
Received: June 26, 2017
Accepted: July 04, 2017 
Published online: December 2017  

Original Research Article 

Journal of Structural Heart Disease, December 2017,  
Volume 3, Issue 6:165-175
DOI: https://doi.org/10.12945/j.jshd.2017.030.17

* Corresponding Author: 
Howaida el-Said, MD, PhD
Rady Children's Hospital
University of California San Diego 
3020 Children’s Way, San Diego, CA 92123, USA
Tel. +1 914 409 3091; Fax: +1 858 966 7903; E-Mail: hgelsaid@yahoo.com

Fax +1 203 785 3346 
E-Mail: jshd@scienceinternational.org
http://structuralheartdisease.org/

© 2017 Journal of Structural Heart Disease
Published by Science International Corp. 
ISSN 2326-4004

Accessible online at: 
http://structuralheartdisease.org/

Abstract
Background: Intentional stent fracture in vivo induc-
es medial dissection/vessel injury. Spontaneous stent 
fracture in humans can lead to stent collapse, hemo-
dynamic compromise, and embolization of stent frag-
ments, which could be prevented by pre-stenting.
Objectives: To evaluate the short-term and mid-term 
effects of pre-stenting prior to intentional stent frac-
ture on vessel size and integrity in a piglet model.
Methods: Five months after 14 low-profile stents (Cook 
Formula 418 stents) were implanted in the aorta of 
four piglets, they were intentionally fractured using 
ultra-high-pressure balloons with (pre-stent group) or 
without (single stent group) with another stent placed 
inside.
Results: Compared with the single stent group, the pre-
stent group showed a significantly larger vessel lumen 
area (109 mm2 (89–141) vs. 57 mm2 (47–73), P = 0.019), 
less mid-term luminal diameter loss (44% (26–59) vs. 
75% (62–85), P = 0.007), lack of strut protrusion, and 
improved endothelialization (100% (89–100) vs. 73% 
(56–96), P = 0.022). Vessel wall injury was similar be-
tween groups at the time of stent fracture; however, 
the injury score was significantly improved at mid-term 
in the pre-stent group compared with the single stent 
group (P = 0.046).  No damage to the external part of 
the blood vessels or the surrounding soft tissue was 
noted in either group.

Introduction

Stent implantation in younger patients is facilitated 
by the availability of low-profile stents that are deliv-
erable through small delivery sheaths, although these 
smaller stents cannot be dilated to match an adult 
vessel size [1-3]. Several in vitro studies demonstrate 
that small- and medium-size stents can be fractured 
using ultra-high-pressure balloons [4, 5]. Recently, an 
in vivo model of stent fracture (i.e., “unzipping”) con-
firmed the feasibility of intentional fracture of several 
different stents in pigs; however, the report did not 
mention vessel patency after fracture and admitted 
to significant vessel injury secondary to intentional 
fracture, with Cook Formula stents associated with 
a slightly lower vessel injury score than other stents 
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and the EV3 stent having the lowest score [6]. 
Five intentional longitudinal stent fractures were 

reported in humans using high-pressure balloons 
without immediate adverse events [7]. In situ spon-
taneous stent fracture in humans is not uncommon 
and has been reported in up to 21% patients, with 
resultant obstruction in 80% (of which 39% were con-
sidered severe). Some fractures can cause stent col-
lapse, hemodynamic compromise, and embolization 
of stent fragments, requiring additional intervention 
in 75% of cases [8, 9]. In a large report of the spon-
taneous fracture of 3,650 stents, there was a 42% 
incidence of in-stent restenosis and 4.6% incidence 
of thrombosis [10]. Furthermore, in a study demon-
strating the feasibility of intentional stent fracture in 
humans, there was a significant incidence of compli-
cations (15%), including embolization of stent frag-
ments, unstable stent fracture, vascular tear, non-ob-
structive intimal tear, and aorto-pulmonary window. 
All complications except embolization were prevent-
ed by pre-stenting [11]. 

The purpose of the present study was to evaluate 
the impact of pre-stenting prior to intentional stent 
fracture in a piglet model.

Methods

Study Design
Experiments were performed using four 6-9-week-

old piglets (7–11 kg), in which the aorta at various lev-
els measured 5.7–10 mm. A total of 14 Cook Formula 
418 stents (al1 2 mm length) were placed in the four 
piglets (three stents in two piglets and four stents in 
two piglets) at a diameter 1–3 mm larger than the 
vessel size to prevent stent migration. The pigs were 
allowed to grow for 5 months, during which time the 
aorta above and below the stent grew to 10.9–22 
mm, with the area where the stent was placed being 
locked at its original size. 

In two pigs (one with four stents and the other 
with three stents), the previously stented area was 
fractured using ultra-high-pressure Atlas balloons 
(Bard Peripheral Vascular, Temple, AZ, USA) with-
out pre-stenting (single stent group). The Atlas bal-
loons were over-sized for the region of the stent but 
matched the size of the adjacent vessel diameter. 

In the other two pigs (one with four stents and the 
other with three stents), the previously stented area 
was pre-stented prior to stent fracture using Cordis 
Palmaz Genesis 1910 B peripheral stents (Cordis, Hi-
aleah, FL, USA; pre-stent group). The Genesis stents 
were mounted on Cordis Powerflex (Cordis, Hialeah, 
FL, USA) or NuMED BIB (NuMed Inc., Hopkinton, NY, 
USA) balloon catheters. The Genesis stents were se-
lected for the second set of stents because they are 
commonly used in the pediatric population and can 
be ultimately dilated to reach adult vessel size. Bal-
loon size was selected to match the adjacent vessel 
diameter. Balloon catheters were inflated to their re-
spective recommended maximum pressure to place 
the Genesis stents inside the smaller Cook Formula 
stents. High-pressure Atlas balloons were then used 
to dilate the secondarily placed Genesis stents with 
simultaneous intentional fracture of the smaller Cook 
Formula stents. 

Two pigs (short-term group; one each from the 
single stent and pre-stent groups, total of seven 
stents) were euthanized immediately and the tissue 

Table 1. Group demographics.

 Re-stent group
Single stent 
group p-value

 n=7 n=7

Piglet weight (kg) 6.6 8.1 0.0342

Original Stent 

Type Formula 418 Formula 418

Stent Size (mm)*

4 n=3 n=1

5,6 n=4 n=4

7,8 n=0 n=2

Fracture diameter 
(mm)

12 n=3 n=1

16 n=4 n=4

20 n=0 n=2

Fracture atm 
(mean) 14.7 ±4.9 18.4 ±4.8 **

0.1766

*   All Formula 418 stents were 12mm in length
** Higher atm for the single stent group can be explained by the fact that the 
stents were thinner and harder to visualize in the older pig, so more atmo-
spheres were used to insure that they were broken.
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was given prior to stent implantation. After the pro-
cedure, anesthesia was discontinued, and pigs re-
covered on a raised floor pen. Pigs were medicated 
as necessary (meloxicam, butorphanol, or flunixin) to 
assure uncomplicated recovery and monitored every 
15–30 min until they were alert and responsive. After 
catheterization, pigs were maintained on aspirin and 
clopidogrel throughout the growth phase to prevent 
stent thrombosis. Clinically, pigs were healthy and 
fully ambulatory throughout the study. Pig weight 
ranged from 9–11 kg at initial stent implantation to 
98–119 kg at the time of euthanasia. 

For euthanasia, pigs were anesthetized as above. 
Sodium nitroprusside was administered to reduce 
post-mortem vasospasm, and isoflurane level was 
increased to 5%. After approximately 5 min, pigs 
were euthanized by intravenous administration of 
potassium chloride. Death was verified by a lack of 
vital signs. After angiography and euthanasia, the ab-
dominal cavity was opened and the aorta exposed. 
After gross examination of the aorta, the left ventricle 
and venous systems were cannulated. The aorta was 
perfusion-flushed with physiological saline until the 
effluent began to run clear. The stented area was then 
perfusion-fixed with Prefer fixative for approximate-
ly 10 min prior to immersion fixation in 10% neutral 
buffered formalin.

After the aorta was removed, pigs were submitted 
for full postmortem evaluation. Detailed macroscopic 
examination was performed by a board-certified vet-

examined. The other two pigs (mid-term group; one 
each from the single stent and pre-stent groups, total 
of seven stents) were allowed to grow for 2 another 
months (Table 1, Figure 1). We chose 2 months be-
cause previous studies show complete endotheliali-
zation of injured vessels in rabbits and pigs at 28 days 
[12-14].

Animal Experiments
Animal experiments were approved by the Insti-

tutional Animal Care and Use Committee at Purdue 
University. Yorkshire Cross piglets were used to allow 
rapid growth over a short period of time. Survival 
surgeries (i.e., catheterizations) were carried out at 
Purdue University facilities in collaboration with Cook 
Research Incorporated and Cook Medical. Pigs un-
derwent a quarantine period and were examined by 
a veterinarian prior to catheterization procedures and 
weekly throughout the duration of the study. 

Pigs were started on aspirin and clopidogrel 3 days 
prior to catheterization. Pigs were pre-medicated 
with tiletamine and zolazepam, and anesthesia was 
induced by a mixture of ketamine and xylazine. Pigs 
were intubated, and anesthesia was maintained with 
isoflurane (1.25–1.75% in 1.5–2.5 L/min oxygen) via 
a standard rebreathing anesthetic circuit for the re-
mainder of the procedures. Intravascular access was 
obtained by carotid or femoral cut-down or percu-
taneous puncture using a modified Seldinger tech-
nique. Intramuscular antibiotic (ceftiofur crystalline) 

Figure 1.  Flow chart showing the number of pigs and stents, group assignment, and study progression.
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the original stent. Low-pressure balloons did not 
fully dilate and fracture the stents (Figure 2B), but 
ultra-high-pressure balloons achieved intentional 
stent fracture and re-dilation of previously implant-
ed stents (Figure 2C). Stent dilation was performed in 
increments, and fracture occurred at the previously 
noted fracture diameter determined by bench test-
ing [4]. In the single stent group, the stents were thin-
ner and more difficult to visualize in the older pigs, so 
more atmospheres were used to ensure their break-
age. 

Radiographic, Angiographic, Gross Inspection, X-ray, 
Computed Tomographic, and Histopathologic Evalua-
tion

Radiographic images and angiograms were ob-
tained during all catheterization procedures. After 
euthanasia, necropsy was performed for gross in-
spection, histologic, and radiographic evaluation. The 
stented vessels were flushed with physiological saline 
for approximately 10 min followed by perfusion of 
Prefer fixative for 15 min prior to excision. Vessel di-
ameter was measured using angiograms, and vessel 
luminal area was assessed using histologic samples.

Radiography. High-resolution radiography and 
micro computed tomography (CT) were performed 
on all stents after explant. High-resolution radiog-
raphy was performed using a Kubtec Xpert 80-L w/ 

erinary pathologist, who assessed the stented blood 
vessel and adjacent areas for evidence of macroscop-
ic tissue damage such as bleeding, contusion, rup-
ture, and scarring. Major body systems including the 
brain, thoracic cavity viscera, peritoneal viscera, and 
hind limb muscles were examined grossly. Hind limb 
muscles were sectioned serially. In addition to stent-
ed regions of the aorta, a standard list of 33 tissues, as 
well as any grossly visible or suspected lesions, were 
collected for histopathology.  Five muscle groups 
from each hind limb, lymph nodes regional to the 
hind limbs and descending aorta, and multiple sec-
tions of brain, lung, each kidney, liver, heart, spleen, 
and spinal cord were microscopically examined for 
any embolic lesion or stent fragment displacement.  

Intentional Stent Fracture and Pre-Stenting Techniques
Serial dilation of small-diameter pre-mounted 

stents with intentional stent fracture and pre-stent-
ing was feasible in a growing piglet model that mim-
ics physiologic changes occurring in the vasculature 
of growing children. Small-diameter pre-mounted 
stents were successfully implanted in small vessels 
(Figure 2A). As expected, the patency of the growing 
blood vessel at the level of the stent was reduced by 
the previously implanted stents (Figure 2A); howev-
er, the vessel above and below the stent grew to al-
most double the original size of the vessel that held 

Figure 2.  Pre-stenting technique. Panel A. Angiogram of the abdominal aorta with a 4-mm Cook Formula 418 stent implanted 5 
months prior (stent diameter: 7.3 mm). Panel B. Implantation and anchoring of a Palmaz Genesis 1910 B stent mounted on a 10-
mm Powerflex balloon. Panel C. Intentional fracture of the previously implanted Cook stent with simultaneous dilation of the newly 
implanted Palmaz Genesis stent using an ultra-high-pressure 12-mm Atlas balloon. Panel D. Radiograph showing the integrity and 
position of the newly implanted Palmaz Genesis stent inside the previously implanted Cook stent. Panel E. Angiogram showing vessel 
patency and minimal in-stent restenosis at the edges of the Palmaz Genesis stent 2 months after implantation (stent diameter: 9.9 
mm). Black arrows indicate the edges of the Palmaz Genesis stent.
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each strut within a cross-section, vessel wall injury 
was scored as follows: 0 for no change in internal elas-
tic lamina, 1 for rupture of internal elastic lamina, 2 
for injury to tunica media, or 3 for injury to external 
elastic lamina and extending into or through the tuni-
ca adventitia. Each vessel had two cross-sections. The 
score for each cross-section was the sum of all injury 
scores for that cross-section divided by the number 
of total struts in the cross-section. The injury score for 
each group is the injury score for all cross-sections for 
the group divided by the total number of cross-sec-
tions for the group. Endothelialization was deter-
mined by the histological presence of endothelium 
over each strut within a cross-section. The degree of 
endothelialization is the percentage of endotheliali-
zed struts in the vessel. 

Statistical Analysis
Descriptive statistical analysis was used to compare 

variables between pre-stent and single stent groups; 
data are expressed as median and interquartile range. 
Mann-Whitney tests were used to compare vessel lu-
men area, balloon size, degree of endothelialization, 

DIGI-VIEW 400, and micro CT was performed using a 
Scanco VivaCT40 System. 

Histopathology. Perfusion-fixed, excised arteries 
were further immersion-fixed in 10% neutral buffered 
formalin. After dehydration though a serial gradient 
of alcohols and clearing in xylene, tissues were infil-
trated with methyl methacrylate and polymerized in 
a water bath.  Plastic embedded arteries, with stents 
in place, were cut on a diamond-encrusted saw blade 
into 30–50 µm sections. Proximal distal sections of 
stented artery (taken at 25% and 75% of the stent 
length) were stained with hematoxylin and eosin us-
ing routine techniques. Proximal and distal reference 
sections were trimmed from the fixed arteries, pro-
cessed using routine paraffin histology techniques, 
and stained with hematoxylin and eosin. Morpho-
metric measurements of each cross-section included 
vessel lumen area. Histopathological evaluation of 
stented vessels was performed by a board-certified 
veterinary pathologist. Cross-sections within each 
stent were evaluated for injury using an established 
semi-quantitative scoring system based on indus-
try-standard consensus recommendations [15]. At 

Figure 3.  Reduced vessel patency and stent integrity after intentional fracture without pre-stenting. Panel A. Angiogram showing a 
small decrease in the diameter of the stented vessel segment compared with the adjacent area 2 months after intentional fracture 
and re-dilation of a 6-mm Cook Formula 418 stent with an ultra-high-pressure 16-mm Atlas balloon. Black arrows indicate the edges 
of the Cook stent. Panel B. High-resolution radiograph of the same segment showing fractured circumferential struts. Panel C. Down-
the-barrel view of a three-dimensional rendition CT image of the same stent showing severely compromised luminal diameter in the 
antero-posterior dimension with struts protruding into the vessel lumen.
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and vessel wall injury scores between groups; data 
are expressed as median and interquartile range. 
Mann-Whitney and Wilcoxon rank tests were used to 
compare the loss of luminal diameter from implanta-
tion to mid-term between groups; data are expressed 
as median change (%) and interquartile range. Vessel 
wall injury scores were compared between groups 
using unpaired t-tests and Mann-Whitney post-hoc 
tests for nonparametric data. Analyses were per-
formed using Excel (Microsoft, Redmond, WA), Graph-
Pad Prism (GraphPad, La Jolla, CA), and Instat 3 (Graph 
Pad, San Diego, CA) software. P-values < 0.05 were 
considered statistically significant.

Results

Vessel Patency and Luminal Diameter after Intentional 
Stent Fracture

After intentional stent fracture, we found signif-
icant vessel diameter loss in the single stent group 

Figure 4.  High-resolution radiographic and three-dimensional rendition CT images comparing pre-stenting at the time of stent 
fracture and single stent fracture. Intact stent integrity in the pre-stented segment maintained vessel patency, whereas loss of stent 
integrity after single stent fracture caused in-folding and compromised vessel lumen patency. Panels A, B, C, D, and E. Palmaz Genesis 
1910 B stent implanted inside a Cook Formula 418 stent with simultaneous intentional fracture of the Cook stent. Images were taken 
2 months after intentional fracture of the Cook stent. Images show intact internal stent integrity of the pre-stented vessel segment 2 
months after implantation of the Palmaz Genesis stent with simultaneous intentional fracture of the 5-month previously implanted 
Cook stent. Panels F, G, H, I, and J. Cook Formula 418 stent 2 months after stent fracture (i.e., unzipping) without pre-stenting. Images 
show compromised stent integrity and vessel patency of the stented segment 2 months after intentional stent fracture and re-dila-
tion of the 5-month previously implanted Cook stent.

Table 2. Comparison of outcome measures between the re-stent 
and single stent groups.

 Re-stent group
Single stent 
group p-value

Lumen area 
(mm2)* of stented 
blood vessels 

108.9 (88.7-
140.7)
(n=4)

56.8 (47.3-
72.8)
(n=4)

0.0190

Vessel diameter 
loss (%)*
2 months after 
dilation

44 (26-59)
(n=4)

75 (61-85)
(n=4)

0.0065

Endothelialization 
(%) of stent struts 

100 (89-100)
(n=8)

73 (56-96)
(n=8)

0.0221

Vessel wall injury 
score per struts

0.3 (0.26-0.45)
(n=8)

0.5 (0.35-0.63)
(n=8)

0.0673

Values expressed as median and interquartile range.
* Only the stents dilated with 16 mm balloon for diameter conformity
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minal area of the stented vessel segments measured 
by histomorphometry was significantly larger in the 
pre-stent group (109 mm2 (89–141)) than in the single 
stent group (57 mm2 (47–73), P = 0.019; Figure 5A). 
The angiographic vessel diameter of stented vessel 
segments was similar to that of adjacent naïve ves-
sel segments in the pre-stent group, whereas the 
single stent group demonstrated significantly larger 
luminal diameter loss. Two months after angioplasty, 
compared with the balloon diameter used for dilation 
(we only compared segments after dilation with 16 

compared with the pre-stent group (Table 2). The de-
gree of vessel diameter loss was subtle on traditional 
angiography (Figure 3A), but high-resolution radiog-
raphy and rotational CT showed compromised vessel 
patency (Figure 3B and 33C) and revealed the mecha-
nisms of vessel diameter loss in the single stent group 
as including stent in-folding, buckling, and collapse. 
This stent in-folding, buckling, and collapse was not 
present in the pre-stent group (Figure 4).

Consistent with the maintained vessel diameter as 
shown by angiography, radiography, and CT, the lu-

Figure 5.  Comparison of vessel lumen diameter change, endothelialization, and vessel wall injury after intentional stent fracture 
between pre-stent and single stent groups. Panel A. Histomorphometric comparison of stented vessel lumen area 2 months after 
intentional stent fracture. The area of the stented vessel segments was significantly larger in the pre-stent group than in the single 
stent group. Panel B. The pre-stent group maintained larger angiographic lumen diameter, whereas the single stent group exhibited 
significant diameter loss due to stent in-folding and collapse 2 months after balloon angioplasty. Panel C. Pre-stenting allowed almost 
complete endothelialization 2 months after stent implantation, whereas endothelial coverage was significantly less in the single 
stent group due to luminal stent strut protrusion. Panel D. Comparison of vessel injury between pre-stent and single stent groups at 
short-term and mid-term evaluation. Vessel wall injury was similar at the time of stent fracture regardless of pre-stenting or unzipping 
without pre-stenting; however, injury score significantly improved 2 months after stent fracture in the pre-stent group but not in the 
single stent group. Data are shown as median, interquartile range, and range.
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Discussion

Our study demonstrates the feasibility of inten-
tional stent fracture of previously implanted stents 
with simultaneous pre-stenting in an in vivo piglet 
model. Additionally, pre-stenting appears to provide 
appropriate vessel patency, prevents vessel diameter 
loss, improves endothelialization rate, and prevents 
intraluminal protrusion of stent struts. Moreover, 
pre-stenting appears to be safe, with no damage to 
surrounding soft tissue and no significant vessel wall 
injury.

Stented vessel diameter and cross-sectional area 
were significantly improved by pre-stenting during 
simultaneous intentional stent fracture of previously 
placed stents compared with  no pre-stenting. Inten-
tional stent fracture causes a loss of stent integrity 
with a dramatic decline in radial stiffness and strength 
[4]. This decrease in radial stiffness and strength al-
lows the blood vessel to recoil more than with an in-
tact stent. Moreover, an irregular stent fracture pat-
tern may result in an irregular vessel wall shape. Both 
recoil and irregular shapes of blood vessels lead to 
compromised vessel lumen with decreased vessel di-
ameter and cross-sectional area, consistent with our 
findings. As stent implantation is aimed at recovering 
areas of stenoses, it is of utmost importance that the 
stented vessel maintains appropriate patency. Simple 
stent fracture (i.e., unzipping) without the additional 
benefit of pre-stenting may not stabilize the vessel 
wall and may decrease vessel patency, thereby lead-
ing to restenosis and a significant pressure gradient.

Endothelial coverage allows appropriate blood 
vessel function and prevents thrombus formation at 
the vessel wall [16]. Fractured and not pre-stented 
fragments may protrude into the vessel lumen and 
prolong or even prevent complete endothelializa-
tion. Pre-stenting at the time of intentional fracture 
may prevent stent strut protrusion and thereby im-
prove the chance of complete endothelialization with 
more rapid re-institution of physiologic vascular en-
dothelial function.

Our observed vessel wall injury during pre-stent-
ing was comparable to that after balloon angioplasty 
or single stent placement [6]. Incidental fracture of 
stents may cause severe vessel wall injury [17], and 
even intentional stent fracture in vivo (i.e., unzipping) 
may cause vessel wall damage due to an irregular 

mm for consistency of measurements), the pre-stent 
group showed only 44% (26–59) angiographic lu-
minal diameter loss, whereas the single stent group 
showed 75% (62–85) luminal diameter loss (P = 0.007; 
Figure 5B).

Endothelialization and Exposed Stent Struts
There were no stent struts protruding into the lu-

men of vessels in the pre-stent group (Figure 4 and 6), 
whereas numerous naked (i.e., non-endothelialized) 
stent struts were noted in the lumen of vessels in the 
single stent group (Figures 6G, 6H, and 6I). Accord-
ingly, the degree of endothelialization was markedly 
higher in the pre-stent group (100% (89–100)) than in 
the single stent group (73% (56–96), P = 0.022; Table 
2, Figure 5C).

Vessel Wall Injury
Similar degrees of vessel wall injury were noted 

in the pre-stent group and single stent group at the 
time of intentional fracture (i.e., short-term) with 
scores of 0.51 and 0.59, respectively. However, at 
mid-term evaluation, the injury score in the pre-stent 
group was significantly improved (decrease from 
0.51 to 0.31, P = 0.046), whereas the injury score in 
the single stent group was unchanged (0.5, P > 0.05; 
Figure 5D), although the difference between groups 
did not reach statistical significance (P = 0.067; Table 
2, Figure 5D). 

Lack of Injury to Adjacent Soft Tissue
Macroscopic examination of stented areas revealed 

a lack of external stent strut protrusion or transmural 
vessel injury in both the pre-stent and single stent 
groups (Figure 6). In both groups, the broken stent 
struts remained embedded in the vessel wall or ex-
hibited inward protrusion due to the in-folding col-
lapse of fractured stents (Figure 3, 4, and 6). There was 
no damage to the external part of the blood vessels 
or surrounding soft tissue (Figure 6C).

Microscopic examination of five muscle groups in 
the hind limb, lymph nodes regional to the hind limbs 
and descending aorta, and multiple sections of brain, 
lung, each kidney, liver, heart, spleen, and spinal cord 
showed no important lesions and no evidence of 
thromboembolism or stent fragment displacement 
in any downstream (i.e., hind limb muscles/regional 
lymph nodes) or systemic tissues. 
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Figure 6.  Vessel wall injury and endothelialization of blood vessels after pre-stenting compared with single stent implantation. 
Panels A, B, and C. Intentional stent fracture with pre-stenting caused only minimal vessel wall injury and did not result in transmural 
vessel injury or damage of surrounding soft tissue. Panel A. Localized dissection of the tunica media in a stented vessel immediately 
after stent implantation and lack of external protrusion of stent struts. Panel B. High-magnification image showing the extent of dis-
section and intramural hemorrhage immediately after stent placement. Panel C. Macroscopic picture showing no damage to the ex-
ternal surface of blood vessels despite the size discrepancy of stented segments. Panels D, E, and F. Pre-stenting allowed appropriate 
endothelialization and minimal vessel wall injury 2 months after stent placement. Panel D. Mid-term (i.e., 2 month) follow-up showed 
mild intimal and medial thickening in response to stent placement, no intraluminal protrusion of stent struts, and no dissection or 
pathologic vessel dilation. Panels E and F. High-magnification images showing almost complete endothelial coverage over stent 
struts 2 months after implantation. Panel G. Single stent implantation with intentional stent fracture (i.e., unzipping without pre-stent-
ing) led to incomplete endothelialization due to intraluminal stent strut protrusion and decreased vessel lumen cross-sectional area. 
Panels H and I. High-magnification images showing stent strut protrusion without endothelial coverage. Grey bars in A, D, and G = 3 
mm; black bars in B, E, and H = 0.5 mm and in F and I = 0.2 mm. Black arrowheads indicate endothelial coverage over stent struts, 
and black arrows point to bare metal struts protruding into the vessel lumen.
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create significant coarctation with pressure gradients; 
rather, it was designed to evaluate the feasibility and 
characteristics of the pre-stenting technique.

In conclusion, our study shows that pre-stenting 
at the time of intentional pre-existing stent frac-
ture provides advantages over simple stent fracture. 
Pre-stented vessels had larger vessel diameters, main-
tained better vessel patency, had more complete en-
dothelialization, and showed no protrusion of stent 
struts into vessel lumens. These findings should be 
considered in small children requiring vessel angio-
plasty or stenting.
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fracture pattern [11]. In our experience, pre-stenting 
at the time of intentional stent fracture caused no 
further injury to the vessel wall, and injury scores im-
proved at mid-term evaluation. 

Macroscopic examination of stented vessels pro-
vided no evidence of damage to the surrounding 
tissue or transmural vessel injury. This is important 
because in vitro testing of stents with intentional 
fracture produces an irregular fracture pattern, with 
many stent struts protruding tangentially [13]. These 
externally protruding stent fragments can penetrate 
through blood vessels and damage adjacent soft tis-
sue, including arteriovenous malformations [11, 18, 
19]. However, pre-stenting allows realignment of the 
struts of intentionally broken stents, which remain 
embedded in the vessel wall, in a more ideal circular 
fashion.

Our study has some limitations. The experiments 
were performed in a growing piglet model that has 
different growth velocity characteristics than hu-
mans. Nevertheless, this model has been employed 
in similar studies to mimic the growth of infants and 
small children [6].  Although the number of stents and 
animals were small, they were adequate to achieve 
statistical significance in the areas demonstrated. We 
assessed only one type of stent in this in vivo study, 
which was selected based on its superior character-
istics in our in vitro bench testing [4]. Pressure gra-
dients across the stents were not measured in all 
animals because we found only very small (2–5 mm 
Hg) gradients across stented segments in the few we 
measured. Moreover, our model was not intended to 
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