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Abstract

Purpose
To evaluate the relationship between fractional flow reserve (FFR)-controlled 
coronary artery stenosis grades and myocardial perfusion parameters derived from 
dynamic myocardial CT perfusion imaging (CTP) in an ex vivo porcine heart 
model. 

Methods
Six porcine hearts were perfused according to Langendorff. Circulatory parameters 
such as arterial blood flow (ABF) (l/min), mean arterial pressure (MAP) (mmHg) 
and heart rate (bpm) were monitored. Using an inflatable cuff and monitored 
via a pressure wire, coronary artery stenoses of different FFR grades were (no 
stenosis, FFR = 0.80, FFR = 0.70, FFR = 0.60, and FFR = 0.50). Third generation 
dual-source CT was used to perform dynamic CTP in shuttle mode at 70 kV. 
Using the AHA-17-segment model, myocardial blood flow (MBF) (ml/100ml/
min) and volume (MBV) (ml/100ml) were analyzed using dedicated software for 
all ischaemic and non-ischaemic segments.

Results
During five successful experiments, ABF ranged from 0.8-1.2 l/min, MAP from 
73-90 mmHg and heart rate from 83-115 bpm. Non-ischaemic and ischaemic 
segments showed significant differences in MBF at a stenosis grade of FFR = 0.70. 
At this degree of obstruction median MBF was 79 (interquartile range [IQR]: 
66-90) for non-ischaemic segments versus 56 ml/100ml/min (IQR: 46-73) for 
ischaemic segments (p<0.05). For MBV a significant difference was found at FFR 
= 0.80 with median MBV values of 7.6 (IQR: 7.0-8.3) and 7.1 ml/100ml (IQR: 
6.0-8.2) for the non-ischaemic and ischaemic myocardial segments, respectively 
(p<0.05).

Conclusion
Artificial flow alterations in a Langendorff porcine heart model could be detected 
and measured by CTP-derived myocardial perfusion parameters and showed 
significant systematic correlation with stepwise flow reduction with early detection 
of ischaemic myocardium. Additional research in clinical setting is required to 
develop absolute quantitative CTP. 
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Introduction

Coronary computed tomography angiography (CTA) has shown to be a reliable 
technique for ruling out coronary artery disease (CAD) with high sensitivity 
and negative predictive value (1). However, it is often difficult to determine the 
hemodynamic significance of a detected stenosis, which is reflected by the lower 
specificity and positive predictive value of this test. Often, additional functional 
testing is required to determine the hemodynamic effect of a stenosis (2, 3). In 
theory, the high spatial and temporal resolution as well as the linear relation of 
the iodine-related Hounsfield Unit (HU) enhancement with tissue perfusion 
would make CT an ideal technique to quantify myocardial perfusion. However, 
myocardial CT perfusion imaging (CTP) comes at the cost of additional radiation 
dose and contrast media application. An ideal patient workup would begin with 
a CTA, which can determine whether a stenosis is present or not. With this test 
patients without a stenosis can be excluded, and significant CAD in patients 
with a high-grade stenosis can be confirmed. In cases where the CTA reveals an 
indeterminate stenosis, a myocardial CTP test could be appended. 

Two main techniques have been identified for CTP (4-6). The first, more basic, 
approach involves the acquisition of one scan during peak arterial enhancement 
of the myocardium, providing a snapshot of the iodine distribution across the 
myocardium. Based on differences in attenuation between myocardial segments, 
perfusion defects in the myocardium can be detected. However, this technique 
does not actually allow myocardial perfusion quantification. The second technique 
involves acquiring repeated images of the first pass of contrast inflow and outflow 
over several heartbeats allowing quantitative measurements of several myocardial 
blood flow parameters. As a decrease in myocardial perfusion is typically the first 
sign of disease in the ischaemic cascade, early detection by objective measurements 
based on this technique could lead to a faster and more accurate diagnosis of 
CAD compared to visual analysis of overt perfusion defects. 

Several recent studies have shown promising results for the quantitative CTP 
technique, which could increase diagnostic performance (7-13). However, 
there is as of yet limited information about the relationship between stenosis 
grade and CTP parameters. In particular, it is still unknown at which level of 
coronary flow reduction CTP-based perfusion parameters within downstream 
myocardial segments begin to change. The use of a controllable porcine heart 
model allows for determining the performance of CTP at investigator-controlled 
stenosis grades. The heart of a slaughterhouse pig resembles the heart of a human 
both functionally and in terms of size, making it an ideal model to study the 
mechanisms and effects of CAD. In a previous study, the porcine heart model 
to analyze CTP results at high stenosis grades based on second generation dual-
source CT (DSCT) system (14). The current study expands on earlier results by 
assessing more granular increments in fractional flow reserve (FFR) reduction 
using third generation DSCT with increased heart coverage. The aim of this study 
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thus was to evaluate the relationship between FFR-controlled coronary artery 
stenosis grades and myocardial perfusion parameters derived from dynamic CT 
myocardial perfusion imaging (CTP) in an ex vivo porcine heart model, in order 
to develop a CT imaging biomarker for myocardial perfusion.

Methods

Heart acquisition
The hearts of six Dutch landrace hybrid pigs (weighing approximately 110 kg each), 
slaughtered for human consumption, were obtained from the slaughterhouse. 
Protocols at the slaughterhouse and laboratory were in accordance with EC 
regulations 1069/2009 regarding the use of slaughterhouse animal material for 
diagnosis and research, supervised by the Dutch Government (Dutch Ministry 
of Agriculture, Nature and Food Quality), and approved by the associated legal 
authorities of animal welfare (Food and Consumer Product Safety Authority). 
Further details about the excision and preparation have been previously published 
(15).

Experimental Setup
The transport from the slaughterhouse to the CT scanner suite took approximately 
3-4 hours, during which the hearts were appropriately preserved. In the CT 
room, the heart was placed on flexible cloth which allowed the heart to contract 
freely, and was positioned along the z-axis of the scanner. Blood, obtained from 
slaughterhouse pigs, was pumped from the venous reservoir through the aorta 

Figure 1: Schematic representation of the Langendorff perfusion model. Blood flows from the 
pump (P) to the blood filter (BF) after which it is oxygenated using an oxygenator (Ox). Pressure 
is put on the aortic valve, and all blood traverses into the myocardium through the coronaries. 
Blood leaves the heart from the right ventricle and is collected in a large venous reservoir (R).
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in retrograde fashion into the heart using a centrifugal pump (BioMedicus, 
Medtronic, Minneapolis, MN, USA) (figure 1). Pressure was applied on the aortic 
valve to prevent the valve from opening, forcing all circulating blood through 
the coronary arteries. Using an oxygen-heat exchanger (AFFINITY® NT 
Oxygenator; Medtronic), blood was oxygenated with a 20% O2, 75% N2, and 5% 
CO2 gas mixture, and kept at a temperature of approximately 38°C. The blood 
glucose level was kept constant between 5 and 7 mmol/l by adding a mixture 
of glucose and insulin. Our experiment used the perfusion setup according to 
Langendorff (PhysioHeart©, LifeTec Group, Eindhoven, The Netherlands), 
which was also used in a previous cardiac imaging investigation (15, 16). 

After reinstating perfusion through the myocardium, the heart began to contract 
autonomously. In order to acquire a stable sinus rhythm, defibrillations of 10-30 J 
were necessary in all six hearts. An external pacemaker (Model 5375, Medtronic) 
was used to stabilize the heart rhythm when necessary. Electrocardiography 
(ECG) leads were placed on the flexible heart bed of the platform, which was 
kept wet in order to provide conduction of the ECG signal to the CT system. 
Throughout the experiment, arterial blood flow (ABF), mean arterial pressure 
(MAP), pacing status, and heart rate were monitored. 

In order to induce coronary artery stenosis causing a predetermined level of flow 
obstruction, the left circumflex (LCx) coronary artery was dissected from the 
surrounding tissue. An inflatable cuff was placed around the artery to create a 
proximal stenosis. In order to monitor the stenosis, a pressure wire was placed 
in the LCx with the tip beyond the stenosis, providing information about the 
pressure drop across the stenosis, from which the fractional flow reserve (FFR) 
was calculated. Six stenosis grades (no stenosis, FFR 0.8, FFR 0.7, FFR 0.6, FFR 
0.5 and total occlusion) were created to study the effect on myocardial perfusion 
parameters using dynamic CTP in consecutive order, from low to high stenosis 
grades. The scan acquisitions at total occlusion of the LCx were used as a reference 
to determine which of the myocardial segments were perfused by the LCx. FFR 
measurements were allowed a maximal variation of 0.05 during each stenosis-
grade step of the experiment.

CT protocol
The porcine hearts were scanned on a third generation DSCT system 
(SOMATOM Force, Siemens Healthineers, Forchheim, Germany). The scan 
region was determined based on frontal and lateral scout images. A baseline non-
contrast scan was performed to confirm the field of view (FOV) and background 
noise. In addition, this scan was used to confirm that there were no artefact-
causing objects in the FOV. Non-enhanced scans were performed at 70 kV with 
a reference mAs of 20. 
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A dynamic CTP scan was acquired at each stenosis grade. Delay between 
each consecutive contrast-enhanced scan was five minutes to allow myocardial 
enhancement to return back to baseline values. For each contrast-enhanced scan, 
15 ml of ioxaglate (Hexabrix, 320 mg/ml, Guerbet, Paris, France) contrast agent 
was injected at an injection rate of 3 ml/s, 200 cm away from the aortic annulus 
to allow for proper mixing of the contrast with blood. The contrast to saline ratio 
was 35/65%. Dynamic scans were started five seconds before the injection of the 
contrast in the inflow tube. Data were collected regarding the baseline attenuation, 
inflow, and outflow of iodine contrast through the myocardium, during a scan 
time of 60 s. Dynamic CTP scans were performed in shuttle mode during end-
systole, providing a scan z-range of 102 mm, covering the total heart. High heart 
rate and shuttle mode acquisition resulted in acquisition of images every second 
or third heartbeat. Other acquisition parameters included: tube voltage 70 kV, 
tube current time product 350 mAs per rotation, and a gantry rotation time of 
250 ms. The inflow tube was looped through the FOV to use as a surrogate for 
the aortic blood flow of iodine contrast in humans. This allows for determination 
of the arterial input function, which is used to calculate myocardial perfusion 
parameters for the individual myocardial segments. 

Reconstruction and analysis of image data
Dynamic CTP data were reconstructed with 3.0 mm section thickness and 1.5 
mm increment in the short-axis plane, which corresponded to the orientation 
of the heart inside the CT scanner. Traditional filtered back projection was used 
with the “B23f ” image reconstruction algorithm. Perfusion datasets were analyzed 
using Volume Perfusion CT (VPCT) myocardium software (MMWP VA41A, 
Siemens). The American Heart Association (AHA) 17-segment model was used 
to define the myocardial segments at basal, mid-ventricular and apical levels (17). 
As the apex was not analyzed, myocardial perfusion parameters were calculated 
for a total of 16 segments per scan. Myocardial segments were drawn in manually 
by a researcher with 4 years of experience. The myocardial segments were divided 
into two groups based on the vessel territory: (1) non-ischaemic - left anterior 
descending (LAD)/ right coronary artery (RCA) territory and (2) ischaemic - 
segments perfused by the LCx. The segments perfused by the LCx were based on 
the total occlusion scan. For example, in case the total occlusion scan showed a 
perfusion defect within segments 5 and 6, these segments were defined ischaemic 
/ LCx segments. The other segments were defined as non-LCx or non-ischaemic 
for all dynamic perfusion scans in that specific heart. VPCT myocardium 
software calculates blood flow through the myocardium and blood volume in the 
myocardium for every separate voxel based on the arterial input function and the 
signal increase in the myocardium (figure 2). Mean values of myocardial blood 
flow (MBF) (ml/100ml/min) and myocardial blood volume (MBV) (ml/100ml) 
were calculated according to the 16 myocardial segments.
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Statistical analysis
Statistical analysis was performed using SPSS 23 (IBM Corp, Armonk, NY). 
The median values and ranges of the ABF, MAP, and heart rate were determined 
for each model heart. Perfusion parameters in the ischaemic and non-ischaemic 
segment groups were tested for normality using independent variance tests. Mann-
Whitney U-test was used to compare CT-determined perfusion parameters for 
both groups. Median values of MBF and MBV were compared between ‘non-
ischaemic’ segments with normal perfusion and ‘ischaemic’ segments perfused 
by the LCx artery. The comparison was performed for each stenosis grade (no 
stenosis, FFR 0.80, FFR 0.70, FFR 0.60 and FFR 0.50). 

Results

General model results
Each of the six hearts recovered in stable sinus rhythm after a period of warming 
up. However in one case, the pressure drop over the stenosis could not be analyzed 
with the pressure wire due to mechanical failure. This heart was excluded from 
the perfusion study. Dynamic CTP parameters could be analyzed in the five 
remaining hearts.

During the five successful experiments, heart rate ranged from 83 to 115 beats 
per minute (bpm) with a median heart rate of 111 bpm. Model ABF ranged from 

Figure 2: Measurements performed on the porcine heart in VPCT myocardium software. One 
can clearly distinguish the perfusion defect in the lateral wall, corresponding to the induced 
stenosis in the circumflex artery.
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800 to 1210 ml/min with a mean value of 1021 ml/min. In normal perfusion and 
low stenosis grades the blood flow had a tendency to be higher compared to the 
situation at high stenosis grades, later in the experiment. The MAP ranged from 
73 to 90 mmHg with a mean value of 81 mmHg. Contrary to blood flow, MAP 
increased with increasing stenosis grades later in the experiment. 

Dynamic CTP results
There were no significant artefacts that influenced image evaluation. In the five 
successful experiments, 80 myocardial segments per stenosis grade (480 segments 
including all six stenosis grades) were analyzed. Based on the total occlusion 
scans, 22 of 80 segments showed a perfusion defect. Those segments were defined 
as LCx territory segments and were used for the comparison between ischaemic 
and non-ischaemic segments, resulting in a total of 132 ischaemic segments 
(6 stenosis grades x 22 segments). A significant difference in MBF was found 
between ischaemic and non-ischaemic segments at FFR≤0.70 (p<0.05) (figure 
3) with a median MBF of 79 ml/100ml/min (IQR: 66-90) for non-ischaemic 
segments and 56 ml/100ml/min (IQR: 46-73) for ischaemic segments. For MBV, 
a significant difference between ischaemic and non-ischaemic segments was 
found at a FFR≤0.80 (p<0.05) (figure 4) with median MBV values of 7.6 (IQR: 
7.0-8.3) and 7.1 ml/100ml (IQR: 6.0-8.2) for the non-ischaemic and ischaemic 
myocardial segments, respectively. 
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Figure 3: Myocardial blood flow in ml/100ml tissue/min is displayed for both ischemic and 
non-ischemic segments at several stenosis grades. Starting at FFR≤0.70 there was a significant 
difference in CTMPI-derived myocardial blood flow between non-ischemic and ischemic 
segments (p<0.05).
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Table 1 

 Non-ischemic MBF 

(ml/100ml/min)

 

Ischemic MBF 

(ml/100ml/min) 

p-value Non-ischemic 

MBV (ml/100ml) 

Ischemic MBV 

(ml/100ml) 

p-value 

No 

stenosis 

82.0 (IQR: 70-92) 77.2 (IQR: 61-91) 0.24 7.9 (IQR: 7.2- 8.8) 7.8 (IQR: 5.8- 8.8) 0.24 

FFR 0.80 82.5 (IQR: 67- 98) 79.3 (IQR: 67-92) 0.32 7.6 (IQR: 7.0- 8.3) 7.1 (IQR: 6.0- 8.2) 0.048 

FFR 0.70 78.7 (IQR: 66-90) 56.2 (IQR: 46- 73) 0.00 6.9 (IQR: 6.3- 7.6) 5.7 (IQR: 4.8- 6.3) 0.00 

FFR 0.60 69.8 (IQR: 63- 84) 52.4 (IQR: 45-60) 0.00 7.1 (IQR: 6.6- 7.4) 5.2 (IQR: 4.7- 5.6) 0.00 

FFR 0.50 73.1 (IQR: 61-83) 45.8 (IQR: 40- 52) 0.00 6.5 (IQR: 5.8- 7.5) 4.7 (IQR: 3.4- 5.4) 0.00 

MBF: myocardial blood flow, MBV: myocardial blood volume, FFR: frac�onal flow reserve, IQR: 
interquar�le range 
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Figure 4: Myocardial blood volume in ml/100ml tissue is displayed for both ischemic and non-
ischemic segments at several stenosis grades. Starting at FFR≤0.80 there was a significant 
difference in CTMPI-derived myocardial blood volume between non-ischemic and ischemic 
segments (p<0.05).
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Discussion
This study analyzed the quantification of perfusion defects at several FFR grades 
using dynamic CTP parameters, MBF and MBV. The results granularly analyze the 
relationship between the level of coronary artery flow obstruction and myocardial 
perfusion as measured by CT in a highly controlled environment. A high success 
rate was achieved with 5 out of 6 successful experiments. Only one heart did 
not successfully complete the imaging protocol. CT imaging of the porcine heart 
model did not show major artefacts or arterial blood flow alterations during the 
experiment and stenosis grade induction could be successfully performed and 
accurately monitored. Perfusion measurements showed a significant difference 
between ischaemic and non-ischaemic segments starting at stenosis grades of 
FFR 0.70-0.80.

Isolated heart models have been used for the analysis of myocardial perfusion 
techniques in a small number of studies. Schuster et al. showed the feasibility of 
imaging the porcine heart model in a cardiac MRI environment, and recently 
found that the isolated pig heart provides greater control and reproducibility 
when compared to intact animals (18, 19).

Mahnken et al. and Bamberg et al. showed the feasibility of dynamic CTP in in 
vivo porcine experiments (20, 21). However, in contrast to their studies, animal 
sacrifice was not needed in our study, as the porcine hearts were obtained from 
the slaughterhouse. In view of the increasing attention for animal welfare, this 
is an important advantage. Bamberg et al. reported higher MBF and MBV, 
compared to the blood flow values in our study, possibly due to the use of a 
different perfusion method. With the Langendorff ex vivo method, all blood 
traverses in a retrograde fashion through the myocardium; whereas in an in vivo 
experiment, the blood traverses from the left ventricle to the coronary arteries 
and the body. In addition, dynamic CTP parameter calculation relies on complete 
mixing of the contrast with blood in the inflow tube. Although a two-meter long 
inflow tube has been shown to accomplish adequate contrast-blood mixing, in 
vivo mixing could be more complete because of traversal through the lungs, etc. 
On the other hand, in our ex vivo experiment we had direct control over the 
amount of blood flow in the system, whereas this is not feasible in an in vivo 
situation. Such differences in experimental design could result in the differences 
in the calculated MBF and MBV. A comparable setup to Bamberg’s study was 
used by Rossi et al., showing that stress CTP imaging provided good correlation 
between dynamic CTP and FFR measurements (22). Compared to the latter 
study, we used smaller FFR intervals, allowing more detailed analysis of the 
relationship between FFR reduction and CTP results. Consequently, our results 
provide more insight in the ability of dynamic CTP to distinguish perfusion 
defects at increasing flow reduction. The feasibility of wide-detector CT to yield 
semi-quantitative measurements was shown in another in vivo animal model 
validation study (23). However, the software used in that study could not provide 
real quantitative measures limiting its clinical applicability. A study by Otton et 
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al. provided a direct comparison of visual defects between dynamic CTP and 
MRI perfusion based on a perfusion phantom, but did not evaluate quantitative 
measures (24). The evidence provided by the in vivo studies and the results of our 
study suggest that CT-based quantitative perfusion measures can differentiate 
between ischaemic and non-ischaemic myocardial segments, as well as between 
different degrees of flow reduction.

Clinical guidelines for invasive treatment of CAD patients state that an FFR 
measurement of ≤0.80 is clinically diagnostic of hemodynamically relevant 
CAD (25, 26). The current study found that this level of flow obstruction finds 
correspondence in perfusion parameters as quantified with the use of dynamic 
CTP. A significant difference can be found for MBF measurements at an FFR 
of ≤0.70. At an FFR of ≤0.80, a significant difference in MBV can be detected. 
These results suggest that a non-invasive technique such as dynamic CTP has 
the potential to replace invasive FFR measurements to diagnose patients with 
hemodynamically significant CAD. However, clinical studies are required to 
validate these ex vivo findings and determine the level of FFR at which territorial 
or segmental CTP values start to deteriorate in patients with obstructive CAD. 

There are limitations of this study that must be considered. This study involved only 
five porcine hearts that underwent dynamic CTP at several FFR-based stenosis 
grades; however, the MBF and MBV of each myocardial segment was calculated 
and analyzed, resulting in evaluation of nearly 500 segments. The calculation 
of MBF and MBV were performed with manual segmentation, as automated 
segmentation is not available in the software application used. However, in an 
experimental model the landmarks used for orientation are not present. As a 
result, manual segmentation is often preferable when using in vivo and ex vivo 
animal models. As stated earlier in this discussion, the inflow of contrast to the 
coronary arteries was found to be different compared to in vivo models which 
could result in differences in quantification. 

Conclusion

In conclusion, in a Langendorff porcine heart model, CTP-derived myocardial 
perfusion parameters showed a close correlation to reductions in FFR. Using 
dynamic CT myocardial perfusion analysis, differences in myocardial perfusion 
parameters between ischaemic and non-ischaemic segments can be detected at 
stenosis grades with an FFR<0.80 for this ex vivo porcine heart model. This model 
can be used in the systematic development and study of new imaging biomarkers 
for myocardial perfusion in a highly controllable and adjustable environment for 
CT, but also for other imaging modalities. Additional research in a clinical setting 
is required to translate the findings of this study into suitable cut-off values for 
quantitative CTP in patients with CAD.
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