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PET and SPECT imaging documented chronic hibernation. 
Myocardial fibrosis increased significantly in the ischemic 
area with a gradient from epi- to endocardial. The number 
of arterial vessels in the ischemic area increased and coro-
nary angiography showed abundant collateral vessels of 
Rentrop class 1.  Conclusion:  The presented experimental 
model mimics the clinical situation of chronic myocardial 
ischemia secondary to 1-vessel coronary disease. 

 Copyright © 2008 S. Karger AG, Basel 

 For reasons of practicability and costs, experimental 
models of myocardial ischemia are normally performed 
on young, healthy and well-nutritioned animals. These 
models will hence solely allow to study the ischemic re-
sponse of an intact myocardium, but not of a more vul-
nerable myocardium that has been compromised by prior 
low-level chronic or recurrent ischemic injuries. There is 
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 Abstract 

  Background/Aims:  The present report examines a new pig 
model for progressive induction of high-grade stenosis, for 
the study of chronic myocardial ischemia and the dynamics 
of collateral vessel growth.  Methods:  Thirty-nine Landrace 
pigs were instrumented with a novel experimental stent 
(GVD stent) in the left anterior descending coronary artery. 
Eight animals underwent transthoracic echocardiography at 
rest and under low-dose dobutamine. Seven animals were 
examined by nuclear PET and SPECT analysis. Epi-, mid- and 
endocardial fibrosis and the numbers of arterial vessels were 
examined by histology.  Results:  Functional analysis showed 
a significant decrease in global left ventricular ejection frac-
tion (24.5  8  1.6%) 3 weeks after implantation. There was a 
trend to increased left ventricular ejection fraction after low-
dose dobutamine stress (36.0  8  6.6%) and a significant im-
provement of the impaired regional anterior wall motion. 
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a simple reason to assume that the response of a pre-in-
jured myocardium to an acute ischemic event will be dif-
ferent than that of a naive myocardium  [1, 2] . The re-
sponse may either be aggravated (increased susceptibility 
to rhythmic problems due to chronic interstitial fibrosis) 
or attenuated (through improved residual blood flow via 
collateral arterial networks).

  In the last years, intensive efforts have been under-
taken to generate suitable animal models of chronic myo-
cardial ischemia and heart failure. However, in most of 
these models complete coronary occlusion has eventu-
ally resulted in a well-compensated situation that has not 
lent itself to the study of critical coronary artery stenosis 
 [3] . The present experiments were designed in order to 
overcome these limitations and to generate an animal 
model that could allow to study the response of chroni-
cally ischemic myocardium by using clinical methods for 
the assessment of ischemic or other injuries.

  Materials and Methods 

 Percutaneous coronary intervention (PCI) with primary stent 
implantation was performed in a pig model with the intent to in-
duce slowly progressing coronary artery stenosis ( fig. 1 ). Thirty-
nine German Landrace pigs of either sex weighing 29.2  8  1.4 kg 
were prepared for PCI as recently published  [4] . After quantitative 
vascular angiography of the proximal left arterial descending cor-
onary artery (LAD) immediately distal to the first septal branch, 
a PTCA balloon was chosen with the matching diameter. Prior to 
stent implantation, aspirin was given as a bolus infusion at a dose 
of 500 mg intravenously and 300 mg of clopidogrel was adminis-
tered via a gastric tube. The stents were composed of a copper wire 
with a diameter of 0.3 mm. The wire was curved in a snakelike 
design and revolved around the PTCA balloon axis to form the 
stent tube (GVD stent)  [5] . The 10-mm stent was mounted on the 
20-mm PTCA balloon and delivered by standard angioplasty 
guide catheters and wires ( fig. 1 ). For stent implantation, the 
PTCA balloon was expanded to a nominal balloon pressure in 
order to avoid acute arterial injury by overexpansion ( fig. 2 b). Af-
ter the intervention, an angiography of the intervened vessel was 
performed to document patency ( fig. 2 c). 

  Coronary angiography was repeated each week in order to doc-
ument the development of coronary flow obstruction according to 
established Thrombolysis in Myocardial Infarction (TIMI) crite-
ria  [6] . The evaluation was performed by 2 separate investigators 
(N.A. and M.V.) who were blinded to animal identification num-
ber and time point after stent implantation. For a more objective 
evaluation of the reduced angiographic inflow of contrast medium 
across the implanted stent, the angiographic criteria of a modified 
TIMI frame count were applied  [7, 8] . To evaluate coronary flow, 
we counted the number of heart beats that were required for the 
contrast medium to reach standard distal   coronary landmarks of 
the LAD in the anterior-posterior or lateral plane. Reduced coro-
nary blood flow reaching the distal landmarks (apex) at 3 or more 

heart cycles was considered TIMI II ‘slow’ flow in contrast to TIMI 
II ‘fast’ f low which required only 1–2 beats  [9, 10] . Pilot experi-
ments evaluating the TIMI frame count showed a good correlation 
for the differentiation of TIMI II fast and slow flow gradation. In 
contrast to the measurement of the TIMI frame count, the deter-
mination of TIMI II slow and fast flow at coronary examination 
served as a good measure for the evaluation of the hemodynamic 
status of the coronary stent stenosis in relation to the regional 
myocardial function. Coronary collateralization was determined 
by angiography according to the Rentrop classification  [11] .

  Histological and Immunohistochemical Staining Methods 
 Histological analyses were performed when coronary flow pre-

sented TIMI II slow flow at angiography. After cardioplegic arrest, 
the heart was perfusion fixed (70 mm Hg) with 4% buffered para-
formaldehyde and dissected perpendicular to the left ventricular 
long axis from the apex to the base in 10-mm-thick slices. Whole-
mount histological sections with a thickness of 4  � m were created 
from the short-axis specimens. Histological examinations of the 
fibrosis and arterial density were performed by Sirius red staining 
and polarization microscopy on digitized images in a blinded 
fashion ( fig. 3 )  [4, 12, 13] . The left ventricle was divided into 8 sec-
tors starting at the LAD and counting in a clockwise manner 
( fig. 4 a). Arterial vessels with a diameter exceeding 15  � m were 
manually counted in each of the 8 sectors in the epi-, mid- and 
endocardial third inside a rectangle of 450  !  450  � m.

  All investigative procedures and animal facilities conformed 
with the  Guide for the Care and Use of Laboratory   Animals  pub-
lished by the National Institutes of Health. The protocol was ap-
proved by the Institutional Animal Care and Use Committee.

  Transthoracic Echocardiography 
 Semiquantitative transthoracic echocardiography (TTE) ex-

amination was performed at each coronary angiography to deter-

  Fig. 1.  Mounted GVD-stent on a PTCA balloon before ( a ) and af-
ter expansion ( b ). 
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mine anterior wall motion in the two-dimensional long axis 2-
chamber view. In 8 animals, a quantitative analysis including a 
dobutamine stress test at the time of angiographic TIMI II slow 
flow was performed using Sonos 500 (Hewlett Packard;  fig. 5 ) 
equipped with a 2.5- and 3.5-MHz transthoracic echo probe. An 
electrocardiogram was recorded simultaneously, and end dias-
tole and end systole were defined according to a previous publica-
tion  [14] . The quantitative analysis was performed from digitized 
frames with a semiautomatic computer system (Echocom 2.0; In-
dividual Software GmbH). Extrasystolic and postextrasystolic 
cycles were excluded from the analysis.

  Wall thickening was measured along 50 chords automatically 
drawn perpendicular to the left ventricular centerline. Chords 
started at the transition of the mitral valve ring with the anterior 
wall (first chord) and ended at the transition of the posterior part 
of the mitral valve ring and the posterior myocardial wall (last 
chord). Hence, chords 10–25 mainly represent the anterolateral 

wall. In order to detect relevant differences in wall motion, each 
individual chord of the regional wall motion analysis under isch-
emia at rest was compared with dobutamin stress testing and with 
pre-implantation baseline control values.

  Single Photon Emission Computed Tomography and
 18 F-Deoxyglucose Positron Emission Tomography Analysis  
 In 7 of the 8 animals, combined  18 F-deoxyglucose (FDG) pos-

itron emission tomography (PET) and  99m Tc-MIBI-single photon 
emission computed tomography (SPECT) examinations were 
performed and the results were presented in a 37-segment bull’s 
eye view ( fig. 4 a). Segments were defined as infarcted if the aver-
age reduction of blood flow and metabolism exceeded 50% com-
pared to the segment with the maximum uptake. Hibernating 
myocardium was defined as a relative FDG uptake of more than 
60% but with a flow of less than 50% of the maximum uptake ac-
cording to previously published criteria  [15] .
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  Fig. 2.   a  Angiography of the left coronary artery with the LAD 
and the circumflex artery (RCx) before stent implantation.  b  Im-
planted stent.  c  Angiography after stent implantation. 
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  Fig. 3.   a  Large cross-sectional slice with Sirius red staining in an animal with chronic myocardial ischemia.
 b  Magnification presenting the diffuse endocardial fibrosis.  ! 200.  c  Polarization microscopy presenting the 
lightening of the collagen fibers.  ! 200.  d  Example of a large cross-section slice in an animal 3 weeks after acute 
myocardial infarction.  e  Magnification showed the large fibrotic tissue in contrast to chronic myocardial isch-
emia.  ! 200.  f  Polarization microscopy documented the increased amount of collagen in contrast to chronic 
ischemia.  ! 200. 
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  Fig. 4.   a  Thirty-seven sectors bull’s eye plot from the apex in the center to the basal slices at the outside of the 
plot. Anterior wall (A) is shown at the top of the plot. Sectors are counted clockwise starting with sector 1 at the 
LAD.  b  Example of the SPECT imaging showing the perfusion defect in the anterior-septal and anterior area. 
 c  Example of PET imaging presenting viable myocardium with some signal reduction in the anterior wall.                   
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  For SPECT analysis, on average 145 MBq  99m Tc-MIBI was in-
jected intravenously 1 h prior to examinations. For measurement 
of  99m Tc-MIBI, an IRIX gamma camera was used with the 102 
Cardiac program (Siemens). The data were recorded with a 64 
matrix and a zoom of 1.6 in the continuous mode. The total time 
for data acquisition was 23 min on average with 40 s per step. Two-
dimensional reconstruction in the short, longitudinal (2-cham-
ber view) and horizontal axis (4-chamber view) was performed. 
PET scans were performed on the following day after SPECT 
analysis using FDG as a tracer for examination of the myocardial 
metabolism under euglycemic clamping by insulin and glucose 
infusion and monitoring of blood glucose levels  [16, 17] . The in-
sulin infusion was calculated with insulin = 0.25  !  kg body 
weight/h, dissolved in 50 ml physiological saline and infused by 
48 ml/h. The parallel glucose (20%) infusion was calculated by the 
formula: glucose 20% (ml/h) = 0.3  !  kg body weight. The average 
activity injected intravenously was 245 MBq FDG. Under con-
tinuous blood glucose infusion and monitoring, dynamic data ac-
quisition was performed.

  Statistical Analysis 
 Data are presented as mean values  8  SEM. Statistical analysis 

was performed with Sigma Stat �  3.0 (Jandel Corp.). The statistical 
significance of differences before and after PCI were determined 
with paired Student’s t test, between the control vessels and the di-
lated vessels with the t test and between groups with one-way anal-
ysis of variance. If data did not present normal distribution, the 
Kruskal-Wallis one-way analysis of variance on rank test was used. 
A two-sided p  !  0.05 was considered statistically significant.

  Results 

 A high-grade coronary artery stenosis of more than 
90% of the vessel lumen was obtained in 21 of 39 pigs. 
Among the other 18 animals, 10 died of sudden death and 
4 of postoperative bleeding from the puncture site. One 
animal developed severe pericarditis at follow-up and 
1 animal showed massive pulmonary embolism. Finally, 
2 animals survived, but failed to develop significant cor-
onary stent stenosis. None of the pigs which died due to 
sudden death revealed any fresh coronary thrombosis at 
autopsy. Arrhythmic events were suspected but could not 
be proven.

  Coronary Angiography 
 Under continuous angiographic control, 21 of 39 ani-

mals developed TIMI II fast flow after a mean follow-up 
of 13.3  8  1.0 days and TIMI II slow flow was document-
ed at 20  8  1.5 days after stent implantation. Angio-
graphic coronary stenosis was 90–95% in all animals 
with TIMI II slow flow. Neither complete occlusion 
(TIMI 0 flow) nor subtotal occlusion (TIMI 1 flow) were 
encountered.

  In respect to the growth of collateral arteries, 17 of the 
21 animals developed Rentrop grade 1 angiographic col-
lateral blood flow. Three animals presented no notewor-
thy collateral blood flow at the end of the observation 
period. Only 1 animal presented angiographic Rentrop 
grade 2 collateral flow (example in  fig. 6 ,  7 ).

  Echocardiography 
 TIMI grade II fast flow was not associated with a re-

duction in regional wall motion. Hypokinesia at rest was 
observed only when TIMI grade II slow flow had been 
documented by angiography. Ejection fractions were sig-
nificantly reduced (24.5  8  1.6%, versus 67.6  8  4.3% 
 before PCI, p  !  0.001). Upon infusion of 10  � g/kg/min 
dobutamine intravenously, the global ejection fraction 
showed partial, albeit statistically nonsignificant recov-
ery to 36  8  6.6% (n = 8, p = 0.09). Reduced anterior wall 
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  Fig. 5.   a  Longitudinal 2-chamber TTE with the overlay of the 50 
radiants. Base of the heart is at the mitral valve level at radiants 0 
and 50, apex at radiant 25.  b  Quantitative regional wall motion 
analysis using the fixed centerline method. Wall thickening was 
measured along 50 chords automatically drawn perpendicular to 
the centerline in 8 animals. Wall thickening of radiants 18–23 
presented a significant increase under low-dose dobutamine 
stress echocardiography.  *  p = 0.0014.                 
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  Fig. 6.  Angiographic control of the same animal of figure 2 three weeks after stent implantation. High-grade 
coronary artery stenosis of the LAD in the stent area with collaterals Rentrop class 2 via the septal branches.
 a  Lateral view.  b  Anterior-posterior view.   
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  Fig. 7.  Angiographic control of the same animal as in figure 2 three weeks after stent implantation.  a  Selective 
contrast injection of the circumflex artery (RCx) with collaterals of Rentrop class 2 via the diagonal branches 
(Rd).  b  Contrast injection of the right coronary artery (RCA) with collaterals via the septal branches.   
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thickening between chords 18 and 23 was significantly 
improved under low-dose dobutamine infusion (–0.09  8  
0.05 vs. 0.14  8  0.03 cm, p = 0.0014;  fig. 5 b).

  Histological Examinations 
 The mean percentage of fibrosis in the left ventricle 

was 19.2  8  13.7% ( fig. 8 ). The amount of fibrosis was sig-
nificantly more pronounced in the ischemic areas (34.7 
 8  13.7%, sectors 1, 2 and 8) than in the nonischemic con-
trol sector 5 (5.4  8  3.3%; p = 0.0078). The differentiation 
between the epi-, mid- and endocardial third concerning 
the percentage of fibrosis in all sectors of the left ventric-
ular presented an increase from outside to inside which 
was significant for the epicardial versus the mid- and en-
docardial areas (epicardial 13.4  8  1.6%, midcardial 20.2 
 8  2.3%, endocardial 23.9  8  2.7%; p = 0.017;  fig. 8 b–d).

  The number of arterioles exceeding 15  � m in diame-
ter per myocardial tissue surface was significantly higher 
in the ischemic sectors (1, 2 and 8: 66.0  8  7.5/mm 2 ) ver-
sus the nonischemic control sector 5 (28.5  8  5.5/mm 2 , 
p = 0.0078). There was a trend towards an increase in 
 vessel density in the ischemic sectors from epi- to endo-
cardium, however, being not statistically significant (epi-

cardial 53.5  8  7/mm 2 , midcardial 65.5  8  9/mm 2 , endo-
cardial 78.5  8  11/mm 2 ; p = 0.078). As expected, the num-
ber of vessels in the nonischemic region did not show 
significant differences between endo-, mid- and epicar-
dial areas (endocardial 26.5  8  8/mm 2 , midcardial 36  8  
6/mm 2 , epicardial 23  8  3.5/mm 2 ; p = 0.48)

  PET and SPECT Examinations 
 According to the current definitions (see above), 27% 

of all left ventricular myocardial bull’s eye segments pre-
sented criteria of hibernation. Of all sectors, 2.7% were 
nonviable with concordant blood flow/metabolism re-
duction in the SPECT and PET analysis.

  Discussion 

 The results of our chronically instrumented pig mod-
el demonstrated that the implanted stent induced a grad-
ually evolving severe coronary artery stenosis. Combined 
FDG-PET/MIBI-SPECT imaging and low-dose dobuta-
mine stress TTE presented the functional status of chron-
ic hibernation in the anterior wall.

Apex

  Fig. 8.  Bull’s eye plots according to figure 
4a presenting myocardial fibrosis.  a  Per-
centage of transmural myocardial fibrosis 
in each sector. Epicardial ( b ), midmyocar-
dial ( c ) and endocardial ( d ) fibrosis in each 
sector.                   
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  Several different techniques for induction of coronary 
artery stenosis have been published previously  [3] . In 
most of these models, external constrictors were implant-
ed by operative thoracotomy and surgical vessel dissec-
tion  [18–22] . Most commonly, the Ameroid constrictor 
has been placed around the circumflex artery, and this 
has repeatedly led to complete coronary artery occlusion 
 [18, 23, 24] . Nevertheless, impaired regional wall thicken-
ing recovered after 3 weeks with return to normal at 5 
weeks  [20] . The mortality rate was about 30%  [3] .

  Different results were published using a surgically im-
planted constrictor with an initially fixed stenosis. De-
pending on the inner lumen diameter, the results regard-
ing the adaption of global left ventricular ejection frac-
tion (LV-EF) to blood flow reduction ranged from mild 
to moderate  [21, 25] . High-grade coronary artery stenosis 
was seen in about one third of the animals and total oc-
clusion in the majority of the animals after 3 months. 
Hibernating myocardium with diffuse myocardial fibro-
sis was observed after 1 month with approximately 6–
6.5% fibrosis in the ischemic area, which is less than re-
ported clinically  [26] . Reduction in LV-EF was moderate 
(49%)  [21] . In contrast, our present study showed a severe 
decrease in left ventricular function and a higher amount 
of fibrosis in the ischemic area, more compatible with the 
clinical situation.

  If mandatory, experimental quantitative blood flow 
control can be achieved by implantation of a cuff or hy-
draulic occluder, especially in combination with a Dopp-
ler flow probe  [19, 22] . However, that procedure requires 
extensive surgical instrumentation and the lack of dura-
bility of the cuff poses a major technically challenge. In 
our present study, setting coronary flow was differenti-
ated in angiographically TIMI II slow and fast flow, thus 
allowing the evaluation of the hemodynamic status of the 
stenosis in relation to regional myocardial function  [9] . 
Clearly, SPECT analysis documented myocardial hypo-
perfusion, but noninvasive blood flow quantification 
might be more reliably accomplished by using MRI in 
future experiments  [27] .

  Four different types of stent models have so far been 
reported  [28–31] . Similar to previous studies, the induc-
tion of stent stenosis in the present study was caused by a 
local inflammatory reaction. However, in our study, com-
plete occlusion was not seen, but rather hibernating as 
defined by the criteria of Matsunari et al.  [15] . The histo-
logical findings of an increase in capillary density and 
diffuse myocardial fibrosis without relevant infarction 
are in accord with human studies on hibernating myo-
cardium  [26, 32] .

  In conclusion, the present results documented the 
suitability of this experimental model to mimic the clin-
ical situation of chronic myocardial ischemia, with adap-
tation of myocardial function based on a 1-vessel coro-
nary artery disease.

  Limitations 

 Due to limited capacities of our nuclear medicine fa-
cilities, only 7 animals could be subjected to combined 
SPECT and FDG-PET analysis. It may be criticized that 
exact quantification of the collateral blood was not per-
formed. Yet, by angiographic examination, we found 
grade 1 collaterals according to the Rentrop classifica-
tion. The mortality rate in this model is certainly iatro-
genic, in the first place due to the severe reduction in LV-
EF secondary to the proximal position of the stent. The 
study includes the first experiments using this type of 
stent and it may be expected that mortality will be de-
creased with technical improvement of the procedure. 
Mortality in respect to the reduced LV-EF in this model 
is similar to the clinical situation. Finally, it should be 
stressed that any animal model of human chronic disease 
will suffer from the fact that disease induction will be 
much faster than in the clinical situation of our pa-
tients.
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