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per minute. Arterial blood flow ranged from 0.5 to 1.4 l min 
and blood pressure ranged from 54 to 107  mmHg. MBF 
was determined in 400 myocardial segments of which 115 
were classified as ‘Cx-territory’. MBF was significantly dif-
ferent between non-Cx and Cx segments at stenosis grades 
with an FFR ≤0.70 (Mann–Whitney U test, p < 0.05). MBF 
showed a moderate correlation with microsphere MBF for 
the three individual hearts (Pearson correlation 0.62–0.76, 
p < 0.01). CT MPI can be used to determine regional differ-
ences in myocardial perfusion parameters, based on sever-
ity of coronary stenosis. Significant differences in MBF 
could be measured between non-ischemic and ischemic 
segments.

Keywords Tomography X-ray computed · Myocardial 
perfusion imaging · Iodine · Ischemia

Introduction

Myocardial perfusion imaging (MPI) using computed 
tomography (CT) has gained interest in recent years, due to 
new CT scan techniques on state-of-the-art systems. Other 
non-invasive imaging techniques, like single photon emis-
sion computed tomography, magnetic resonance imaging 
(MRI) and positron emission tomography have proven their 
value in the detection of myocardial perfusion defects [1]. 
CT angiography can reliably detect and exclude coronary 
atherosclerosis [2]. However, CT MPI is still in research 
phase. Rossi et  al. provided an extensive overview of the 
possibilities of new CT techniques in stress CT MPI analy-
sis [3]. One of the promising CT MPI techniques is quan-
titative dynamic CT MPI. In dynamic CT MPI, images are 
acquired at every second heartbeat, resulting in information 
about the myocardial inflow and outflow of contrast media. 

Abstract To test the accuracy of quantification of myo-
cardial perfusion imaging (MPI) using computed tomog-
raphy (CT) in ex-vivo porcine models. Five isolated por-
cine hearts were perfused according to Langendorff. Hearts 
were perfused using retrograde flow through the aorta and 
blood flow, blood pressure and heart rate were monitored 
throughout the experiment. An inflatable cuff was placed 
around the circumflex (Cx) artery to create stenosis grades 
which were monitored using a pressure wire, analysing per-
fusion at several fractional flow reserve values of 1.0, 0.7, 
0.5, 0.3, and total occlusion. Second-generation dual-source 
CT was used to acquire dynamic MPI in shuttle mode with 
350  mAs/rot at 100  kVp. CT MPI was performed using 
VPCT myocardium software, calculating myocardial blood 
flow (MBF, ml/100 ml/min) for segments perfused by Cx 
artery and non-Cx myocardial segments. Microspheres 
were successfully infused at three stenosis grades in three 
of the five hearts. Heart rate ranged from 75 to 134 beats 
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Using complex equations, myocardial blood flow (MBF) 
can be calculated, which provides a quantitative measure 
for myocardial perfusion [4, 5]. Quantification of MBF will 
allow monitoring and grading of the severity of ischemia 
in coronary artery disease and possible detection of global 
ischemia in multivessel disease, which is often more diffi-
cult in non-quantitative imaging [6].

Before clinical implementation of dynamic CT MPI, 
this technique should be validated in phantom studies and 
clinical trials. Several studies have already shown promis-
ing results in in-vivo animal studies [7–9]. First results of 
clinical studies showed good diagnostic accuracy [10–15]. 
Because of the relatively high radiation dose in dynamic 
CT MPI studies, those studies are more difficult to be per-
formed as an extra study in clinical trials. Ex-vivo stud-
ies using animal hearts are an option to validate CT MPI 
in detail. Blood flow and stenosis grades can be controlled 
and influenced easily in an ex-vivo setup, allowing for 
direct manipulation of myocardial perfusion. Using this 
method, the induction and quantification of myocardial 
ischemia or infarction can be analysed using dynamic CT 
MPI techniques. Furthermore, different imaging protocols 
can be tested in succession, because radiation dose is not 
an issue in ex-vivo models. The heart of slaughterhouse 
pigs generally resembles the human heart very well, both 
in size and in functionality. We have used a CT-compati-
ble porcine heart platform  (PhysioHeart®, LifeTec Group, 
Eindhoven, The Netherlands) that allows control of arterial 
blood flow and coronary stenosis grade. We showed that 
this Langendorff model can be used in CT without major 
artefacts [16, 17]. Furthermore, in an ex-vivo model, CT 
perfusion parameters can be tested against microsphere 
measurements as a reference standard for absolute MBF In 
this porcine heart study we aimed to validate the quantifi-
cation of MBF in dynamic CT MPI at second-generation 
dual-source CT, compared to FFR and microsphere-derived 
MBF as reference standards, with the final aim to derive 
MBF cut-off values for hemodynamically significant CAD.

Materials and methods

Heart acquisition and preparation

Ten hearts were obtained from Dutch landrace hybrid pigs 
(approximately 110  kg) that were slaughtered for human 
consumption. Protocols at the slaughterhouse and labora-
tory were in accordance with EC regulations 1069/2009 
regarding the use of slaughterhouse animal material for 
diagnosis and research, supervised by the Dutch Govern-
ment (Dutch Ministry of Agriculture, Nature and Food 
Quality), and approved by the associated legal authorities 
of animal welfare (Food and Consumer Product Safety 

Authority). Approval of institutional licensing committee 
for animal experiments was not applicable because the por-
cine hearts were slaughterhouse waste. For further details 
about the excision and preparation of the heart the reader is 
referred to earlier published work [16, 17].

Platform preparation

A period of 2–3 h was required for transport from slaughter-
house to the CT scanner, during which the heart was stored 
cold. The heart was placed along the z-axis of the scanner 
on porcine heart platform on flexible clothing to allow free 
movement of the heart. Placement along the z-axis of the 
scanner resulted in short-axis images of the porcine hearts. 
A centrifugal pump (BioMedicus, Medtronic, Minneapolis, 
Minnesota, USA) circulated the blood in the system. Blood 
flow was retrograde from the venous reservoir through the 
aorta to the aortic valve (Fig. 1). Due to the pressure of the 
retrograde flow, the aortic valve was closed throughout the 
experiment. The closed aortic valve prevented blood from 
going into the left ventricle, thereby forcing all the blood 
to flow through the coronary arteries. The blood was oxy-
genated with 20%  O2, 75%  N2, and 5%  CO2 gas mixture, 
using an oxygenator-heat exchanger  (AFFINITY® NT Oxy-
genator; Medtronic, Minneapolis, Minnesota, USA). Blood 
glucose level was maintained between 5 and 7 mmol/l by 
addition of glucose-insulin mixture. The temperature of 
the circulating blood was approximately 38 °C. When rep-
erfusion of the heart was started usually the heart started 
contracting autonomously. However, to reinstate sinus 
rhythm some defibrillations were performed using 10–30 J. 
A Medtronic external pacemaker model 5375 (Medtronic, 
Minneapolis, Minnesota, USA) was used to stabilize heart 
rhythm, only in case of unstable heart rhythm. Electrocar-
diography (ECG) leads were placed on the flexible heart 
bed of the platform. Wetting the flexible bed with saline 
provided excellent conduction for ECG measurements. 
Throughout the entire experiment, arterial blood flow 
(ABF), mean arterial pressure (MAP), pacing status and 
heart rate were monitored.

The circumflex (Cx) artery was dissected from the sur-
rounding tissue to allow an inflatable cuff to be placed 
around the artery, providing the option to induce a prox-
imal stenosis in the Cx. The Cx was selected because of 
the ease of access and the limited area of perfusion. The 
induction of the stenosis in Cx territory causes perfusion 
defects in approximately two myocardial segments per 
short axis slice. A stenosis in the left anterior descending 
(LAD) artery would cause larger perfusion defects and 
would influence the stability of the perfusion experiment. 
A stenosis in the right coronary artery (RCA) would not 
show a major perfusion defect in the left ventricle, as the 
porcine RCA is mainly supplying the right ventricle. The 



1823Int J Cardiovasc Imaging (2017) 33:1821–1830 

1 3

induced stenosis was monitored using a pressure wire, pro-
viding information about the pressure drop across the ste-
nosis, fractional flow reserve (FFR). Five stenosis grades 
were used to study perfusion defects using dynamic myo-
cardial perfusion CT: no stenosis, FFR 0.7, FFR 0.5, FFR 
0.3 and occlusion. A standard error of 0.05 for each steno-
sis grade/FFR value was considered acceptable. The inflat-
able cuff was released after each perfusion scan to allow 
reperfusion and recovery of the Cx territory. Therefore, 
each myocardial perfusion scan was treated as an independ-
ent measurement.

CT protocol

Second-generation DSCT (SOMATOM Definition Flash, 
Siemens Healthcare GmbH, Forchheim, Germany) was 
used to acquire the scans of the porcine hearts. The scan 
range was determined based on the scout images. One 
baseline non-contrast enhanced spiral scan with a tube volt-
age of 100 kV, an effective tube current of 350 mAs with 
a pitch of 1.2 and a gantry rotation time of 280 ms. This 
scan was performed to determine background enhance-
ment and scan field of view (FOV). The imaging at each 

stenosis grade consisted of three dynamic CT perfusion 
scans. After each contrast-enhanced scan acquisition, a 
time interval of 5 min was applied to allow contrast con-
centration in the heart to return to baseline (Fig. 2). Con-
trast agent was injected 200 cm before the aortic valve to 
allow baseline measurements without contrast in the inflow 
tube (>200 cm long). An additional advantage of the long 
inflow tube was that the blood and contrast were properly 
mixed before entering the coronaries. In the first hearts, 
contrast agent with 300 mg/ml iodine concentration (Iopro-
mide, Utravist, Bayer Healthcare, Berlin, Germany) with a 
60/40% contrast-to-saline ratio, was injected at an injection 
rate of 3 ml/s, with a total volume of 15 ml. As the fail rate 
in the first six porcine hearts was unexpectedly high (two 
completed and four failed porcine hearts), and one of the 
hypotheses was that coagulability due to iodine contrast 
could possibly affect the state and rhythm of the heart, there 
was a switch to an ionic low osmolar iodine contrast with 
anti-coagulating effect in the last four porcine hearts [18]. 
In the last four hearts (three completed the entire imaging 
protocol), a contrast agent with 320 mg/ml iodine concen-
tration (Hexabrix, Guerbet, Paris, France) was injected into 
the blood stream with a 55/45% contrast-to-saline ratio at 

Fig. 1  Langendorff perfusion model. a Schematic representation of 
the Langendorff perfusion model. Blood is pumped from the venous 
reservoir (R) through the pump (P) to the blood filter (BF) after 
which it is oxygenated using an Oxygenator (Ox). The aortic valve 
is closed due to the pressure applied with the retrograde flow. Due to 

the closed valve, all blood traverses into the myocardium through the 
coronaries. Blood leaves the myocardium via the coronary sinus and 
is pumped from the right ventricle into the venous reservoir. b The 
heart is displayed on a bed of flexible cloth

Fig. 2  Scan protocol. Scan pro-
tocol used for each FFR stenosis 
grade. Based on the first scan, 
the scan range is determined. 
In case nothing changed in the 
setup, the topogram and non-
contrast scans were not repeated 
for increasing stenosis grades



1824 Int J Cardiovasc Imaging (2017) 33:1821–1830

1 3

an injection rate of 3 ml/s, with a total volume of 15 ml. 
Dynamic scans started 5 s prior to contrast injection to have 
multiple baseline measurements, with a total scan time of 
60 s. Dynamic scans were performed in shuttle mode dur-
ing end-systole (Online Movie 1). The scanner shuttled 
between two table positions while acquiring information of 
the inflow of contrast in the myocardium. The images were 
combined to form one image and were acquired once every 
two or three heartbeats. The blood pool was refreshed after 
each set of stenosis grade scans, to prevent the build-up of 
contrast in the circulating blood pool of approximately 5 l.

Total heart coverage of the shuttle mode was 73  mm: 
twice the detector width of 38.4  mm, with an overlap of 
10%. The combination of high heart rate and shuttle mode 
resulted in dynamic scanning every second or third heart 
beat (every 2–3 s). Acquisition parameters were: tube volt-
age 100  kV, 350  mAs per rotation and a gantry rotation 
time of 285 ms. The heart and inflow tube were placed in 
the FOV, which had a matrix size of 512 × 512. The FOV 
included the short-axis view of the heart. A part of the 
inflow tube to the heart was looped through the FOV to 
allow calculation of an input function as reference for the 
perfusion of individual myocardial segments.

Image reconstruction and analysis

CT myocardial perfusion datasets were reconstructed in 
short-axis with 3.0  mm slice thickness, 1.5  mm incre-
ment, and smooth, quantitative, B23f reconstruction 
kernel, with weighted filtered back projection, includ-
ing an iodine beam hardening correction algorithm. No 
additional reconstruction software was used. Short axis 
datasets were analysed using commercially available 
software, Volume Perfusion CT (VPCT) Myocardium 
(MMWP VA41A, Siemens Healthcare GmbH, Forch-
heim, Germany). An adapted AHA 17-segment model, 
with exclusion of the apex, was used to broadly define 
the myocardial segments [19]. This model was used to 
provide the reader with an indication on the location of 
the myocardial segments. Based on the total occlusion 
scan, we were able to determine the exact vascular ter-
ritory of the CX artery. Drawing of the contours was 
finalized based on the myocardial area supplied by the 
CX artery as judged from the total occlusion scan. The 
background contrast build-up was monitored by analys-
ing the HU values in the inflow tube. An example of the 
measurements is shown in Fig. 3. The apex was excluded 
as this segment was often not part of the scan range. The 
perfusion pattern based on the occlusion scan was used 
to determine which myocardial segments were perfused 
by the Cx. Myocardial segments in the Cx territory were 
defined as ischemic segments for all dynamic perfusion 
scans at all stenosis grades, while the other segments 

were defined as non-ischemic segments. The VPCT soft-
ware calculated blood flow parameters for every tissue 
voxel using the arterial input function (AIF) and the tis-
sue attenuation curve (TAC) of the myocardial segments 
[20]. Mean values of voxels within manually drawn seg-
ments were used to calculate mean myocardial blood 
flow  (MBFCT) in ml/100  ml/min per segment, both for 
ischemic segments and non-ischemic segments. Mean 
MBF per myocardial segment was determined by aver-
aging the MBF values of the three dynamic perfusion 
scans and was calculated per segment for each stenosis 
grade for each heart. Mean MBF was determined in 400 
(5 hearts × 5 experiments × 16 segments) myocardial seg-
ments of which 115 were classified as ‘ischemic’. Mean 
MBF values over three dynamic perfusion scans per ste-
nosis grade per heart were used to determine differences 
between ischemic and non-ischemic segments.

Microsphere injection protocol

Fluorescent microspheres were injected in the three 
of the five hearts at several stenosis grades: no steno-
sis, FFR 0.70, FFR 0.50 and FFR 0.30, after each set of 
three dynamic CT scans (Fig. 2). Microspheres (300,000 
spheres; Dye-Trak, Triton Technology, San Diego, Cali-
fornia) with different coloured labels were used, each 
representing a different stenosis grade: yellow, lemon, 
orange and persimmon. These microspheres were infused 
during a 30 s interval. At the same time, the ABF to the 
heart was monitored. Microspheres had a diameter of 
15 µm, and lodged in the microcirculation. After comple-
tion of the experiment, the hearts were sliced into pieces 
of approximately 5  g and these samples were dissolved 
in alcoholic-KOH, leaving only fluorescent microspheres 
of which the fluorescence was determined using a previ-
ously described method [21]. Absolute myocardial blood 
flow  (MBFMIC) in ml/g/min per sample was calculated 
from the total blood flow in the setup (measured by the 
aortic flow probe) and the ratio of fluorescence in the 
sample and total fluorescence in all samples.

MBFCT measurements were related to reference fluo-
rescence measurements of  MBFMIC per minute. Ischemic 
segments were defined based on the total occlusion scan 
results. The MBF CT (ml/100  ml/min) was corrected 
to ml/g/min by dividing by 105 (the density of cardiac 
muscle is approximately 1.05 g/ml) [22]. Mean  MBFMIC 
was calculated per slice, resulting in six MBF measure-
ments: basal, mid-ventricular and apical  MBFMIC for both 
ischemic segments and non-ischemic segments. These 
measurements were then correlated to the mean  MBFCT 
in the corresponding slices and segments.
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Statistical analysis

Statistical analysis was performed using SPSS 23 (IBM 
Corp, Armonk, NY). Pearson’s correlation was deter-
mined between stenosis grade and ABF and between ste-
nosis grade and MAP. Independent variance tests were car-
ried out to analyse whether the ischemic and non-ischemic 
segment groups showed normal distribution of perfusion 
measurements. Median increase in HU contrast value was 
determined between the three repeated measurements for 
each stenosis grade to monitor contrast build-up before 
blood pool refresh. Thereafter, the Mann–Whitney U test 
for equality was performed. Median values and interquar-
tile range (IQR) of mean MBF values were compared 
between non-ischemic segments and ischemic segments, at 
each FFR occlusion grade. Each perfusion scan was treated 
as a separate perfusion measurement, while the stenosis 
was induced for each myocardial perfusion scan separately.

Correlation between  MBFCT and  MBFMIC was deter-
mined analysing the fit of the linear regression models 

using Pearson’s correlation for separate hearts, and mean 
MBF values of three CT measurements at FFR 0.70, 0.50 
and 0.30. Paired samples T tests were used to analyse gen-
eral difference between  MBFCT and  MBFMIC.

Results

Experiment success rate and model stability

All ten hearts successfully recovered stable sinus rhythm 
after warming up. In five out of ten porcine hearts, all per-
fusion scans at all stenosis grades could be completed. In 
the hearts with premature failure, aortic pressure started to 
increase while total aortic blood flow decreased, indicat-
ing development of myocardial oedema. One heart failed 
before scans were made, two hearts failed before applying 
a stenosis, and two hearts failed during the first two steno-
sis grades. CT perfusion analysis was performed only in the 
five hearts with successfully completed experiment.

Fig. 3  Syngo.via blood flow analysis. Perfusion analysis in Syngo 
VPCT myocardium for an induced stenosis with an FFR of 0.30. a–c 
Show MIP of the HU, a color map of the myocardial blood flow, and 
a color map of myocardial blood volume, respectively. d shows scan 

parameters and timing parameters derived from the HU curve. In e 
the measurements for the six separate segments are displayed and f 
shows the HU curve of segment 6
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During the experiment mean heart rate ranged from 75 
to 134 beats per minute. Overall, ABF ranged from 0.5 to 
1.4  l  min, with higher ABF at lower stenosis grades and 
in normal perfusion (Pearson’s correlation, R = −0.65, 
p < 0.0001). The opposite is shown for MAP, which 
increased at higher stenosis grades and was lowest for nor-
mal perfusion (Pearson’s correlation, R = 0.27, p < 0.05) 
(Fig.  4). An increase in HU was found for each set of 
repeated measurements before refreshing the bloodpool, 
median increase was 18.4 HU with 25 and 75 percentiles of 
11.1 and 41.2 HU.

Imaging results

The decrease in ABF shown in the standard setup measure-
ments of aortic flow during the experiment (Fig. 4) is also 
visible in the  MBFCT in normal segments (Fig. 5).

There was a significant difference in  MBFCT between 
non-ischemic and ischemic segments for all stenosis grades 
with an FFR ≤ 0.70 (p < 0.05) (Fig.  5). Median MBF in 
non-ischemic segments ranged from 86.7 (IQR 63–102) 
ml/100 ml/min at FFR 0.70–55.5 (IQR 34–67) ml/100 ml/
min at total occlusion, while median MBF in ischemic seg-
ments ranged from 76.8 (IQR 40–89) ml/100  ml/min at 
FFR 0.70–19.7 (IQR 12–23) ml/100 ml/min at total occlu-
sion. A significant difference between non-ischemic and 
ischemic segments was found at an FFR of 0.70, with a 
median MBF of 86.6 and 76.7 ml/100 ml/min, respectively 

(p < 0.05). Mean standard deviation of the  MBFCT for the 
three CT measurements, per segment, was 16.1 ml/100 ml/
min.

MBFMIC and corrected  MBFCT showed significant cor-
relation (Pearson correlation ranging from 0.62 to 0.76, 
p < 0.01) at induced stenosis grades of FFR 0.70–0.30 
(Fig.  6). Overall,  MBFMIC was higher in comparison to 
 MBFCT with values ranging from 1 to 6 ml/g/min, where 
MBF values for CT ranged from 0.5 to 1.2  ml/g/min 
(p < 0.05).

Discussion

In this study we intended to validate the quantification of 
myocardial perfusion in dynamic CT on second generation 
DSCT, using a controllable ex-vivo porcine heart model. 
The current study yielded several important findings. 
Firstly, results show high potential for quantitative dynamic 
CT perfusion analysis to distinguish between ischemic and 
non-ischemic myocardial segments. Secondly, quantitative 
CT measurements of MBF showed a considerable under-
estimation compared to microsphere-based MBF quanti-
fication. However, a clear positive correlation was found 
between CT-determined and microsphere-based MBF.

In the one heart that was analysed in the previous ex-
vivo publication, no significant differences were found 
between non-ischemic and ischemic segments in case of 

Fig. 4  Aortic blood flow and 
blood pressure. Median aortic 
flow (blue) shows a decrease 
at increasing stenosis grades, 
while median aortic pressure 
(red) shows an increase towards 
higher stenosis grades
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no stenosis or FFR 0.70 [16]. In the segmental analysis 
of the five porcine hearts in the current study, we found 
a significant difference between segments with normal 

perfusion and segments with reduced perfusion for all ste-
nosis with an FFR ≤ 0.70 grades. This implies that quantita-
tive CT perfusion analysis can distinguish segments with 
and without a perfusion defect. The flow measurements in 
total occlusion scans were low, but not zero. This could be 
caused by collateral flow and leakage into the vascular ter-
ritory supplied by an occluded artery in these experiments.

CT-determined and microsphere-determined MBF 
quantification showed moderate correlation, which indi-
cates that high  MBFCT corresponds to high  MBFMIC and 
vice versa. However, in general,  MBFCT values for both 
non-ischemic and ischemic segments were significantly 
lower than  MBFMIC values. The  MBFMIC values had a 
large range. Still,  MBFMIC values were closer to the gold 
standard positron emission tomography measurements 
where cut-off values of 2.5 ml/g/min for 15O and 1.4 ml/g/
min for 82Rb have been suggested to differentiate between 
ischemic and non-ischemic segments [23–25]. The  MBFCT 
values are not close to ‘real’ absolute myocardial blood 
flow. Ishida et al. already reported that the  MBFCT values 
determined by shuttle mode CT in patients are not repre-
senting real myocardial blood flow [26]. One of the hypoth-
eses is that the temporal sampling of the shuttle mode scans 
is not sufficient to accurately calculate the first-pass MBF. 
Furthermore, Ishida et  al. stated that the model used in 
the vendor-provided software is not calculating MBF but 
Ktrans, a volume transfer constant according to the Patlak 
equation model [26]. These results suggest that one can use 

Fig. 5  Myocardial blood flow 
at multiple stenosis grades. A 
significant difference in blood 
flow measurements between 
normal segments and segments 
with perfusion defect is found 
for stenosis grades FFR ≤ 0.70. 
*Indicative of statistical signifi-
cance (p < 0.05)
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mined blood flow. For each heart a significant correlation was found 
between  MBFCT and microsphere-derived MBF. The results of sepa-
rate hearts are displayed in different colors, along with the corre-
sponding  R2 of the linear fit for each heart
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visual analysis of dynamic CT MPI maps in the detection 
of myocardial perfusion defects. However, one should be 
careful with the interpretation of the quantified absolute 
MBF values.

The results in this study are based on experiments using 
the  PhysioHeart® setup, which allows direct control over 
ABF and MAP, and enables direct manipulation of the 
degree of stenosis in explanted porcine hearts. The ABF 
decreased while the MAP increased with increasing steno-
sis grades. This was expected because with higher steno-
sis grade, peripheral resistance increased, leading to higher 
MAP and lower ABF. Throughout the experiment ABF and 
MAP were kept as stable as possible. Stenosis grade, aortic 
pressure and flow were adjustable during the experiment, 
with the isolated heart setup being free of hormonal influ-
ences. The model is less complex as compared to in-vivo 
animal studies, providing more control and possibly better 
reproducibility. In this model the heart is already in stress 
state because of the excision and recovery from the cold-
ischemic period during transportation so there is no need 
for pharmalogically induced stress [27]. The retrograde 
perfusion model used in this experiment was originally 
developed by Oskar Langendorff in 1895 [28]. In a review 
in 2007, Skrzypiec-Spring et al. concluded that the Langen-
dorff model could be used to study ischemia [29]. Schuster 
et al. already showed potential for perfusion analysis using 
the Langendorff model in a clinical MRI scanner and con-
cluded that this technique is feasible to use in MRI [30, 31]. 
In an earlier study, the Langendorff model was applied in 
CT, and feasibility of this technique in CT was shown in 
one porcine heart [16]. In in-vivo experiments by Bam-
berg et al. and Rossi et al., dynamic CT MPI analysis was 
analyzed at several stenosis grades. These studies showed 
that CT MPI was able to detect significant stenosis using 
dynamic perfusion analysis. In our study dynamic CT MPI 
differences in MBF were found between ischemic and non-
ischemic segments, comparable to the results found in the 
in-vivo studies [7, 9]. Furthermore, more recent studies by 
Hubbard et al. and Fahmi et al., showed high potential for 
other CT modalities (Multidetector CT and Spectral CT) in 
the ability to evaluate myocardial blood supply [32, 33]. In 
addition to these studies we show that dynamic CT perfu-
sion imaging using Dual Source CT has the ability to dis-
tinguish ischemic from non-ischemic segments based on 
MBF measurements at several FFR grades. A study by 
van der Pals et al. showed that T1–weighted MRI yielded 
comparable results of the area at risk in a canine model 
of myocardial infarction and reperfusion, compared to CT 
perfusion [34]. In our study, we focused on ischemia and 
quantification of myocardial blood flow instead of myocar-
dial infarction. In our study, we did not perform MRI per-
fusion quantification because this porcine heart model was 
not MRI compatible.

This study has a number of disadvantages. Only 50% of 
the porcine heart experiments were completed. In five of 
the porcine hearts, the experiment ended prematurely. One 
of the hypotheses is that this was caused by development 
of oedema in the cardiac muscle. One of the factors that 
could prevent this is the anti-coagulating effect of ionic low 
osmolar iodine contrast. This was not specifically tested in 
this study, but we hypothesized this could be one of the fac-
tors affecting the state and rhythm of the heart, as in the 
first part of experiments, in which non-ionic iodine contrast 
was used, four of the six hearts stopped prematurely. For 
this reason, we changed to a different iodine contrast, which 
increased the success rate in the second part of the experi-
ments (three out of four). Another reason for the low suc-
cess rate could be the location of the stenosis. The Cx sup-
plies a large part of the left ventricle and perfusion defects 
could result in arrhythmias and development of oedema. It 
is important to study these influencing factors to increase 
the success rate of the ex-vivo experiments in future exper-
iments. The modified coronary integrity, contrast protocol 
and left ventricular pressure differ from the in-vivo situa-
tion. Furthermore, the baseline normal perfusion in the Cx 
territory already showed a decrease compared to the nor-
mal perfusion, as described above. Baseline FFR measure-
ments in non-stenotic coronary arteries were not available, 
but could have ranged between 0.85 and 1.00 based on the 
setup. Furthermore, a particular difference with the in-vivo 
studies is that in our Langendorff model, retrograde flow 
was applied instead of normal antegrade flow. The arterial 
input function used in normal perfusion analysis is derived 
from blood that flows from the heart to distant organs, 
whereas in the current arterial input function, all blood tra-
versed to the heart, in retrograde flow. So in in-vivo experi-
ments, the arterial input function is based on blood that 
does not flow through the heart, whereas in our experiments 
all blood and contrast included in the arterial input function 
flows through the heart. This could be an additional reason 
for offset in the  MBFCT parameters using standard CT per-
fusion quantification models in the Langendorff mode. This 
experiment was performed in only a small number of por-
cine hearts. However, the analysis was based on differences 
between myocardial segments, which increased the power 
of the study. The analysis of perfusion was performed using 
manual segmentation which could have induced variability. 
Automatic software has not been developed for use in ex-
vivo imaging, because landmarks are different compared 
to in-vivo imaging. Therefore, in ex-vivo experiments, 
manual delineation of automatic software cannot be used 
ex-vivo. Additionally, there is no material surrounding the 
heart. Therefore, the absolute HU values may differ from 
the in-vivo situation. However differentiation between nor-
mal and ischemic segments relies on relative measures of 
MBF based on tissue attenuation curves, and quantification 
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of MBF should not be influenced by a potential baseline 
shift in HU values. Further research should be performed 
to analyse whether it is possible to link the CT perfusion 
blood flow measurements to real-time absolute flow meas-
urements in the heart. Another issue to study is the reason 
for the underestimation of  MBFCT compared to absolute 
MBF according to microsphere measurements and how this 
can be solved.

Conclusion

These studies in an ex-vivo porcine Langendorff perfused 
heart model demonstrate that CT MPI can be used to deter-
mine regional differences in myocardial perfusion parame-
ters, based on severity of coronary stenosis. Significant dif-
ferences in MBF could be measured between non-ischemic 
and ischemic segments.

Funding This study has received funding by a personal grant of 
R. Vliegenthart from the Netherlands Organisation for Scientific 
Research, Grant No: 016.126.141.

Compliance with ethical standards 

Conflict of interest Two authors, SvT and MS, are employees of 
LifeTec Group BV, the company providing the porcine heart platform. 
However, these authors did not have influence on data analysis or re-
sult representation or interpretation. Other authors have nothing to 
disclose.

Open Access This article is distributed under the terms of the 
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted 
use, distribution, and reproduction in any medium, provided you give 
appropriate credit to the original author(s) and the source, provide a 
link to the Creative Commons license, and indicate if changes were 
made.

References

 1. de Jong MC, Genders TS, van Geuns RJ et al (2012) Diagnostic 
performance of stress myocardial perfusion imaging for coro-
nary artery disease: a systematic review and meta-analysis. Eur 
Radiol 22(9):1881–1895. doi:10.1007/s00330-012-2434-1

 2. Jiang B, Wang J, Lv X et  al (2014) Prognostic value of car-
diac computed tomography angiography in patients with sus-
pected coronary artery disease: a meta-analysis. Cardiology 
128(4):304–312. doi:10.1159/000360131

 3. Rossi A, Merkus D, Klotz E et al (2014) Stress myocardial per-
fusion: imaging with multidetector CT. Radiology 270(1):25–46. 
doi:10.1148/radiol.13112739

 4. Mc Ardle BA, Dowsley TF, deKemp RA et  al (2012) Does 
rubidium-82 PET have superior accuracy to SPECT perfu-
sion imaging for the diagnosis of obstructive coronary disease? 
A systematic review and meta-analysis. J Am Coll Cardiol 
60(18):1828–1837. doi:10.1016/j.jacc.2012.07.038

 5. Jaarsma C, Leiner T, Bekkers SC et  al (2012) Diagnostic per-
formance of noninvasive myocardial perfusion imaging using 
single-photon emission computed tomography, cardiac mag-
netic resonance, and positron emission tomography imaging 
for the detection of obstructive coronary artery disease: a meta-
analysis. J Am Coll Cardiol 59(19):1719–1728. doi:10.1016/j.
jacc.2011.12.040

 6. Knuuti J, Kajander S, Maki M et  al (2009) Quantification of 
myocardial blood flow will reform the detection of CAD. J Nucl 
Cardiol 16(4):497–506. doi:10.1007/s12350-009-9101-1

 7. Bamberg F, Hinkel R, Schwarz F et  al (2012) Accuracy of 
dynamic computed tomography adenosine stress myocar-
dial perfusion imaging in estimating myocardial blood flow 
at various degrees of coronary artery stenosis using a por-
cine animal model. Invest Radiol 47(1):71–77. doi:10.1097/
RLI.0b013e31823fd42b

 8. Schwarz F, Hinkel R, Baloch E et al (2013) Myocardial CT per-
fusion imaging in a large animal model: comparison of dynamic 
versus single-phase acquisitions. JACC Cardiovasc Imaging 
6(12):1229–1238. doi:10.1016/j.jcmg.2013.05.018

 9. Rossi A, Uitterdijk A, Dijkshoorn M et  al (2013) Quantifica-
tion of myocardial blood flow by adenosine-stress CT perfusion 
imaging in pigs during various degrees of stenosis correlates 
well with coronary artery blood flow and fractional flow reserve. 
Eur Heart J Cardiovasc Imaging 14(4):331–338. doi:10.1093/
ehjci/jes150

 10. Pelgrim GJ, Dorrius M, Xie X et al (2015) The dream of a one-
stop-shop: meta-analysis on myocardial perfusion CT. Eur J 
Radiol 84:2411–2420

 11. Takx RA, Blomberg BA, El Aidi H et  al (2015) Diagnos-
tic accuracy of stress myocardial perfusion imaging com-
pared to invasive coronary angiography with fractional flow 
reserve meta-analysis. Circ Cardiovasc Imaging. doi:10.1161/
CIRCIMAGING.114.002666

 12. Bamberg F, Becker A, Schwarz F et  al (2011) Detection of 
hemodynamically significant coronary artery stenosis: incre-
mental diagnostic value of dynamic CT-based myocardial 
perfusion imaging. Radiology 260(3):689–698. doi:10.1148/
radiol.11110638

 13. Rossi A, Dharampal A, Wragg A et  al (2014) Diagnostic per-
formance of hyperaemic myocardial blood flow index obtained 
by dynamic computed tomography: does it predict functionally 
significant coronary lesions? Eur Heart J Cardiovasc Imaging 
15(1):85–94. doi:10.1093/ehjci/jet133

 14. Bastarrika G, Ramos-Duran L, Rosenblum MA et  al (2010) 
Adenosine-stress dynamic myocardial CT perfusion imag-
ing: initial clinical experience. Invest Radiol 45(6):306–313. 
doi:10.1097/RLI.0b013e3181dfa2f2

 15. Huber AM, Leber V, Gramer BM et  al (2013) Myocardium: 
dynamic versus single-shot CT perfusion imaging. Radiology 
269(2):378–386. doi:10.1148/radiol.13121441

 16. Pelgrim GJ, Das M, Haberland U, Slump C, Handayani A, van 
Tuijl S, Stijnen M, Klotz E et al Development of an ex vivo, beat-
ing heart model for CT myocardial perfusion. BioMed Res Int

 17. de Hart J, de Weger A, van Tuijl S et al (2011) An ex vivo plat-
form to simulate cardiac physiology: a new dimension for ther-
apy development and assessment. Int J Artif Organs 34(6):495–
505. doi:10.5301/IJAO.2011.8456

 18. Bellemain-Appaix A, Beygui F, Lesty C et al (2012) Impact of 
anticoagulation on ionic and nonionic contrast media effect on 
thrombogenesis and fibrinolysis: the PEPCIT study. Cathet Car-
diovasc Interv 79(5):823–833. doi:10.1002/ccd.23080

 19. Cerqueira MD, Weissman NJ, Dilsizian V et al (2002) Standard-
ized myocardial segmentation and nomenclature for tomographic 
imaging of the heart. A statement for healthcare professionals 
from the Cardiac Imaging Committee of the Council on Clinical 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1007/s00330-012-2434-1
http://dx.doi.org/10.1159/000360131
http://dx.doi.org/10.1148/radiol.13112739
http://dx.doi.org/10.1016/j.jacc.2012.07.038
http://dx.doi.org/10.1016/j.jacc.2011.12.040
http://dx.doi.org/10.1016/j.jacc.2011.12.040
http://dx.doi.org/10.1007/s12350-009-9101-1
http://dx.doi.org/10.1097/RLI.0b013e31823fd42b
http://dx.doi.org/10.1097/RLI.0b013e31823fd42b
http://dx.doi.org/10.1016/j.jcmg.2013.05.018
http://dx.doi.org/10.1093/ehjci/jes150
http://dx.doi.org/10.1093/ehjci/jes150
http://dx.doi.org/10.1161/CIRCIMAGING.114.002666
http://dx.doi.org/10.1161/CIRCIMAGING.114.002666
http://dx.doi.org/10.1148/radiol.11110638
http://dx.doi.org/10.1148/radiol.11110638
http://dx.doi.org/10.1093/ehjci/jet133
http://dx.doi.org/10.1097/RLI.0b013e3181dfa2f2
http://dx.doi.org/10.1148/radiol.13121441
http://dx.doi.org/10.5301/IJAO.2011.8456
http://dx.doi.org/10.1002/ccd.23080


1830 Int J Cardiovasc Imaging (2017) 33:1821–1830

1 3

Cardiology of the American Heart Association. Circulation 
105(4):539–542

 20. Mahnken AH, Klotz E, Pietsch H et  al (2010) Quantitative 
whole heart stress perfusion CT imaging as noninvasive assess-
ment of hemodynamics in coronary artery stenosis: preliminary 
animal experience. Invest Radiol 45(6):298–305. doi:10.1097/
RLI.0b013e3181dfa3cf

 21. Van Oosterhout MF, Willigers HM, Reneman RS et  al (1995) 
Fluorescent microspheres to measure organ perfusion: validation 
of a simplified sample processing technique. Am J Physiol 269(2 
Pt 2):H725–H733

 22. Vinnakota KC, Bassingthwaighte JB (2004) Myocardial density 
and composition: a basis for calculating intracellular metabolite 
concentrations. Am J Physiol Heart Circ Physiol 286(5):H1742–
H1749. doi:10.1152/ajpheart.00478.2003

 23. Kajander S, Joutsiniemi E, Saraste M et al (2010) Cardiac posi-
tron emission tomography/computed tomography imaging accu-
rately detects anatomically and functionally significant coro-
nary artery disease. Circulation 122(6):603–613. doi:10.1161/
CIRCULATIONAHA.109.915009

 24. Sciagra R, Passeri A, Bucerius J et  al (2016) Clinical use of 
quantitative cardiac perfusion PET: rationale, modalities and 
possible indications. Position paper of the Cardiovascular 
Committee of the European Association of Nuclear Medicine 
(EANM). Eur J Nucl Med Mol Imaging 43(8):1530–1545. 
doi:10.1007/s00259-016-3317-5

 25. Anagnostopoulos C, Almonacid A, El Fakhri G et  al (2008) 
Quantitative relationship between coronary vasodilator reserve 
assessed by 82Rb PET imaging and coronary artery steno-
sis severity. Eur J Nucl Med Mol Imaging 35(9):1593–1601. 
doi:10.1007/s00259-008-0793-2

 26. Ishida M, Kitagawa K, Ichihara T et al (2016) Underestimation 
of myocardial blood flow by dynamic perfusion CT: explanations 
by two-compartment model analysis and limited temporal sam-
pling of dynamic CT. J Cardiovasc Comput Tomogr 10(3):207–
214. doi:10.1016/j.jcct.2016.01.008

 27. Schampaert S, van ‘t Veer M, Rutten MC et al (2013) Autoregu-
lation of coronary blood flow in the isolated beating pig heart. 
Artif Organs 37(8):724–730. doi:10.1111/aor.12065

 28. Langendorff O (1895) Untersuchungen am überlebenden Säu-
gertierherzen. Plügers Arch 61:291–332

 29. Skrzypiec-Spring M, Grotthus B, Szelag A et al (2007) Isolated 
heart perfusion according to Langendorff—still viable in the 
new millennium. J Pharmacol Toxicol Methods 55(2):113–126. 
doi:10.1016/j.vascn.2006.05.006

 30. Schuster A, Sinclair M, Zarinabad N et al (2015) A quantitative 
high resolution voxel-wise assessment of myocardial blood flow 
from contrast-enhanced first-pass magnetic resonance perfusion 
imaging: microsphere validation in a magnetic resonance com-
patible free beating explanted pig heart model. Eur Heart J Car-
diovasc Imaging 16(10):1082–1092. doi:10.1093/ehjci/jev023

 31. Schuster A, Grunwald I, Chiribiri A et  al (2010) An isolated 
perfused pig heart model for the development, validation 
and translation of novel cardiovascular magnetic resonance 
techniques. J Cardiovasc Magn Reson 12:53-429X-12-53. 
doi:10.1186/1532-429X-12-53

 32. Hubbard L, Ziemer B, Lipinski J et al (2016) Functional assess-
ment of coronary artery disease using whole-heart dynamic 
computed tomographic perfusion. Circ Cardiovasc Imaging 
9(12):e005325

 33. Fahmi R, Eck BL, Levi J et  al (2016) Quantitative myocardial 
perfusion imaging in a porcine ischemia model using a prototype 
spectral detector CT system. Phys Med Biol 61(6):2407–2431. 
doi:10.1088/0031-9155/61/6/2407

 34. van der Pals J, Hammer-Hansen S, Nielles-Vallespin S et  al 
(2015) Temporal and spatial characteristics of the area at risk 
investigated using computed tomography and T1-weighted 
magnetic resonance imaging. Eur Heart J Cardiovasc Imaging 
16(11):1232–1240. doi:10.1093/ehjci/jev072

http://dx.doi.org/10.1097/RLI.0b013e3181dfa3cf
http://dx.doi.org/10.1097/RLI.0b013e3181dfa3cf
http://dx.doi.org/10.1152/ajpheart.00478.2003
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.915009
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.915009
http://dx.doi.org/10.1007/s00259-016-3317-5
http://dx.doi.org/10.1007/s00259-008-0793-2
http://dx.doi.org/10.1016/j.jcct.2016.01.008
http://dx.doi.org/10.1111/aor.12065
http://dx.doi.org/10.1016/j.vascn.2006.05.006
http://dx.doi.org/10.1093/ehjci/jev023
http://dx.doi.org/10.1186/1532-429X-12-53
http://dx.doi.org/10.1088/0031-9155/61/6/2407
http://dx.doi.org/10.1093/ehjci/jev072

	Validation of myocardial perfusion quantification by dynamic CT in an ex-vivo porcine heart model
	Abstract 
	Introduction
	Materials and methods
	Heart acquisition and preparation
	Platform preparation
	CT protocol
	Image reconstruction and analysis
	Microsphere injection protocol
	Statistical analysis

	Results
	Experiment success rate and model stability
	Imaging results

	Discussion
	Conclusion
	References


