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Abstract
Aims: To create a large animal coronary chronic total occlusion (CTO) model. Presence of microvessels 
within the CTO lumen facilitates guidewire crossing. The patterns and time profiles of matrix changes and 
microvessel formation during coronary CTO maturation are unknown.

Methods and results: CTO were created in 15 swine by percutaneous deployment of a collagen plug. 
Matrix changes were assessed by histology. Intraluminal neovascularisation was assessed by histology and 
several imaging modalities, including conventional and 3D spin angiography, micro-computed tomography 
(micro-CT) imaging, and contrast-enhanced magnetic resonance imaging (MRI), at six and 12 weeks follow-
ing CTO creation. Matrix changes included an intense inflammatory reaction at six weeks which had partially 
abated by 12 weeks. A proteoglycan-rich matrix at six weeks was partially replaced with collagen by 
12 weeks. Similar changes were noted in the proximal cap which was acellular. Three patterns of microvessel 
formation were identified and defined based on the presence and extent of a “lead” neovessel. No major dif-
ferences in pattern or extent of neovascularisation were noted between six and 12 weeks.

Conclusions: Heterogeneity in neovascularisation patterns occurs during coronary CTO development in 
a porcine model. Non-invasive imaging to determine the predominant type of neovascularisation prior to and 
during CTO revascularisation may improve guidewire crossing success rates. This model may be useful for 
further exploration of CTO pathophysiology, and may aid in further refinements of in vivo imaging of CTO 
and development of novel therapeutic approaches to revascularisation of CTO, such as manipulations of the 
proximal cap, matrix composition, neovessel induction, and device testing.
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Introduction
Chronic total occlusions (CTO) in coronary circulation are associ-
ated with significant morbidity and adverse outcomes1,2. They 
remain a significant challenge to the interventional cardiologist 
with success rates of 55-80%3,4, primarily due to failure of guide-
wire crossing through the occlusion2,5,6. Neovascularisation of the 
CTO lumen may constitute an important aspect of the maturation 
process. Previous studies of human arteries and experimental CTO 
have suggested that the presence of microvessels within the CTO 
lumen may facilitate guidewire crossing, either as a direct pathway 
or by enhancing favourable changes in the composition of the sur-
rounding matrix7,8. We have recently reported our analysis of com-
positional changes occurring during CTO maturation in a rabbit 
model9. However, this work was done in a rabbit peripheral (femo-
ral) artery model, which may develop quite differently than coro-
nary artery CTO. The objective of this study was to create a large 
animal coronary CTO model that would closely emulate human 
coronary CTO and to characterise microvessel formation and 
matrix maturation at two time points after CTO creation. Both vas-
cular and non-vascular changes were assessed using an approach 
that combined histology, specific matrix and calcium stains, and 
complementary in vivo and ex vivo imaging.

Methods
THE OCCLUSION MODEL
Animal experiments conformed to the “Position of the American 
Heart Association on Research Animal Use.” Approval for experi-
ments was obtained from St. Michael’s and Sunnybrook Hospital 
Animal Care Committees (both Toronto, Canada). Coronary occlu-
sions were performed in 27 female Yorkshire swine (25-30 kg). 
Animals were treated with a beta blocker (atenolol 25 mg/d), orally, 
beginning seven days prior to the procedure and continued until 
sacrifice. Anaesthesia was induced using xylazine 1-2 mg/kg and 
ketamine (30 mg/kg) and after intubation, anaesthesia was main-
tained with inhaled isofluorane 1-4%. Cutdown of the right carotid 
artery was performed and an 8 Fr sheath was inserted, followed by 
administration of 5,000 IU of unfractionated heparin (APP Pharma-
ceuticals, Schaumburg, IL, USA). Under fluoroscopic guidance, 

cannulation of the left main coronary artery was performed using 
a 7 Fr Judkins Left (JL) 3.5 guiding catheter (Cordis Corp., Miami 
Lakes, FL, USA). A 5 Fr multipurpose guiding catheter, which was 
preloaded at the tip with a collagen plug (Angio-Seal®, St. Jude 
Medical, St. Paul, MN, USA), was advanced through the guiding 
catheter and positioned in the mid left anterior descending artery 
(LAD). The collagen plug was then advanced outside the 5 Fr cath-
eter with the simultaneous use of two 0.035 inch guidewires. The 
5 Fr catheter was removed and the mid LAD occlusion was con-
firmed by angiography, after which all equipment was removed, the 
carotid artery was sutured and the incision closed. The animal was 
monitored for ventricular arrhythmias over a 60 minute period. The 
coronary artery occlusion technique is shown in Figure 1.

Animals with ventricular ectopy were treated with intravenous 
lidocaine (1-2 mg/kg) and amiodarone (75 mg bolus injection), and 
defibrillation, if necessary. After 60 minutes following the proce-
dure, animals were recovered and returned to their pens. 
Buprenorphine 0.01-0.02 mg/kg (IM) was given routinely for post-
procedural pain management. The pigs were fed a regular chow 
diet. Angiographic follow-up and sacrifice were performed at six 
weeks in 11 pigs and at 12 weeks in seven pigs. Angiography was 
performed using a 6 Fr JL 3.5 diagnostic catheter. Animals in which 
a CTO was confirmed (total or subtotal occlusion with Thrombolysis 
In Myocardial Infarction (TIMI) grade 0-1 flow distal to the occlu-
sion) were included in the analysis. After angiography, the animals 
were taken for cardiac MRI. After completion of in vivo imaging 
studies (angiography and MRI), euthanasia was performed under 
general anaesthesia by IV injection of pentobarbital euthanasia 
solution (100 mg/kg). The heart was excised and the coronary arter-
ies were flushed with lactated Ringer’s solution and then injected 
with Microfil® (Flowtech, Carver, MA, USA). Figure 2 shows 
angiograms of the LAD at different time points before and after 
creation of occlusion.

MRI
The MRI studies were performed on a 3T GE Excite™ Scanner 
(GE Healthcare, Milwaukee, WI, USA) by the use of a custom 
(5×3 cm) surface coil secured over the chest. Occlusions were 

Figure 1. Coronary artery occlusion technique. A) Angiogram of the LAD before intervention; B) 5 Fr catheter telescoped into the mid-LAD; 
and C) shows the occluded LAD after Angio-Seal® deployment (arrow).
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imaged with the use of an elliptic-centred fast spoiled gradient echo 
sequence (repetition time/echo time=8.3/2.1/30°, 31.25 kHz receive 
bandwidth, resolution of 0.25 mm in plane, 0.6 mm through plane). 
The elliptic ordering of acquisition procures most of the contrast 
during the first several seconds and, thus, the images are more rep-
resentative of the contrast close to the start of the imaging.

T1-weighted images were obtained 16 sec after the injection of 
0.05 ml/kg Clariscan™ (Feruglose; GE Healthcare, Chalfont, UK). 
To maintain an adequate signal-to-noise ratio, each data point was 
consecutively averaged four times, yielding an imaging time of 216 
sec. Clariscan™ (Nycomed Imaging, Oslo, Norway) remains intra-
vascular and reflects relative blood volume (RBV) within the CTO 
lumen10,11 serving as a surrogate for perfusion. Regions of interest 
were selected in the proximal part of the CTO from each of the 
T1-weighted MR images to calculate average signal intensity. 
Relative distribution volume of Clariscan was derived from the 
ratio of tissue signal intensity in the region of interest compared 
with the vessel segment immediately proximal to the CTO12.

3D SPIN ANGIOGRAPHY AND CT
Intravenous heparin (5,000 IU) was administered to the animals 
before they were sacrificed to prevent blood coagulation in the 
microvasculature. The heart was excised and 30 ml Microfil was 
injected selectively into the coronary arteries at a pressure of 
90 mm Hg, as measured by a handheld manometer and stored in 
saline. The hearts were imaged within 1-3 days on an Innova® 
2121IQ (GE Healthcare, Buc, France [GEHC]) catheterisation sys-
tem in spin mode resulting in the acquisition of 146 frames in 
4.8 sec at 60 kVp, 150-250 mA with 6 msec pulse/frame, with a 
190 degree gantry rotation. Reconstruction from the projection data 
was done on an Advantage Workstation™ (GEHC), resulting in a 
reconstructed volume with voxels of (0.23 mm)13 in size. CT was 
also performed with a GEHC LightSpeed® scanner at 140 kVp, 
500-775 mA for 7.5 sec yielding a reconstructed volume with 
a voxel size of 0.28 mm×0.28 mm×0.62 mm and a slice spacing of 
0.38 mm. Volume-rendered sequences of images from varying per-
spectives were generated from the CT and Innova reconstructions 
providing 3D perception of the vascular structures.

MICRO-CT IMAGING
The coronary arteries were fixed in formalin for 48 hrs, embedded 
in 1% w/w agarose gel, and imaged on a micro-CT (MS-8; GE 
Medical Systems, London, Ontario, Canada), having a 14 µm 
detector pixel size. A total of 905 cone beam projection images 
spanning 360 degrees were acquired with an equivalent pixel size 
of 28 μm at 80 kVp, 90 μA (540 μAs per projection) in 2.5 hours. 
A 3-dimensional data set was reconstructed with a voxel size of 
54 µm using the scanner’s implementation of the Feldkamp recon-
struction algorithm. A subset of the volume encompassing the 
occlusion or stenosis was also reconstructed at a smaller voxel size 
of 28 μm. Images were exported into Amira® (Mercury Computer 
Systems, Chelmsford, MA, USA) as series of axial slices and were 
volume-rendered by setting the threshold slightly higher than the 
Hounsfield units of the Microfil to display the vasculature.

Figure 3 shows the various imaging techniques used for vessel 
analysis.

HISTOLOGICAL ANALYSIS
After micro-CT imaging, the proximal occluded segment contain-
ing the proximal fibrous cap was cut into sequential 0.5 mm longi-
tudinal sections, while the distal segment was cut into sequential 
2 mm cross-sections throughout the length of the occluded seg-
ment. Sections were stained with haematoxylin and eosin and 
Movat pentachrome stains. Representative von Kossa stains were 
also obtained to assess the presence of calcium. The proximal and 
distal CTO segments were defined as the sections within the CTO 
that were immediately adjacent to the patent artery at the entry and 
exit sites, respectively. All other sections were defined as the body 
of the CTO. The CTO microvessels within the occluded lumen 
were identified on Movat-stained sections as vascular structures 
lined with endothelial cells, and typically were filled with Microfil. 
In some cases, red blood cells also were evident.

Results
A total of 26 pigs underwent LAD total occlusion creation. Of 
these, 17 survived till planned sacrifice. Of the nine pigs that died, 
two died of procedure-related events (difficult intubation and aortic 

Figure 2. Angiogram of the LAD before, immediately post-, and six weeks post-occlusion. A) Preprocedural angiogram of the LAD; 
B) Immediate post-procedure completely occluded LAD (arrow); and C) 6-week angiogram with small revascularisation channel through the 
occluded segment (arrow).
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dissection after failed attempts to cannulate an aberrant left main 
artery, respectively), and seven died suddenly between two hours to 
two weeks after the procedure (almost all deaths were within 
12 hours). In two of the 17 pigs that survived the procedure, we 
failed to create an occlusion, and these pigs were excluded from 
further analysis. Full analyses were performed on 15 pigs (eight 
pigs at the six-week time point and seven pigs at the 12-week time 
point).

Three patterns of microvessel formation were identified by 
micro-CT analysis and 3D spin angiography in the experimental 
coronary CTOs as follows:
1)  Type 1 denotes the presence of a predominant "lead" neovessel 

vessel traversing the full length of the occluded segment (Fig-
ure 4A and Figure 5A), and creating a partially recanalised 
occlusion.

2)  Type 2 denotes the presence of a lead neovessel which does not 
traverse the full length of the occluded segment (Figure 4B and 
Figure 5B).

3)  Type 3 denotes the lack of a lead neovessel (Figure 4C and Fig-
ure 5C).
In all three types, discontinuous microvessels of variable diameter 

and vessel density were common throughout the occluded segment.
At six weeks, the majority of the pigs (five out of eight pigs) 

demonstrated a type I recanalisation pattern, while one pig occlu-
sion was of type II and two occlusions were type III. At 12 weeks, 
five CTO were type I, two CTO were type II and none were type III. 
Lead neovessels were common in both six-week and 12-week 
CTO. Of note, the presence and extent of small microvessels was 
variable between pigs, but no major differences were observed at 
12-week compared to six-week CTO. Moreover, the content of pro-
teoglycan and collagen was variable between animals but again, no 
discernible differences were noted at 12-week compared to six-
week CTO.

PROXIMAL CAP
Proximal caps were available for analysis for three pigs (two six-
week pigs and one 12-week pig). Neovessels were not noted at the 
proximal cap region in these samples. The proximal cap at six 

Figure 3. Various imaging techniques used for vessel analysis. A) 3D reconstruction of an ex vivo CT scan on excised heart after Microfil; 
B) 3D spin angiogram performed on excised heart after Microfil; C) standard pre-sacrifice angiogram; D) Gross pathology of the excised 
heart. Black arrow shows white scar tissue at the left ventricular apex corresponding with a mid-LAD infarct.

Figure 4. Angiogram (left panels) and volume rendered micro-CT 
reconstruction (right panels) of occluded coronary arteries. A) 
type I; B) type II; C) type III. The square over the angiogram 
marks the area of interest shown in the micro-CT image. The 
arrows show the proximal occlusion point. Note large neovessel 
traversing the whole length of the CTO in type I CTO; a 
discontinuous neovessel in type II; and lack of lead neovessel in 
type III. 
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weeks was highly cellular with a proteoglycan-rich matrix and 
absence of microvessels in the initial 1.5 mm at the entry (Fig-
ure 6A). Distal to the cap, there was some disruption of the integrity 
of the internal elastic lamina (IEL). The matrix in this region was 
a mixture of proteoglycans and collagen. The proportion of colla-
gen became progressively higher in the distal direction of the occlu-

Figure 5. Histology at a mid-occlusion level (Movat stain) 
(left panels) and corresponding micro-CT image (right panels) of 
occluded coronary arteries. A) type I; B) type II; C) type III. Note the 
large neovessel (maximal diameter 500-1300 microns) in type I and 
type II occlusions and lack of a lead neovessel in type III. Note also 
numerous small microvessels in panel and matrix composed of 
a mixture of collagen (stained brown) and proteoglycan (stained 
blue) evident in (B). Panel c also shows disruption of the internal 
elastic lamina and numerous foci of inflammation.

sion. Microvessels were apparent about 2 mm within the proximal 
cap, within the collagen-rich matrix. A large focus of necrosis and 
inflammatory cells was evident along with positive remodelling 
and IEL disruption (arrow). This finding seems to be associated 
with a specific inflammatory reaction to the fibrin plug. At 12 weeks 
(Figure 6B), in contrast to the six-week histology, the proximal cap 
was a fibrotic, nearly acellular structure, with a predominantly 
densely packed collagen- and elastin-rich matrix with minimal pro-
teoglycan. Similar to the six-week proximal cap, microvessels were 
also not present in the very proximal part of the cap, but appeared 
to originate about 1.5 mm distally.

PRESENCE OF CALCIUM
Calcium was evident already in the six-week occlusion specimens 
and was corroborated by calcium-specific stains. Calcium was 
seen predominantly in the central necrotic core of the occlusion 
(Figure 7A). At 12 weeks, calcium deposits were more abundant 
than at the earlier time point, although still predominantly in the 
central necrotic core (Figure 7B).

Discussion
In this study we describe a novel porcine coronary CTO model and 
provide detailed characterisation of neovessel formation and matrix 
maturation at two time points. Using advanced in vivo and ex vivo 
imaging techniques we identified three patterns of microvessel for-
mation within coronary CTO, based on the presence and extent of 
a lead neovessel. We also defined the histological appearance and 
maturation of the proximal cap and of the extracellular matrix at six 
and 12 weeks post-CTO creation.

We have previously analysed compositional changes in arterial 
CTO in a rabbit model9. This study extends the findings of our pre-
vious model to a large animal coronary CTO, which more closely 
emulates a human coronary CTO. In this study we specifically con-
centrated on large neovessel formation within the CTO, in addition 
to characterising temporal changes in the proximal fibrous cap and 
the extracellular matrix composition. We will discuss these topics 
separately.

THROMBUS, INFLAMMATION, AND NEOVESSEL FORMATION
Similar to our previous rabbit model, CTO creation was secondary 
to non-atherosclerotic thrombotic occlusion of the artery with sub-
sequent inflammation, thrombus organisation and neovascular for-
mation. There are few published data on the process of microvessel 
formation in arterial thrombi but inflammation seems to be central 
to the process of neovascularisation14,15. In the rabbit model, inflam-
mation was most intense at two weeks post-CTO creation and pro-
gressively abated by the 12- and 18-24 week time points. In the 
current study we had only two time points, six weeks and 12 weeks 
post-CTO formation. The six-week occlusions demonstrated an 
intense inflammatory reaction with prominent macrophage infiltra-
tion, which was still present, though less intense, at 12 weeks. Pre-
vious studies have similarly shown high concentrations of 
macrophages in regions of recanalisation in spontaneous human 
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thrombi and in experimental animal arterial thrombi16,17. Srivatsa 
et al7 likewise reported that microvessel content in human coronary 
CTO correlated with the degree of inflammation. Our study is in 
line with these data and supports the association between the intense 
inflammatory reaction and the presence of neovessels. However, in 
the rabbit peripheral arterial model9, there was a progressive reduc-
tion with time in the inflammatory response that was accompanied 
by a reduction in microvessel cross-sectional area and relative 

blood volume (both are measures of neovessel concentration). In 
our study, lead neovessels were at least as prominent at 12 weeks as 
they were at six weeks, which may be due to the presence of signifi-
cant inflammation noted at both time points in this model. The 
neovessels took a serpentine course through the obstructed section 
and often demonstrated a corkscrew-like appearance consistent 
with the process of new vessel formation and not simply native ves-
sel recanalisation (e.g., Figure 4B).

Figure 6. Histology of the proximal cap (Movat stains) at two time points. A) Proximal cap at 6 weeks; B) Proximal cap at 12 weeks. Note the 
predominance of cellular elements and proteoglycan (stained blue) in the six-week cap versus the predominance of dense collagen and elastin 
(stained brown and black respectively) in the 12-week cap.

Figure 7. Calcification increased at 12 weeks compared to the six-week-old CTO. A) Six-week CTO cross-section; B) 12 weeks post-CTO 
induction (left panels are Movat stains; right panels are von Kossa stains for calcium). Note presence of calcium (arrows on right panels) 
within the necrotic cores evident on the Movat stained specimen on left panel A (Microfil within the microvessels, as well as calcium in the 
tissue, appears dark on von Kossa stains. Calcium deposits have more jagged edges and calcium appears purplish on the Movat stain, 
whereas the Microfil remains black.
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PATTERNS OF NEOVESSEL FORMATION
We identified three forms of lead microvessel formation: type I, 
characterised by a lead neovessel that traverses the full length of the 
CTO, creating a partially recanalised occlusion; type II, where the 
lead neovessel is present but discontinuous; and type III, no lead 
neovessel is present. There are two potentially important conse-
quences of microvascular formation. First, neovascularisation 
might enable some perfusion distal to the occlusion which could 
potentially preserve viability in the distal vascular bed, provided the 
neovessels developed prior to complete vessel occlusion. Second, 
partial recanalisation of the CTO with large neovessels (500-
1000 micron diameter) such as seen in type 1 CTO may facilitate 
successful guidewire (360 micron diameter) crossing through the 
occlusion7,8,18. However, this type of neovessel is unlikely to be 
common in well-established human CTO and it is more likely that 
the presence of multiple, even discontinuous, microvessels along 
with specific matrix composition, may create a looser tissue, ena-
bling loose tissue tracking by coronary guidewires. In our previous 
study in rabbit femoral arteries, there was a marked decline in intra-
luminal microvessel formation between six and 12 weeks, unlike 
the findings in this porcine model. Another notable difference was 
the positive remodelling of the occluded segments both at six-
weeks and at 12-weeks post-CTO induction, which was in contrast 
to the marked vessel shrinkage observed in the rabbit model. These 
changes are likely due to a persistent inflammatory response in the 
pig model whereas by 12 weeks the inflammatory response had 
abated in the rabbit model. This prolonged inflammatory response 
may be due to the effects of a persistent collagen plug or the time 
frame of maturational changes may be different in the two species. 
Additional factors that may be involved include differences in the 
rheology and fibrinolytic systems19,20.

PROXIMAL CAP AND MATRIX
In our rabbit peripheral artery CTO model9 we described changes in 
the extracellular matrix composition of the occlusion over time. 
Similar to our previous findings, six-week occlusions demonstrate 
a proteoglycan-rich matrix with a prominent inflammatory reac-
tion. At 12 weeks, the inflammatory reaction had declined, and the 
proteoglycan content was replaced with a predominantly collagen-
rich matrix. While similar findings were observed in the pig model, 
matrix maturation seemed to evolve more slowly in the pig model 
compared with the rapid changes observed in the small animal 
model. Likewise, we defined histologically the maturation of the 
proximal cap. At six weeks (Figure 6A) the cap was characterised 
by a proteoglycan- rich matrix with highly cellular content and no 
microvessels in the proximal 1.5 mm of the occlusion. The matrix 
in this region was a mixture of proteoglycans and collagen with 
progressively higher collagen content observed distally. At 12 
weeks, similar to the changes observed in the CTO body, examina-
tion of the proximal cap demonstrated a predominantly collagen- 
and elastin-rich matrix with very little proteoglycan. At both time 
points, the first 1-1.5 mm of the cap were avascular with microves-
sels appearing further distally.

This study represents the first description of temporal changes in 
the proximal cap region in a coronary occlusion model. These com-
positional changes with increased collagen content in the cap region 
support a biological basis for the clinical observation of increased 
guidewire failure to cross older CTO.

RELEVANCE TO HUMAN CTO
Although CTO are common and difficult to treat with percutaneous 
coronary intervention (PCI), data from human pathological studies 
are sparse and anecdotal. A relevant animal model is necessary for 
systematic analysis of the process of CTO maturation and for the 
development of innovative therapeutic approaches. Our model rec-
reates many features that have been recognised in the natural his-
tory of CTO maturation1 in that it is a large animal coronary 
occlusion model, including an initial thrombotic occlusion, acute 
inflammatory response, and the presence of calcium, microvessels 
and collagen-rich fibrous tissue. Numerous endoluminal approaches 
have been used in an attempt to mimic human CTO in an animal 
model including balloon-induced vessel wall injury21, copper stent 
implantation22, and thermal injury23. An earlier model from our 
group utilised local application of liquid thrombin24. These models 
were partially successful in reproducing mature fibrous tissue, an 
inflammatory reaction, neointimal proliferation, and small intralu-
minal channels within the CTO. A recently reported model suc-
ceeded in reproducing calcification within the CTO25. However, 
this model utilised implantation of bone chips along with an absorb-
able gelatine sponge. Our model is unique in that it demonstrates 
many of the findings observed in human coronary CTO, including 
the spontaneous appearance of calcification, developing subse-
quent to an acute thrombotic occlusion of the coronary artery. The 
process of calcification observed here is likely related to the intense 
inflammatory reaction and may be similar to that which occurs in 
native CTO. Our study is the first to define and categorise large 
neovessel formation over time. Of particular importance, the 
detailed microvessel imaging from the complementary imaging 
modalities used in our study were closely correlated with the histo-
logical data. Further refinements of these imaging techniques, par-
ticularly when applied by non-invasive or minimally invasive 
approaches, should be very useful for selecting patients likely to be 
successfully revascularised and to indicate cases that will need 
additional facilitating therapies such as plaque softening agents like 
collagenase24. Future studies to characterise later time points should 
also be considered to determine whether the differences between 
rabbit and pig models are only time-related changes.

Limitations
The CTO creation in this model was secondary to non-atheroscle-
rotic thrombotic occlusion of a coronary artery with subsequent 
inflammation, thrombus organisation and neovascular formation 
along with the undesirable creation of a myocardial infarction. This 
is likely different from the development of many CTO in humans in 
which pre-existing collaterals are able to preserve the related myo-
cardium despite complete epicardial vessel occlusion. Another limi-
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tation is the short CTO maturation time (up to 12 weeks), which is 
obviously much less than most CTO observed in clinical practice.

In summary, we have developed a large animal model of calci-
fied coronary CTO that mimics various aspects of human coronary 
CTO. The heterogeneity of this model in terms of the microvascular 
maturational changes is potentially very useful for imaging refine-
ments to improve lesion characterisation as well as testing new 
therapeutic approaches, including devices and possible ways to 
modify vascular and/or matrix composition to enable successful 
revascularisation. The decision to pursue revascularisation of 
a CTO should be based on clinical data and the presence of viable 
myocardium in the CTO territory.
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