLA, minimal lumen area
Data are presented as mean ± 1 SD.

Figure 2. Correlations between balloon-to-artery (B:A) ratios and quantitative parameters assessed by quantitative coronary angiography and intravas-
cular ultrasonography. Upper panels, balloon overstretch injury model; lower panels, stent overexpansion model.
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prolonged stress, which causes inflammatory reactions. These 
reactions play an important role in neointimal formation after 
stenting.3,7,9,17 Previous studies demonstrated strong correlations 
between the degree of arterial injury and the extent of the inflam-
matory reaction as well as between the extent of inflammatory 
reaction and the degree of neointimal hyperplasia.3,9,15 Therefore, 
larger stents can induce greater inflammation, consequently lead-
ing to pronounced neointimal proliferation.3,7,9,15

In the present study, we classified neointimal and restenotic 
tissue as having homogeneous, layered, or heterogeneous sig-
nal patterns according to the OCT morphology of the lesion.1 In 
terms of optical properties, previous studies demonstrated that 
neointima, which is rich in smooth muscle cells, has a high opti-
cal intensity, and restenotic tissue, which rich in proteoglycans, 
cell matrix, and fibrinoids with a low density of smooth muscle 
cells, has a low intensity. This difference in signal intensity is due 
to the different optical wave backscatter patterns. Tissues with a 
high density of smooth muscle cells are rich in dense collagen fi-
bers, which cause optical wave backscattering.12,24 A previous pig 
model applying this OCT pattern classification system to stent 
restenosis found that highly fibrotic areas showed the homoge-
neous pattern; that the layered pattern was associated with thick 
neointima, peri-strut inflammation, and external elastic lamia 
rupture; and that fibrin deposits were characteristic of the hetero-
geneous pattern.8 From these findings, the homogeneous pattern 
may represent more stable healing process after vessel injury. In 
our study, very little tissue showed the heterogeneous pattern, 
which frequently occurs after DES implantation.8

Previous studies reported that a homogenous pattern represents 
a more favorable pattern, indicating more normal healing after BMS 
implantation.8,13 However, BMS implantation in our current study 
predominantly led to layered patterns at the site of injury. A pos-
sible explanation for this difference might be the higher B:A ratios 
at which we deployed BMS compared with the ratios used in other 
studies. Deep injury might cause pronounced peri-strut inflamma-
tion, which might be expressed as a layered pattern on OCT.

Some limitations of this study should be noted. First, the data 
used for this study were subanalyses from a different, larger 
study that had both treatment and control groups for assessing 
restenosis. The original study was not designed to compare dif-
ferences between balloon injury and stent overexpansion.1 There-
fore, the reference vessel size differed significantly between the 
balloon injury and the stented sites, potentially distorting the re-
sults given that vessel caliber itself is an independent predictor 
of restenosis.25 Second, this study was a retrospective analysis of 
a limited number of cases and was not randomized according to 
B:A ratio. Third, a key disadvantage of OCT assessment is the lim-
ited tissue penetration depth of approximately 1 to 3 mm, which 
prevents detailed imaging beyond the internal elastic lamina. 
This characteristic precludes visualization and measurement of 
the entire plaque and vessel wall. Therefore, parameters such as 
plaque area and remodeling index cannot be measured and may 
remain the domain of IVUS, especially after balloon dilatation 
without stenting.14

In conclusion, we found that both balloon overstretch and stent 
overexpansion consistently produced restenosis in our porcine 
model. The degree of neointimal proliferation was significantly 
greater after oversized stents compared with balloon overstretch-
ing. Therefore therapies targeted at restenosis might better be 
studied by using a stent overexpansion restenosis nonatheroscle-
rotic porcine model, given that the greater volumes of neointimal 
hyperplasia in this model enable more sensitive evaluation of the 
treatment.
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