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Abstract:  

Nonrevascularizable coronary artery disease is a frequent cause of hibernating 

myocardium leading to heart failure (HF). Currently there is paucity of therapeutic 

options for patients with this condition. There is a lack of animal models resembling 

clinical features of hibernating myocardium. Here we present a large animal model of 

hibernating myocardium characterized by serial multimodality imaging.  

Yucatan minipigs underwent a surgical casein ameroid implant around proximal left 

anterior descending coronary artery (LAD), resulting in a progressive obstruction of the 

vessel. Pigs underwent serial multimodality imaging including invasive coronary 

angiography, cardiac magnetic resonance (CMR), and hybrid 18F-Fluorodeoxyglucose 

positron emission tomography-computed tomography (FDG-PET/CT). 

A total of 43 pigs were operated on and were followed for 120±37 days with monthly 

multimodality imaging. 24 pigs (56%) died during the follow-up. Severe LAD luminal 

stenosis was documented in all survivors. In the group of 19 long-term survivors, 17 

(90%) developed left ventricular systolic dysfunction (median LVEF of 35% (IQR 32.5-

40.5%)). In 17/17, at risk territory was viable on CMR and 14 showed an increased 

glucose uptake in the at-risk myocardium on 18FDG-PET/CT.  

The present pig model resembles most of the human hibernated myocardium 

characteristics and associated heart failure (systolic dysfunction, viable myocardium, 

and metabolic switch to glucose). This human-like model might be used to test novel 

interventions for nonrevascularizable coronary artery disease and ischemia heart failure 

as a previous stage to clinical trials. 

 

Key Words:  Hibernating myocardium; Heart Failure; Dilated Cardiomyopathy; Large 

animal models; Metabolic Switch; 18FDG-PET/CT; Cardiac Magnetic Resonance.  
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Background 

Ischemic heart disease (IHD) secondary to coronary artery disease (CAD) is a leading 

cause of morbidity and mortality worldwide and a frequent cause of heart failure 

(HF)[13, 23]. The prevalence of HF in developed countries is around 2% and it is 

estimated that about 150 million live with chronic HF worldwide[34].  

Although percutaneous and surgical revascularizations have shown to be beneficial in 

CAD, these procedures are not always feasible, specially due to diffusely diseased 

vessels, leading to hibernating myocardium[15, 16]. Hibernating myocardium is a form 

of IHD in which left ventricular (LV) contraction is depressed, but ischemic myocardium 

remains viable[14]. Hibernating myocardium is the underlying cause of a significant 

proportion of HF with reduced ejection fraction (HFrEF)[25].  

Cardiomyocytes metabolic reprogramming, characterized by a shift from fatty acids to 

glucose utilization as the preferential substrate, is a common phenomenon in different 

forms of HFrEF, including hibernated myocardium[6, 29]. In a mouse model of HF, 

metabolic switch has shown to be a potential therapeutic target[41]. The lack of large 

animal models of HF with accompanying metabolic switch confirming the rodent 

preliminary data limits the translational potential of this and future strategies.  

Here we present the generation and deep phenotyping by serial multimodality imaging, 

of a pig model of hibernating myocardium with superimposed metabolic switch. This 

model can be useful for the HF community to test potential therapeutic targets as before 

entering the clinical arena. 

 
  



5 

 

Methods.  

Study design 

All animal studies were conducted at the CNIC and approved by the local CNIC 

Institutional Animal Research Committee, and the Regional Animal Research 

Committee. All animal procedures conformed to EU Directive 2010/63EU and 

Recommendation 2007/526/EC regarding the protection of animals used for 

experimental and other scientific purposes. 

 

Study protocol in represented in Figure 1. Hibernating myocardium was induced in 

Yucatan Minipigs (35 -45 kg) by surgically placing a casein ameroid in the proximal left 

anterior descending (LAD) coronary artery. Casein ameroid generates a slowly 

progressive inwards stenosis as it is hydrated. First follow-up angiography was 

scheduled 30 days after surgery. Angiography was repeated every 2 weeks until severe 

stenosis (≥70%) and collateral circulation development was documented. At this time, 

pigs were scheduled for cardiac magnetic resonance (CMR). On CMR, hibernating 

myocardium was defined by the presence of reduced LVEF (<50%) in the absence of 

transmural late gadolinium enhancement (LGE <50% of transmurality). Pigs with 

evidence of hibernating myocardium were scheduled for 18F-Fluorodeoxyglucose 

positron emission tomography/computed tomography (18FDG-PET/CT) to evaluate the 

presence of metabolic switch in the LV anterior wall.  

  

 Surgical ameroid implant protocol 

Animals were sedated by intramuscular injection of ketamine (20 mg/kg), xylazine (2 

mg/kg) and midazolam (0.5 mg/kg).  Then they were transferred to the operating room 

and placed on left lateral decubitus. Anesthesia was maintained with inhaled 

sevofluorane (3-4%) throughout all the procedure. Continuous intravenous fentanyl 

solution was infused as analgesia during the surgery. A left minitoracotomy was 

performed through the third or fourth intercostal space. Once in the pericardial cavity, 

the proximal LAD was located. To facilitate the exposure of this artery, a traction point 

was given on the left atrial appendage with a non-absorbable suture. Subsequently, a 

fine dissection of the LAD was performed and the ameroid ring implanted around the 
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proximal segment of the artery. Subsequently, the left atrial traction was removed, and 

hemostasis and flat closure performed (figure 2).  

After the procedure, the animal was treated with dual anti-platelet therapy (aspirin plus 

clopidogrel) for one month to prevent LAD thrombosis. In order to try to reduce 

mortality in the perioperative period, which was presumably of arrhythmic origin; 

approximately halfway through the protocol (animal number 24) we decided to 

administer oral metoprolol twice daily for one month.   

 

 Invasive coronary angiography 

Follow-up invasive coronary angiography was performed to evaluate the degree of LAD 

luminal stenosis induced by the progressive hydration of the ameroid, as well as the 

presence of collateral circulation. Pigs were sedated as described above, plus an 

intramuscular injection of buprenorphine (0.01 mg/kg) for analgesia. Through a 

percutaneous femoral artery access, left and right coronary arteries were engaged by 

diagnostic coronary catheters. Iodine contrast was injected, and several fluoroscopy 

projections recorded for each coronary artery. 

 

CMR protocol 

All studies were performed with a Philips 3-T Achieva Tx whole body scanner (Philips 

Healthcare, Best, The Netherlands) equipped with a 32-element phased-array cardiac 

coil. The CMR protocol included a standard segmented cine steady-state free-precession 

(SSFP) sequence to provide high-quality anatomical references, and T1 weighted LGE 

sequences. 

The imaging parameters for the cine SSFP sequence were as follows: field of view (FOV) 

of 280 x 280 mm, slice thickness 6 mm with no gaps, repetition time (TR) 2.8 ms, echo 

time (TE) 1.4 ms, flip angle 45º, cardiac phases = 30, voxel size 1.8 x 1.8 mm, and number 

of excitations (NEX) = 3.  

LGE imaging was performed 10-15 min after intravenous administration of 0.2 mM/kg 

gadopentetate dimeglumine contrast agent using an 3D inversion-recovery spoiled 

turbo field echo sequence (TR/TE/Flip angle= 2.4ms/1.13ms/10o) with an isotropic 

resolution of 1.5x1.5x1.5 mm3 on a FOV of 340x340x320 mm3 in the FH, LR, and AP 

directions. Data were acquired in mid-diastole with a 151.2 ms acquisition window. 
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Acquisition was accelerated using a net SENSE factor of 2.25 (1.5x1.5 in the AP and LR 

directions) with a bandwidth of 853Hz per-pixel. Inversion time was adjusted before 

acquisition using a look-locker scout sequence with different inversion times to ensure 

proper nulling of the healthy myocardium signal. For the analysis, 3D volume was 

reconstructed in short axis view with a slice thickness of 6mm. Cardiac quantitative 

perfusion was estimated using dynamic acquisition with dual-saturation recovery 

(TS=20, 80 ms) technique during gadolinium-based contrast administration (0.2 mmol) 

as previously described[33].  

 

CMR analysis 

CMR studies were analyzed by 2 experienced and independent observers using 

dedicated software (IntelliSpace Portal, Philips Healthcare, Best, the Netherlands). 

Briefly, LV cardiac borders were traced in each cine image to obtain LV end-diastolic 

mass, LV end-diastolic volume (LVEDV), end-systolic volume (LVESV), and LVEF. Wall 

thickening values for anterior and posterior contractility assessment were obtained as 

well from cardiac borders tracing. Late gadolinium-enhanced regions were defined as 

percentage of maximum myocardial signal intensity (full width at half maximum) and 

quantitatively analyzed. After perfusion map generation, regions of interest were 

analyzed in the anterior and posterior areas using dedicated software (MR Extended 

Work Space 2.6, Philips Healthcare). 

 

18FDG- PET/CT protocol 

All studies were performed with GEMINI TF 64-slices PET-CT scan (Philips Healthcare, 

Best, the Netherlands). Animals were fasted 24 hours before the exams, having free 

access to water consumption, and glucose level was normalized to 100-150 mg/dL. 

Blood drops were drawn, and glucose was quantified using a CONTOURTM PLUS Blood 

Glucose Monitoring System. If glucose levels were <100 mg/dL, an intravenous (i.v.) 

bolus of saline with 50% glucose (5 mL bolus per 10 mg/dL below 100 mg/dL (e.g. 5 mL 

when glucose was 90-99mg/dL, 10 mL when glucose was 80-89, etc)). When glucose 

levels were >150 ml/dL, repeated blood draws were done every 15 min while the pig 

was resting until levels were in the target range. Glucose concentration had to remain 

in the target range for at least 30 min before radiotracer injection. PET studies were 
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acquired 40 minutes after i.v. administration of 370 MBq of 18F-FDG. PET data were 

collected for 45-60 minutes with the animals anesthetized as described above and 

reconstructed. After the PET, a iodine contrast enhanced prospective ECG-gated cardiac 

CT was acquired using an X-ray kVp, and reconstructed to superpose the anatomical 

structures to 18F-FDG distribution. PET-CT studies were analyzed using dedicated 

software (IntelliSpace Portal, Philips Healthcare, Best, The Netherlands) by placing a ROI 

in the anterior area and the posterior regions. Values were counts normalized to blood 

pool (ROI placed in descending thoracic aorta). 

 

Histology 

Animals were euthanized by intravenous injection of pentobarbital in overdose (50 

mg/kg intravenously). After heart harvest, samples of the left ventricle (antero-septal 

and free lateral walls) were collected for histology. Samples were fixed in 4% formalin 

and then transferred to 70% ethanol. After paraffin embedding, 4 μm sections were cut 

and stained with hematoxylin & eosin. 

 

Statistical analysis 

Data are considered continuous variables and results are presented as median and 

interquartile range. LVEF was represented in a box plot in the follow-up. Box plots are 

used to represent LGE extension in percentage, wall thickening, quantitative perfusion 

and 18F-FDG counts with median as central value and interquartile range as limits.  
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Results 
Mortality associated with model induction 

Of 43 pigs undergoing surgical ameroid implant, 24 (56%) died before the first scheduled 

coronary angiography (30 days after surgery). 15/43 pigs (35%) died within 24 hours of 

cardiac surgery. This mortality was attributed to surgical complications: 6 out of 15 died 

in the operating room due to refractory ventricular fibrillation or coronary rupture, the 

other 9 were found dead in cage. Two out of the 28 survivors (7%) were found dead in 

cage between day 1 and 7 after surgery. Finally, 7/26 pigs alive at day 7 were found dead 

in cage before the first scheduled coronary angiography (27%). No casualties were 

documented in pigs that were alive at day 30 Therefore, overall mortality of this model 

was 56% (Figure 3).  

 

Hibernating myocardium phenotyping 

Nineteen pigs arrived alive to the first angiography. Only 1 animal had severe LAD 

stenosis at the first angiography; in the others, severe LAD stenosis was found at the 

second or third angiography. Mean time to severe LAD stenosis diagnosis was 56±9 days 

(figure 4). Two pigs surviving to first scheduled angiography (day 30) did not show 

hibernating myocardium: one had normal LVEF, and another had low LVEF but 

transmural extension on LGE-CMR suggestive of absence of viability. 17 out of 19 pigs 

surviving to first scheduled angiography (89%) displayed all features of hibernating 

myocardium (severe stenosis of the LAD, LVEF<50% con CMR, absence of transmural 

delayed enhancement on LGE-CMR, and metabolic switch on PET/CT in 14/17 pigs) 

(Figure 5). On CMR, median LVEF of pigs with hibernating myocardium was 35% (IQR 

32.5-40.5%) (Figure 6A). The extent of irreversible injury (LV mass with LGE) was 10% 

(IQR 8-13%) (Figure 6B). All pigs with hibernating myocardium had extensive regional 

wall motion abnormalities (akinesia / hypokinesia of one or more segments of the 

antero-septal wall (wall thickening 13% (IQR 1.2-21.3%)), with no alterations or mild 

hypokinesia in the posterior wall (wall thickening 47.5% (IQR 33-69.8%)) (Figure 6C&D). 

and viability on LGE-CMR (Figure 6B). In terms of quantitative perfusion, it was analyzed 

in the 17 alive pigs and the mean quantitative perfusion in anterior wall (hibernated 

myocardium) was 127.5 (IQR 116.5-140.5) ml/100g/min and in the posterior wall 

(remote myocardium) was 193 (IQR 166-211.5) ml/100g/min (Figure 6E&F). To better 
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define the viability of the ischemic myocardium (thus proving its hibernating nature), 

stress CMR with dobutamine infusion was performed in 3 animals[35, 36]. Global LVEF 

increased from 35% (IQR 33-37%) at baseline to 64% (IQR: 60-67%) under dobutamine 

infusion. Regional contractile evaluation showed an increased in contractile function 

both in the hibernating and remote areas: hibernating anteroseptal wall thickening 

increased from 13.5% (IQR: 7.7-19.3%) at baseline to 43.5% (IQR: 27.5-67%) under 

dobutamine infusion. Remote posterior wall thickening increased from 50% (IQR: 33.8-

67.8%) at baseline to 93.8% (IQR: 84.8-103.8%) under dobutamine infusion. Figure 7 

illustrates global and regional systolic improvement in all 3 animals during dobutamine 

infusion. 

 

Metabolic Switch 

From the 17 pigs displaying low LVEF and viability on LGE-CMR, 3 could not undergo 

18FDG-PET/CT due to technical issues. Three healthy pigs underwent the same 18FDG-

PET/CT protocol and served as controls. Thus, 18FDG-PET/CT study to evaluate 

myocardial glucose uptake was performed in 14 pigs All 14 intervened pigs (100%) 

displayed an overt increase in glucose uptake in the ischemic, akinetic/hypokinetic LV 

area, as compared to the remote LV wall (Figure 6G&H). Glucose uptake in the 3 controls 

was homogeneous across the different LV regions, and lower than that of the 

hibernating myocardium of intervened pigs (Figure 6G&H). 

 

Histology 

One day after the PET/CT study, pigs were euthanized, and the heart harvested. Patchy 

replacement fibrosis was observed in the anterior and lateral LV wall (hibernating 

regions) but not in the remote myocardium (posterior wall). These areas of fibrosis were 

mainly found in coronal slice levels 3 and 4, and were accompanied by 

neovascularization (Figure 8). 
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Discussion 

Here we have presented the phenotyping of a large animal model resembling most of 

the features of hibernating myocardium. By using serial, state-of-the-art, multimodality 

imaging, we show that pigs surviving 45 days after surgical implant of an ameroid around 

the LAD present severe coronary artery stenosis with low LVEF and a metabolic switch 

in the ischemic region.  

Large animal models of chronic ischemia with hibernating myocardium are complex to 

develop due to the challenging interventions requiring multiple specific skills, and the 

long time needed to reach a full-blown phenotype. These models have been carried out 

mostly in mice, dogs and pigs.[2, 3, 10, 26, 27] According to the International Guidelines 

of Animal Models of Myocardial Ischemia, large animals and specifically the pig is the 

ideal one to test different evaluation techniques for myocardial perfusion, molecular 

biology underlying myocardial ischemia and cardiac metabolism[5, 17, 20, 24]. The pig 

offers numerous advantages, including a body mass-indexed heart weight very similar 

to that of the human, and a rapid development of the cardiovascular system (at 3-5 

months of age, the pigs have fully developed autonomic nervous and vascular 

systems[7]). Opposed to other large animal models, pigs have a poorly developed 

network of coronary collateral circulation, favouring the development of hibernating 

myocardium upon progressive coronary stenosis[20, 30, 39]. 

There are two different approaches for the generation of chronic ischemia by inducing 

coronary artery stenosis: fixed severe stenosis during index surgery[19, 28], and 

progressive stenosis from surgery onwards[21]. Both techniques generate a flow 

limitation distal to the coronary artery segment intervened. Of both, the most widely 

extended technique for the development of hibernating myocardium is the progressive 

stenosis since it resembles better the development of hibernation in the clinical setting, 

which usually occurs as a progressive phenomenon. In previous models the most 

frequently intervened coronary artery is the left circumflex, since it is more accessible 

and the duration of intervention is shorter [21, 32]. We decided to intervene the LAD as 

the amount of myocardium supplied by this artery is larger and the chances to induce 

reduction in global LVEF are higher, as we demonstrated.  

The model we presented has some pros and cons compared to others in the literature 

(mainly targeting the left circumflex artery). The pros include a final phenotype more 
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similar to the human scenario including a large ischemic area, affecting the anterior wall. 

Cons include a high mortality within the first weeks after intervention: close to 60% of 

pigs undergoing surgery die before showing a hibernating myocardium. This mortality 

rate is significantly higher to that reported for left circumflex models (25%)[22, 37, 38, 

40]. One reason for the high mortality rate could be the acute thrombotic occlusion of 

the narrowed LAD. In order to reduce this possibility, we kept pigs under dual 

antiplatelet therapy for several weeks after surgery. Another potential reason was the 

larger amount of ischemic myocardium generated in the LAD approach, probably 

increasing the incidence of malignant arrhythmias; but when we decided to administer 

metoprolol, there was not any impact in the mortality. Other groups have performed an 

ameroid implant in the LAD with lower mortality rates[11, 22, 38], but the level of the 

ameroid implant was more distal than in ours, thus generating a smaller ischemic region. 

Myocardial phenotyping of models of hibernated myocardium has been mainly done by 

echocardiography, thus allowing only a cardiac motion evaluation[9, 19, 22]. To date no 

study has performed a comprehensive tissue characterization study like the one 

presented here. The use of CMR and PET/CT allows a very comprehensive 

characterization of the ischemic myocardium beyond cardiac contractility. The 

confirmation of myocardial viability and the demonstration of a metabolic switch clearly 

shows the high translational potential of this model. In physiological conditions, the 

myocardium uses fatty acids as the main metabolic substrate. A metabolic switch 

characterized by a change from fatty acids to glucose as the preferred substrate is a 

condition observed in heart failure from different etiologies, including hibernating 

myocardium. We used 18F-FDG radiotracer to be able to compare the ischemic and the 

remote regions in terms of glucose uptake. 18F-FDG is a widespread used radiotracer 

due to its long half-life (approximately 2 hours) and the good quality of the PET images 

obtained[31]. Despite we did not measure fatty acids uptake directly, the clear 

differences in glucose uptake from different myocardial regions is high suggestive of a 

metabolic switch. There are different tracers used to evaluate beta-oxidation of fatty 

acids by the myocardium, such as 14- (R, S) -18F-fluoro-6 thiaheptadecanoic acid (FTHA) 

or 18F-fluoro-4-thia-palmitate (FTP); however, these tracers are difficult to be used in 

large animal experiments due to the important economic costs[31]. 
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Our long-term ambition is to use this model to test different therapies suited for heart 

failure in general and for hibernating myocardium in particular. Interventions able to 

revert the metabolic switch have been proposed in small animal studies[41]. We plan to 

perform a preclinical trial in pigs with a metabolic intervention. Furthermore, this model 

is ideal to test strategies able to induce enhanced neovascularization, such as cell 

therapy[1, 4], gene therapy or pharmacological therapies.  

 

Study Limitations  

The present study has some limitations. The main limitation of this model is the high 

mortality associated with it before hibernating myocardium is documented. As 

commented, we have not measured directly fatty acids uptake by the myocardium, and 

thus the demonstration of metabolic switch is indirect. The evaluation of myocardial 

viability was performed by the accepted LGE-CMR approach; however, the presence of 

contractile reserve was only confirmed in 3 pigs. Pigs were not revascularized to 

demonstrate the full reversibility of cardiac dysfunction, as it is expected for hibernating 

myocardium. The surgical revascularization of pigs with an ameroid implanted months 

before is a very challenging intervention. While previous studies have reported different 

models of hibernating myocardium[2, 3, 10, 26, 27], thus partially limiting the novelty 

of our work, ours is the first one to provide a comprehensive longitudinal multimodality 

evaluation. Our histology analysis is limited and we have not performed electron 

microscopy to evaluate typical features associated with hibernated myocardium such as 

glycogen droplets, doughnut mitochondria, and loss of myofibrils quantification[8, 18]. 

Our model is aimed at serving as a tool to test novel therapeutic interventions in the 

future, but as presented lacks of novel mechanistic insights into the hibernating 

myocardium condition. Translation of pig studies to humans is complex not only because 

of the lack of comorbidities in the former, but also because the underlying signal 

transduction of disease state and that of therapeutic strategies is not necessarily 

equal[12]. 
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Figure Legends  

Figure 1. Study protocol. 
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Figure 2. Surgical technique.  

 

A: Surgical field for ameroid implant around the LAD. B: Representation of the left 

ventricular systolic disfunction across time after ameroid implantation. C: Image of the 

ameroid showing its components 
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Figure 3. Time line of mortality associated with the model.  
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Figure 4. Kaplan-Meier curve showing time to severe LAD stenosis. 
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Figure 5. Representative case of hibernating myocardium.  

 

A: Coronary angiography showing severe LAD stenosis (yellow arrow points to the region 

of ameroid implant, generating severe stenosis). B Short axis slice of late gadolinium 

enhancement magnetic resonance imaging at medio-ventricular level. Subendocardial 

delayed enhanced region can be visualized occupying less than 50% of ventricular 

thickness. C: 18F-FDG PET/CT at different projections showing cardiac glucose uptake in 

the anterior left ventricular wall.   
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Figure 6. Median and individual data of imaging-based parameters.   
 

 

Left ventricular ejection fraction (panel A); late gadolinium enhancement magnetic 

resonance imaging (panel B), Wall thickening on CMR in the ischemic region (panel C) 

and in the non-ischemic region (panel D); Quantitative perfusion in the ischemic region 

(panel E) and in the non-ischemic region (panel F) Glucose uptake on 18F-FDG counts 

(normalized to skeletal muscle counts) on PET/CT in the ischemic region (panel H), and 

in the remote non-ischemic region (panel G). Box-plot represents median, first and third 

quartile.  
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Figure 7. Contractile reserve of hibernating myocardium with dobutamine infusion 
 

 

A: change in LVEF with dobutamine infusion. B: wall thickening change with dobutamine 

infusion at the antero-septal wall (hibernating myocardium). C: wall thickening change 

with dobutamine infusion at the posterior wall (remote myocardium). Box-plot 

represents median, first and third quartile. Dots represent individual animals. Pre and 

post-dobutamine values from each animal are connected by dashed lines.  
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Figure 8. Histological evaluation of hibernating myocardium.  

 

Ex-vivo images from an animal that completed the protocol. A: Macroscopic view of the 

LV anterior wall. B: Macroscopic view of LV posterior wall. C: Macroscopic view from 6 

coronal slices from an operated heart. D: Coronal slice number 4 amplified showing 

minimal fibrosis (blue square) and viability of the LV anterior wall. E: Microscopic view 

of the fibrosis area from panel D.  

 


