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Introduction

Cardiovascular magnetic resonance (CMR) is being used 
increasingly for the diagnosis and assessment of coronary 
artery disease (CAD) as it offers assessment of myocar-
dial function, viability, and perfusion in a single exami-
nation [1–3]. It also compares favourably with other 
non-invasive methods [4–8]. New sequences, advances 
in hardware, and post-processing are constantly being 
developed and require substantial preclinical and trans-
lational research before making their way into clinical 
practice [9]. We have recently introduced an isolated 
blood perfused heart model to facilitate this process 
[10]. This model allows control of regional blood flow, 
oxygenation and workload in order to validate novel 
MR derived parameters against gold standards, which 
can expedite translation of new sequences into clinical 

practice. This system has already been exploited for vali-
dation of quantitative MR perfusion imaging [11] using 
a dual bolus injection scheme for myocardial blood flow 
(MBF) quantification [12]. However, the original set-
up required the electrical system to be within the MR 
room, which introduced significant background noise 
[10]. The purpose of the current work was to refine the 
system to overcome this limitation so that all electrical 
parts are completely outside the scanner room. 

Methods

Redevelopment of the perfusion system

The perfusion circuit of the system remained the same 
as previously described (Fig. 1) [10]. In brief, it consists 
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Abstract: Purpose: An isolated perfused pig heart model has recently been proposed for the development of novel methods in standard clinical 
magnetic resonance (MR) scanners. The original set-up required the electrical system to be within the safe part of the MR-room, which introduced 
significant background noise. The purpose of the current work was to refine the system to overcome this limitation so that all electrical parts are 
completely outside the scanner room. Methods: Four pig hearts were explanted under terminal anaesthesia from large white cross landrace pigs. 
All hearts underwent cardiovascular magnetic resonance (CMR) scanning in the MR part of a novel combined 3T MR and x-ray fluoroscopy 
(XMR) suite. CMR scanning included real-time k-t SENSE functional imaging, k-t SENSE accelerated perfusion imaging and late gadolinium 
enhancement imaging. Interference with image quality was assessed by spurious echo imaging and compared to noise levels acquired while 
operating the electrical parts within the scanner room. Results: Imaging was performed successfully in all hearts. The system proved suitable for 
isolated heart perfusion in a novel 3T XMR suite. No significant additional noise was introduced into the scanner room by our set-up. Conclusions: 
We have substantially improved a previous version of an isolated perfused pig heart model and made it applicable for MR imaging in a state of 
the art clinical 3T XMR imaging suite. The use of this system should aid novel CMR sequence development and translation into clinical practice.
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of a main circuit to supply the heart with haemoperfus-
ate, a dialysis module to clear out contrast agent and an 
oxygenator with integrated heat exchanger (Dideco D 
100, Mirandola, Modena, Italy) to warm and reoxygen-
ate the haemoperfusate.

The perfusate consisted of autologous whole blood 
(1.5±0.2  L), diluted with Krebs–Henseleit solution 
(1  L, 9.6  g dry mass, Sigma, St. Louis, MO, USA, 
Krebs–Henseleit buffer K-3753). All equipment used at 
the scanner was made of MR-compatible materials [13], 

which did not influence the homogeneity of the main 
magnetic field. In contrast to the previous set-up where 
all electrical and magnetic parts (control-unit, power-
supply, pump engines, pacer etc.) were kept approxi-
mately 6  metres away from the magnet outside the 5 
Gauss line but within the scanner room. The new set-up 
allowed us to operate the system through wave-guides 
from a neighbouring room (in our case, the X-ray room 
of a combined 3T XMR suite) (Fig. 2). All electrical and 
magnetic parts and thus potentially interfering equip-

Fig. 1.	 	Schematic view of the perfusion system reproduced from Ref. [10]: roller pump 2 transports the deoxygenated blood through a 
dialysis module (exchange of metabolites and contrast agent clearance) and then through a blood oxygenator with integrated heat 
exchanger. The oxygenated blood is then pumped into the heart via roller pump 1

Fig. 2.	 	The new set-up allows the operation of the system through wave guides from the X-ray room (Cath lab) of the XMR suite. All electri-
cal and magnetic parts remain in the X-ray room. The pump engines are connected to the custom-made MR compatible pump heads 
using polycarbon drive shafts through custom made connectors that are fitted in the wave guides
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ment remained in the X-ray room [10]. The pump en-
gines in the X-ray room were connected to the custom-
made MR compatible pump heads in the scanner room 
using polycarbon drive shafts and custom made connec-
tors that were fitted in the wave-guides (Fig. 2). 

Animal experiments

Hearts were supplied by Harlan Laboratories, UK. All 
experiments were performed according to protocols ap-
proved by the U.K. Home Office in accordance with the 
U.K. Animals (Scientific Procedures) Act of 1986 and in 
compliance with the World Medical Association Declara-
tion of Helsinki regarding ethical conduct of research in-
volving animals. Hearts were harvested from Large White 
Cross Landrace pigs weighing between 40 and 55 kg (av-
erage weight of 47±7  kg) as previously described [10]. 
In brief sedation was performed with ketamine (10 mg/
kg i.m.) and xylazine (0.3 mg/kg i.m.). Alphaxolone was 
used for general intravenous anaesthesia (1.5 mg/kg i.v.). 
After being heparinised (5000 IU), exsanguination was 
commenced through the superior vena cava and the heart 
was removed after transection of the great heart vessels. 
It was immediately immersed in iced 0.9% saline solution, 
and intra-coronary infusion of cold (4 °C) cardioplegia 
infusion (Martindale Pharmaceuticals, Romford, Essex, 
UK) was performed. Back in the MR-suite, catheters 
were inserted into the left main and right coronary artery 
for reperfusion. To simulate cardiac workload, a pressure 
balloon was inserted through the aortic valve into the 
left ventricle. After the hearts were cannulated, pressure 
controlled perfusion of the coronary arteries was started 
around 50 mmHg. Over approximately 5 min, pressure 
was slowly increased to accommodate perfusion values 
around 0.8  mL/min/g. In the event of ventricular fi-
brillation, electrical defibrillation was performed. In one 
heart, the imaging was performed while the right coro-
nary artery was occluded. 

CMR imaging

Cardiovascular magnetic resonance: MR imaging was 
performed in a state of the art hybrid clinical 3 Tesla 
XMR suite (Achieva, Philips, Best, The Netherlands). 
For signal reception, a large flex interventional coil array 
was positioned around the heart chamber, which was 
then placed in the magnet.

MR data were acquired in short axis and long axes 
(2-chamber, 3-chamber, and 4-chamber view) of the LV. 
We used a k-t real time fast field echo (FFE) sequence 
with a repetition time of 3.12 ms, echo time of 1.87 ms, 
flip angle 15°, spatial resolution at 2.5×2.5×10 mm3 for 
CINE imaging. For perfusion MR imaging, we used a 
saturation recovery gradient echo pulse sequence accel-
erated with k-t BLAST with a repetition time of 2.7 ms, 

echo time of 0.9 ms, flip angle 20°, spatial resolution 
at 1.3×1.3×8 mm3. CLEAR was used for homogene-
ity correction. Perfusion-CMR was performed using 
a dual bolus scheme (5 mL of neat (0.07 mmol/mL) 
and 5 mL of dilute (0.007 mmol/mL) gadobutrolum 
(Gadovist, Schering, Berlin, Germany) [12]. Late gad-
olinium-enhanced cardiovascular magnetic resonance 
(LGE-CMR) was performed in identical slice orienta-
tions using conventional methods with a repetition time 
of 4.9 ms, echo time of 2.4 ms, flip angle of 15°, and 
spatial resolution at 1.7×1.7×8 mm3. Post-processing 
of perfusion images was performed with dedicated soft-
ware (Circle Cardiovascular Imaging Suite 12, Release 
3.4.0 (84) Calgary, Alberta, Canada) and a dedicated 
feature tracking prototype software (Diogenes MRI, 
Tomtec, Germany) [14].

Interference with image quality

All equipment within and close to the MR-scanner 
was made of MR-compatible materials to avoid adverse 
effects on the function of the MR-scanner (e.g., sig-
nificant image artefacts or noise). The main source of 
potential image degradation would be radiofrequency 
(rf)-interference with the MR-scanner from the re-
maining equipment (e.g., control-unit, power-supply, 
pumps, pacer etc.). In order to test the potential rf-
interference, MR-images without rf-excitation were 
acquired: the resulting noise images allowed the de-
tection of any spurious rf-signal within the bandwidth 
used by the MR image acquisition. For this, noise im-
ages with a bandwidth of 190  kHz were acquired at 
four different centre frequencies ensuring an rf sweep 
across a 760-kHz range around the MR resonance fre-
quency. This large frequency range covers all frequen-
cies that can be acquired in different MR experiments. 
Such noise scans were obtained with the novel set-up 
running and compared to the background noise with 
the pump engine running inside the Faraday cage (but 
outside the 5 Gauss line). As an additional reference, 
we performed one experiment without any equipment 
as reference. 

Signal to noise ratio: Signal-to-noise ratios (SNRs) for 
each sequence and different cardiac segments were cal-
culated by dividing each mean signal-intensity (SI) by 
the standard deviation (SD) of the background noise 
(measured in the air around the heart).

Results 

Intra-coronary haemoperfusion was performed in 
4 hearts. Hearts were defibrillated 2–6 times with 
30 Joule to reach stable electrical activity with synchro-
nous ventricular contraction. 
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Cine imaging, first pass perfusion imaging, and LGE 
imaging were successfully performed in all hearts with 
our newly developed set-up in a clinical 3T XMR suite. 
Figs 3 and 4 show an example of myocardial contrac-
tion and perfusion of one heart after the RCA was de-

liberately occluded. Circumferential strain values (Ecc) 
as obtained with myocardial feature tracking during 
intra ventricular balloon inflation at 50  mmHg were 
significantly lower in the inferior wall (Fig. 3). Signal 
intensity curve analysis during first pass perfusion imag-

Fig. 3.	 	Cardiovascular magnetic resonance feature tracking circumferential strain values on a segmental basis using real-time radial k-t SENSE 
functional imaging over 4 heart beats. There was reduced strain in the inferior wall corresponding to an occluded RCA as compared 
to remote segments. LV, left ventricle; RV, right ventricle

Fig. 4.	 	Myocardial first pass dual bolus [12] perfusion imaging showing a perfusion defect in the area of an occluded RCA. Images have been 
segmented for better visibility. LV, left ventricle; RV, right ventricle; AIF, arterial input function (taken from the inflow tubing)
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ing revealed a perfusion defect in the inferior wall cor-
responding to the reduced strain values (Fig. 4). 

Interference with image quality

The acquired noise images showed no rf-interference 
from the equipment outside the Faraday cage. In par-
ticular no increase of noise levels was found with the 
novel set-up running as compared to background noise 
levels without any additional equipment. With the 
unshielded pump engine running in the room, overall 
noise levels increased significantly by a factor of 8. In ad-
dition, a high rf-signal was observed at 330 kHz above 
the MR-resonance frequency that would potentially re-
sult in strong image artefacts (Fig. 5). The noise level 
and the additional spurious rf-signal can be reduced to 
original values (reference measurement without any in-
struments) when the pump motor is installed outside the 
Faraday cage driving the mechanical component of the 
pump at the scanner through wave guides.

Signal to noise ratio. The SNR values for the different 
sequences used were as follows: k-t real time FFE CINE 
23±10, k-t BLAST perfusion 26±13, and LGE imaging 
21±7.

Discussion 

The current work demonstrates substantial improve-
ment of a previous version of an isolated perfused pig 
heart model [10]. 

First, we were able to reduce noise levels associated 
with the heart model to a level that is comparable to 
background noise. A previous preliminary version of 

–300 –200 –100–300 –200 –100 100 200 3000 100 200 3000

Fig. 5.	 	The figure shows a comparison between spurious echo noise scans with A: operating our newly developed set-up within the MR scan-
ner room and B: operating the electrical equipment outside the 5 Gauss line within the scanner room. Background noise levels were 8 
times higher running the pump within the scanner room and additionally there was high intensity at 330 kHz that would potentially 
result in image artefacts. There was no difference between running the novel set-up and background noise levels in the scanner room 
without any equipment (data not shown)

our model required the operation of electrical parts of 
the model (control-unit, power-supply, pump-engines, 
pacer etc.) within the MR scanner room (outside the 5 
Gauss line) that led to an increase of noise levels [10]. 
For such a set-up with additional electronic equipment 
inside the Faraday cage, the increase of noise level de-
pends on the experimental set-up, i.e. the position of 
the additional electronic equipment and the pacing 
leads with respect to the MR-receive coils determining 
the rf-coupling and thus the level of spurious rf-signal 
in the acquired MR-images. Elimination of this excess 
noise will potentially deliver more reliable and repro-
ducible results.

Second, the novel set-up enabled us to keep the per-
fusion circuit closely to the scanner, which has previ-
ously been validated and shown to be within a near nor-
mal physiological range [10]. In particular, there was no 
need to increase the dead space of the perfusion system 
by lengthening the tubing. This is important in order 
to keep the performance as close as possible to normal 
physiology when testing novel imaging or interventions. 
The visible heart project used such an ex vivo set-up for 
endoscopic visualisation of trans-catheter pulmonary 
valve implantation using high resolution cameras in a 
human donor heart that was not suitable for transplan-
tation [15]. This endoscopic imaging technique provides 
a true gold-standard and training platform for new de-
vice development and implantation. A  similar project, 
called the Physio Heart, was used for trans-catheter aor-
tic valve implantation in slaughterhouse pig hearts [16]. 
This full-working heart set-up was described as very 
close to human physiology with excellent performance 
for up to 4 h [17]. The current set-up now enables us to 
perform state-of-the art CMR imaging in such a model 
within an XMR environment. This infrastructure gives 
us the flexibility to test new device implantations within 
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the isolated hearts and image their effect on haemody-
namic parameters and tissue perfusion and viability with 
CMR. Within the X-ray part of the XMR suite, direct 
imaging with endoscopic cameras or ultra-sound im-
aging is also feasible. Whilst several XMR applications 
seem interesting for future projects, it is important to 
note that the system we describe in this paper can be 
operated in any MR scanner to validate novel MR meth-
odology, independently of an XMR suite.

Currently, our model is designed to operate isolated 
pig hearts. However, adapting it to use different types of 
animals in order to address specific scientific questions, 
for example, the model of extensive collateralisation evi-
dent in certain breeds of dogs, seems feasible. Even the 
study of human donor hearts that are not suitable for 
transplantation has been described by Eggen and col-
leagues [18]. They studied pacing induced electrical ven-
tricular asynchrony using CMR in an isolated perfused 
human heart. Another application is the validation of 
quantitative myocardial perfusion [11]. The heart model 
described could close the gap between basic phantom 
experiments [19] used for very controlled identification 
and development of suitable sequences and quantifica-
tion algorithms [20], small animal models for perfusion 
quantification [21], and the final translational step into 
patients.

Limitations

The current study investigated the feasibility of a novel 
perfusion system to be used in a clinical hybrid X-ray 
fluoroscopy and 3T CMR “XMR” unit and did not test 
a specific scientific hypothesis. Future studies need to 
be designed to test novel imaging developments or in-
terventions in this multi-modality imaging set-up. Even 
though the current model has certain aspects that are 
superior to living animal set-ups, it was not designed 
to replace living animal preparations. Initial validation 
of novel techniques may potentially benefit from a very 
controlled environment before translating the results 
into a more realistic scenario such as living animals and 
patients.

Conclusions

We have substantially improved and tested our animal 
platform for validation of novel imaging techniques. 
The infrastructure we have available and the design of 
our set-up bring the promise of testing, validating, and 
comparing numerous imaging techniques and novel in-
terventional devices in a very controlled and reproduc-
ible fashion.

This model should facilitate rapid translation of novel 
developments from bench to bedside and into clinical 
practice.
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