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Objectives: The main objective of the study was to evaluate the implantation, safety, and 

vascular tissue effects of REJUVENATE® Cobalt Chromium Bare Metal Stent in the Porcine 

Coronary Restenosis model at short, mid and long-term follow up. 

Methodology: A total of 18 REJUVENATE® bare metal stents (CoCr, 95 µm strut thickness) 

were implanted into the coronary arteries (RCA, LCX and LAD) of the six pigs. Throughout 

the study period, stent patency, vascular response, percent stenosis, late lumen loss and 

performance of stent were evaluated by angiography, optical coherence tomography (OCT), 

and Histopathology (includes both Histopathology and histomorphometry) at 30, 90, and 180 

days and compared with the results of control Bare Metal Stent Coflexus®. The mean, variance 

and standard deviation was analyzed using SPSS software.  

Results: OCT and QCA analysis demonstrated two cases of binary restenosis at 30 days follow-

up and two at 90 days follow-up (33%). The mean area stenosed for Rejuvenate® was 34% as 

compared to 24% of Coflexus® and at 180 days follow up, it decreased to 21%. The 

histopathology analysis demonstrated favorable safety with acceptable levels of neointimal 

formation, with decreased levels of inflammation and complete endothelialization in 180 days . 

Conclusion: This study proved the potential safety of REJUVENATE® in porcine model and 

supports that this stent can move forward for the human trials. 
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INTRODUCTION 

According to WHO (World Health Organization), 

heart diseases are leading cause of death in United 

States1 as it causes death of one person in every 37 

seconds.2 According to a report published in 2017, 

Coronary Heart Disease was the major cause of 

death resulting in 42.3% deaths in United States, 

followed by stroke (17.0% deaths), High Blood 

Pressure (10.5% deaths), Heart Failure (9.4% 

deaths), diseases of the arteries (2.9% deaths), and 

other cardiovascular diseases (17.6% deaths).3  

Coronary heart disease is attributed as complete 

blockage or narrowing of the coronary arteries that 

carry blood and oxygen to the heart.4 The reason 

behind this situation is atherosclerosis which is a 

buildup of fatty material and plaque inside the 

coronary arteries. This plaque can block the flow of 

blood towards muscles and other body parts which 

causes the severe chest pain and heart attack. To 

reopen the coronary arteries Percutaneous 

Transluminal Coronary Angioplasty (PTCA) is 

performed which is a minimally invasive procedure; 

however, reappearance of plaque or restenosis 

follows PTCA in 30–40% of coronary lesions 

within 6 months.5 

To solve the problems of PTCA, mesh like metallic 

hollow tubes were introduced which are known as 

Bare-metal coronary artery stents (BMS). BMS is 

used in percutaneous coronary intervention (PCI) 

for a variety of indications, including stable and 

unstable angina, acute myocardial infarction (MI), 

and multiple-vessel disease.  

BMS has been introduced in the market since 

decades ago and there are large number of BMS 

with varying properties such as metal platform, strut 

thickness or cell design. REJUVENATE® is 

manufactured in Pakistan for the native population. 

This paper proves the potential safety of 

REJUVENATE® through animal studies using 

porcine coronary stent restenosis model. It indicates 

the possible safety of REJUVENATE® which can 

be further validate through different studies.  

Scientists have been using porcine models for 

decades to analyze the safety of cardiac stents 

before their implantation inside humans. The 
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similarities between cardiovascular system of 

porcine and humans makes it best choice to analyze 

the effects of any implants. The distribution of 

epicardial coronary artery of porcine resembles with 

humans. The bifurcation of left main coronary 

artery of porcine into left anterior descending 

(LAD) and circumflex (Cx) coronary arteries is 

similar to humans and their diameters (2 to 4 mm) 

also closely resembles to humans. Despite of some 

differences, the basic cardiac hemodynamic 

parameters and platelet characteristics are similar 

between both species.6 In addition, the angioplasty 

procedure for porcine is also similar to human. 

Cardiologists can use same apparatus to treat both 

humans and porcine.7  

The procedure of PCI is same for porcine and 

humans. Like human PCI, the animals are 

anesthetized, and the vascular sheath is inserted 

inside blood vessel of animal. Fluoroscopic 

guidance is used for the advancement of catheter in 

vessels. The coronary angiograms are recorded to 

identify the suitable segments for stent 

implantation. Generally, Quantitative angiography 

(QCA) is performed to measure the vessel 

diameters. Optical coherence tomography (OCT) is 

modern and preferred method to obtain high 

resolution images and accurate information. Unlike 

humans, in animals, 2 or more sites are implanted 

with stents.8 

The main objective of this study was to analyze the 

deliverability and safety by examining the vascular 

response of animals. Prior to the experiment 

atherosclerosis was induced in these animals. The 

effect of stent placement on vascular remodeling 

was evaluated by comparing the vessel morphology 

of the stented coronary segments with the stented 

segments of commercially available Coflexus Stent. 

The optical coherence tomography and quantitative 

coronary angiography was carried out for the 

quantitative measurements and histopathology was 

performed to observe the vascular response.  The 

experiments were performed on porcine coronary 

model which is accepted as a standard model for 

CAD studies. 

METHODOLOGY 

The current pre-clinical study was conducted in 

2019 at Pre-clinical Research Laboratory, Center of 

Cardiovascular Research and Development, 

American Heart Poland. The duration of this trial 

was 6 months, and the animals of choice were 

Domestic Pigs (Sus scrofa domesticus). The porcine 

model was selected for this study due to the 

anatomical and physiological similarities with the 

human coronary arteries.9 Scientists have been 

using Porcine model for testing intracoronary 

devices since decades. The results were compared 

with Coflexus Stent [Balton, Poland] which is a 70 

µm thick cobalt chromium bare metal stent. This 

stent is famous for its high flexibility and ultra-low 

crossing profile. Approval from Ethical Committee 

of American Heart Poland was obtained before 

starting the trial (Ethics committee approval 

certificate number is 83118).  

The Test article was REJUVENATE® cobalt 

chromium bare-metal stent for implantation in 

coronary arteries and treatment of coronary artery 

disease by interventional technique. 

REJUVENATE® comprises of the following 

components: 

 A balloon expandable MP35NLT Cobalt 

chromium coronary stent 

 A rapid exchange delivery PTCA balloon 

dilation catheter 

The stent was pre-mounted crimped on the balloon 

of a PTCA catheter for endovascular delivery and 

implantation at the desired site. The delivery system 

consisted of a rapid-exchange PTCA catheter with a 

balloon. Nominal pressure of the balloon (for the 

test article) was 11 ATM and its rated burst pressure 

was 15 ATM. The stent sizes used in this study were 

3.00 x 20 mm. The stent system was compatible 

with 5F guiding catheter and 0.014” guide wire and 

the usable catheter length is 135 +/- 5 cm.  

Coflexus Bare Metal Stent [Balton, Poland] was 

implanted as control stent. The Cobalt Chromium 

metal platform of this stent is 70 µm thick and is 

famous for its flexibility. Unlike REJUVENATE®, 

Coflexus has closed cell design. Its cell area is also 

wider as it was specially designed for branched 

coronary arteries.  

Total eight Domestic Pigs were acquired from 

Institute of Animal Production Grodziec Śląski, 

Poland. The herd was free from common domestic 

swine diseases and vaccinated accordingly to 

standard operating procedures. Animals were 

monitored for the signs of disease during the 

acclimation period before enrolling them into the 

study. At the time of study, the pigs were 3 months 

old, Castrated male/Female and had 35 to 40 kg 

weight.  

For the vascular injury, the test animals were 

subjected to overstretch balloon injury. The animals 

were sedated, and injury was performed with an 

angioplasty balloon larger in size than the reference 

vessel diameter. The balloon was inflated. After the 

completion of the injury, the angioplasty balloon 

was withdrawn.10 

Second angioplasty was performed to insert the 

stent inside the vessel. Six animals were implanted 

with REJUVENATE® and two with Coflexus. Each 

animal was implanted with one stent in each one of 
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the coronary arteries (a) left circumflex artery 

(LCX), (b) left anterior descending coronary artery 

(LAD), and (c) right coronary artery (RCA). All the 

animals received 100 mg of aspirin and 75 mg of 

clopidogrel daily until death. After 30, 90 and 180 

days the animals were evaluated by angiography, 

optical coherence tomography (OCT), and 

Histopathology (includes both Histopathology and 

histomorphometry).  

Clinical follow up was carried out at 30 days, 90 

days and 180 days after the stent implantation. 

Restenosis was defined as decrease in vessel 

diameter after stent implantation and it was 

calculated by measuring the diameter and area of 

stenosed region. Procedural success was defined as 

no incidence of revascularization, vessel failure and 

cardiac death. The lumen area gain was defined as 

the difference in lumen area before stent 

implantation and after stent implantation.  Late 

lumen loss is defined as the difference between the 

diameter of a stented segment post-procedure 

compared with the follow-up angiogram at six or 

nine months. 

Quantitative Coronary Angiography (QCA) carried 

out for the measurements of the vessel at the target 

site for selecting appropriate size for stent 

implantation. At the designated endpoint (30, 90, 

and 180 days), animals were euthanized under 

general anesthesia by IV injection of a 

commercially available euthanasia solution.  

Optical coherence tomography (OCT) is an invasive 

imaging technique that produces high resolution 

intracoronary images. OCT was performed only at 

follow up time-points. The purpose of OCT was to 

validate the results of QCA and get a pictorial 

description of area of interest.  

For histopathological analysis, samples were 

obtained from the arterial segments containing 

stents. The segments were cut into slices using 

Leica microtome and stained with resins for 

histomorphometric analysis. After staining, the 

lumen cross-sectional area, stent cross-sectional 

area and Neointimal area were assessed. The 

percentage of vascular lumen narrowing (% area 

stenosis) was calculated according to the following 

formula:11  

% Stenosis = (IEL area - lumen cross-sectional 

area)/IEL area x 100 

For the measurement of each parameter, proximal, 

medial and distal part of the stent were 

measurement and subsequently, a mean value was 

calculated. The qualitative analysis to assess arterial 

wall integrity and the presence of endothelium, 

fibrin, thrombi or focal necrosis was carried out. 

 

Each sample was evaluated for inflammation and 

neointimal score. Inflammatory response was 

evaluated using a four-grade scale (grades from 0 to 

3) described by Kornowski et al. Inflammation 

score on a scale of 0 to 4, Neointima maturity was 

observed and qualitatively analyzed. 

After obtaining the results, data was analyzed 

through statistical tool SPSS both qualitatively and 

quantitatively. Results are expressed as mean ± 

standard deviation and percentages. The results 

were compared with the results of control stent. 

Angiographic and histomorphometric data were 

analyzed using SPSS software (19.0 system). 

RESULTS 

In the current study, six animals were implanted 

with stents. Each animal three stents, one for each 

coronary artery (LAD, LCX and RCA). During the 

whole process, animals were alert and responsive 

without any evidence of abnormal temperature or 

weight loss or other health complications. The 

blood flow remained within the normal limits at all 

time points evaluated. The overall combined 

mortality rate of the study was less than 1%. 

Quantitative coronary angiograms recorded at 30, 

90 and 180 days follow-up and were analyzed at the 

laboratory. Baseline diameters and stenosed area 

were measured. The results demonstrated that 

baseline vessel diameters were similar between 30, 

90, and 180-days follow-up (2.2 mm, 2.3mm and 

2.2 mm respectively). Similarly, the overstretch 

expressed as proportion between baseline and post 

implantation was 110%. There were two cases of 

binary restenosis at 30-day follow-up and two at 90-

day follow-up (33%). 

Late lumen loss is the difference between the 

diameter of a stented segment post-procedure 

compared with the follow-up angiogram at six or 

nine months. REJUVENATE®️ was studied for 

late lumen loss at 30 days and 90 days. Through 

QCA and OCT the lumen loss was measured, and 

the results are shown in Figure 1 for 30 and 90 days 

follow up. Late lumen loss was measured by 

measuring the difference in the post stent 

implantation vessel diameter and vessel diameter 

after a 30- and 90-days post implantation.  

Area stenosis was measured only on cross sectional 

images. Figure 1 demonstrates percentage area 

stenosed which was calculated by measuring the 

minimum diameter of coronary vessel after stent 

implantation and 30 and 90 days follow up.  The 

results suggest 66% of area stenosis which was 

decreased to 55% at 90 days follow up.  QCA was 

not carried out for Coflexus stent and it only 

demonstrated the results within the test group. 
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Figure 1: comparison of 30 days and 90 days 

follow up (a) Late Lumen Loss (b) Area stenose 

OCT was used to compare the lumen diameter, area 

stenosis and diameter stenosis of REJUVENATE® 

with commercially available Coflexus Stent. The 

analysis was done at 30 days, 90 days and 180 days. 

The images of each follow up are given in Figure 2. 

Through this analysis, diameter of stenosed area and 

late lumen was calculated and the values were 

compared to the QCA results.  

Results of 30 days follow up demonstrated that all 

stent diameters were comparable between the test 

group, however the Coflexus stent has numerically 

larger diameter.  Values for REJUVENATE® 

Cobalt Chromium Coronary System were 

numerically higher for neointimal hyperplasia 

parameters when matched against Coflexus®. 

Nonetheless, p values showed no statistical 

difference for %AS, %DS, and neointima area 

(NA). P values for area stenosed are 0.18 and for 

diameter stenosed are 0.21.  

The results of 90 days follow up exhibited the % 

area stenosis and % diameter stenosis were greater 

at 90 DFU than for the subjects in the 30 DFU 

group. In one pig, OCT imaging confirmed 

abnormalities in this case and its reason could be 

late stent malposition or unexpanded stent at 

implantation. Due to the lack of baseline OCT 

images, it is not possible to establish whether that 

pig had under-expanded stents at implantation or 

due to late stent malposition. 

 
Figure 2: OCT analysis (a) Performance at 30 

days (b) OCT images at 30, 90 and 180 days 

At 180 days follow up, % area stenosis and % 

diameter stenosis were lower at 180 DFU than for 

the subjects in the 90 DFU group. 

Histomorphometry measures the shape or form of a 

tissue. In this study, lumen area, stent area, 

neointimal area and area stenosis are measured at 

30, 90 and 180 days through Histomorphometry 

which are given in Figure 3. The average area 

stenosis was 51%, and the binary restenosis rate was 

22% (4/18). Results demonstrated that compared to 

QCA, area stenosis was slightly lower, with a 

maximal area stenosis of 93%. Mean neointima area 

was 3.63 mm2. The mean neointima thickness was 

calculated from lumen area and IEL area was found 

to be around 0.53 mm. 

 
Figure 3: Histomorphometric analysis of 

explanted stents at 30, 90 and 180 DFU 

The procedures were completed without any 

complications, and all swine survived until the end 

of the follow-up period. Histopathology was not 

performed for control group animals. At 30 days 

follow up, there was mild inflammation in LAD and 

LCX and moderate inflammation in RCA. At 90 

days follow up, only LAD demonstrated moderate 

inflammation and at 180 days, all the vessels 

exhibited mild or no inflammation.  

The results of 30 days follow up of RCA, LCX and 

LAD demonstrated that neointima was immature 

and composed of myofibroblasts over 25% and 

extracellular matrix. In RCA, Internal elastic lamina 

was retained at first three levels, whereas at level 

4th and 5th were disrupted. Endothelial lining was 

present at nearly half of the lumen. In LCX, Internal 

elastic lamina was disrupted in first 4 levels, but in 

last levels was only compressed. In LAD, Internal 

elastic lamina was disrupted in 1st and last parts.  

In 90 days, follow-up, neointima was immature at 

all levels and was composed of myofibroblasts over 

25% and extracellular matrix. In RCA, internal 

elastic lamina was disrupted in all levels, whereas 

external elastic was disrupted only at level 6th. 
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Endothelial coverage was focal at all levels. In 

LCX, Internal elastic lamina was disrupted in all 

levels, whereas external elastic was disrupted at 

levels 2-4. Endothelial coverage was focal at all 

levels. In LAD, Internal elastic lamina was 

disrupted in all levels. Endothelial coverage was 

focal at all levels. 

At 180 days, Neointima consisted of numerous 

myofibroblasts and fibroblasts, exceeding 50% of 

cells, extracellular space was reduced. Thus, 

neointimal covering was compact. 

 
 

Figure 4: Histopathology results (A, B, C, D) 30 

days, (E, F) 90 days (G, H) 180 days follow up 

In RCA, Internal elastic lamina was evidently 

disrupted at all levels, but without laceration of 

media. Linear endothelial lining was best seen at 

distal level. It should be emphasized, that in all 

levels endothelial cells covered nearly 50% of 

lumen. Neointima showed more advanced maturity 

at proximal and medial level, whereas distant level 

was less compact poorer in myofibroblasts. In LCX, 

Internal elastic lamina was evidently disrupted at 

medial and distal levels, but without laceration of 

media. Linear endothelial lining was present 

focally, not exceeding 50% of lumen. In LAD, 

Internal elastic lamina was disrupted at proximal 

level, at distant level focally external elastic 

membrane was disrupted. The focal endothelial 

lining was seen at proximal level (nearly 50% of 

lumen), whereas at distant level diminished to focal 

one quarter. Neointimal image at all levels showed 

nearly 50% or more myofibroblasts. 

DISCUSSION 

The introduction of intravascular stents to clinical 

practice marked the beginning of a new era in the history 

of percutaneous coronary intervention. Stents reduced the 

restenosis rate and increased the safety and efficacy of 

procedures.12 However, it soon became clear that 

traditional stainless-steel stents could not cope with 

certain difficult clinical situations and that the 

development of a new stent type was needed.13 The new 

metal cobalt-chromium was introduced to improve the 

performance of DES by augmenting mechanical 

properties and thinner struts. REJUVENATE® is a 

cobalt-chromium stent with 95 µm strut thickness. In this 

study, the potential safety of REJUVENATE® at 30, 90, 

and 180 days in animals and the results of this study will 

straighten the path for human studies.  

The domestic porcine model was chosen in our study 

because it is considered as a standard for stent testing. In 

many studies, several parameters have been studied 

which included degree and uniformity of neointimal 

coverage, presence of uncovered struts, thrombus 

formation, arterial healing, restenosis rate, external elastic 

lamina (EEL) area, internal elastic lamina (IEL) area, 

lumen area, neointimal area, medial area, lumen 

equivalent diameter, IEL equivalent diameters and 

percent area stenosis.14-16 

Neointimal hyperplasia is a post stent implantation 

response which is associated with vascular remodeling of 

coronary vessels. The incidence of remodeling of vessels 

is carried out by migration and proliferation of smooth 

muscle cells of vessels into tunica intima. If remodeling 

of vessels is not balanced, it will lead to undesirable 

vessel wall thickening resulting in loss of luminal 

patency.17 REJUVENATE® demonstrated 3.8 mm2, 3.4 

mm2 and 2.4 mm2 neointimal area after 30, 60 and 90 

days respectively. Similar study was conducted on 

Multilink Vision BMS [Abbott Laboratories, USA] and 

Pro-Kinetic BMS [Biotronik, Germany] for 28 days and 

results demonstrated 1.29 and 1.63 mm2 neointimal 

area.18 The neointimal area for REJUVENATE® was 

higher at 30 days study, however it decreased within 180 

days which proved efficiency of the stent.  

 

The relationship between the arterial injury, 

inflammation, neointimal thickness and lumen stenosis 

has already been established in various studies.19 The 
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results demonstrated that at all levels, the inflammatory 

infiltrations, even minimal, were absent. At 30 and 90 

days follow up, a little inflammation was observed at a 

few levels; however, at 180 days follow up, no 

inflammation or minimal inflammation was observed. 

The neointima was immature till 90 days but at 180 days 

follow up it was matured. Studies have demonstrated 

mild inflammations in pre-clinical studies of different 

stents at 28 days.18,20 The inflammation caused by 

REJUVENATE® disappeared at 180 days follow up.  

At proximal and medial level, the maturity was advanced 

as compared to distal level. The morphometric results 

showed acceptable level of neointimal vascular response 

and optimal healing at cellular level. The OCT images 

demonstrated homogenous pattern and smooth intima 

formation. The rate of arterial injury was minimal as only 

one pig showed signs of injury at one vessel due to 

malposition of stent, otherwise, no injury was observed 

throughout the study. The lumen areas of coronary 

arteries are associated with vessel enlargement 

remodeling. The lumen area also significantly decreased 

in 180 days follow up as compared to 30 days follow up. 

The similar pattern has been observed in previous 

studies.21 

In this study, porcine model was used to prove the safety 

of REJUVENATE® BMS may not precisely predict the 

effects due to differences in human and porcine 

vasculature. It cannot reflect the exact biological 

response of humans. Another limitation of this study was 

the availability of control stents as only one control BMS 

was used for the comparison purpose. Third limitation 

was that the control stent could not be studied in the 

histopathology tests due to availability of smaller number 

of samples. The head-to-head comparison of both stents 

in histopathology can portray a better picture. 

CONCLUSION 

REJUVENATE® Cobalt Chromium Coronary stent is 

manufactured indigenously in Pakistan for native 

population. In the current study, REJUVENATE® 

demonstrated acceptable levels of percent of area stenosis 

and percent of diameter stenosis. The morphometric and 

histopathological results exhibited acceptable level of 

neointimal vascular response and complete lesion healing 

in 180 days.  In all tests, REJUVENATE® demonstrated 

non-inferiority results as compared to Coflexus® stent 

and proved its potential safety for further studies. 

In future, the REJUVENATE® will be studied on larger 

number of animals. It will also be studied against multiple 

control group of stents for the better comparison. Also, 

the human trials will be conducted to observe the safety 

of REJUVENATE® on humans. 
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