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Purpose: To assess the intermodel agreement of diﬀerent tracer kinetic models to determine myocardial blood
ﬂow (MBF) and their diagnostic accuracy in coronary artery disease (CAD) at dynamic CT myocardial perfusion
imaging (CTMPI).
Methods: Three porcine hearts perfused in Langendorﬀ mode and 15 patients with suspected CAD and perfusion
single photon emission CT (SPECT) were included. Dynamic CTMPI was performed in shuttle-mode (70 kVp,
350mAs/rot) on 3rd generation dual-source CT. In porcine hearts and patients, myocardial segments (AHA-16segment model) were drawn. Tissue attenuation curves were constructed per segment and arterial input functions were derived from the aorta. True MBF was calculated with input ﬂow and weight of the porcine hearts. In
patients, ischemic segments were based on SPECT results. MBF quantiﬁcation was performed using the VPCTsoftware, Upslope, Extended Toft (ET), Two-compartment (TC) and Fermi models.
Results: In porcine hearts, true MBF was 1.88 (interquartile range [IQR]:1.80-2.80)mL/g/min. Diagnostic accuracy was similar for all models: 0.96, 0.99, 0.92, 0.93 and 0.96 for VPCT software, Upslope method, Fermi, ET
and TC model. The VPCT software and Upslope method resulted in lower MBF (median 1.44 [1.29–1.58] and
1.39 [1.25–1.59]mL/g/min) compared to the Fermi, ET, and TC model (median values of 1.76 mL/g/min
[1.36–2.44], 2.55 mL/g/min [2.20–2.92], and 1.98 mL/g/min [1.60–2.60], respectively [p < 0.001]). In patients, all models showed a signiﬁcant diﬀerence in MBF between the 34 ischemic and 206 non-ischemic segments (p-value < 0.001).
Conclusion: Absolute MBF values are signiﬁcantly diﬀerent between the models and a uniform threshold could
not be determined; however, diagnostic accuracy for detecting ischemia is similar.

1. Introduction
Dynamic CT myocardial perfusion imaging (CTMPI) for the evaluation of coronary artery disease (CAD) has gained interest due to
technical improvements in both the hard- and software components of
CT instruments [1,2]. In comparison to other imaging modalities,
CTMPI oﬀers several advantages, the most important of which being the
ability to quantify myocardial blood ﬂow (MBF). By using CTMPI in
tandem with CT angiography (CTA), the morphological and functional
characteristics of CAD can be evaluated within a single imaging

modality [3–5].
Quantitative analysis of perfusion data reduces subjectivity and
increases the accuracy of dynamic CTMPI analysis [6,7]. MBF can be
quantiﬁed with CTMPI using a deconvolution method with a tracer
kinetic model. The multitude of tracer kinetic models that exist describe
slightly diﬀerent physiological processes with varying grades of complexity [8–10]. The tracer kinetic models speciﬁcally used for the
quantiﬁcation of MBF based on dynamic CTMPI data are directly
translated from MRI perfusion studies [9,11,12]. As expected, the wide
range of models that are used in MR and CT studies result in diﬀerent
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thresholds and MBF values [13–17].
Reliable diagnosis of CAD, global ischemia, or even subclinical
perfusion disturbances requires accurate MBF values in order to determine optimal thresholds [18,19]. To the best of our knowledge, there
is no study comparing the diﬀerent tracer kinetic models of dynamic CT
myocardial perfusion in a clinical setting. Further information regarding the accuracy of CT-derived quantitative myocardial perfusion
measures is needed to determine the optimal quantiﬁcation method for
clinical practice. In addition, we took advantage of an ex-vivo porcine
heart model to control ﬂow parameters and to compare calculated values to true MBF values.
Therefore, the aim of our study was to assess the intermodel
agreement of diﬀerent tracer kinetic models in determining myocardial
blood ﬂow (MBF) and evaluate their ability to determine hemodynamically signiﬁcant CAD at dynamic CTMPI.

voltage of 70 kV, tube current time product of 350mAs per rotation,
gantry rotation time of 250 ms, and a z-range of 10.2 cm. The shuttle
mode scans were performed during end-systole. For the dynamic CTMPI
scans, 15 mL of ioxaglate (Hexabrix, 320 mg/mL, Guerbet, Paris,
France) contrast agent was injected at a ﬂow rate of 3 mL/s. The scan
protocol was initiated 5 s prior to injection of contrast agent. Data were
collected over a 60 s time period during ﬁrst pass inﬂow and outﬂow of
iodine through the myocardium. The inﬂow tube of the perfusion
system was looped through the FOV of the perfusion scans, acting as a
substitute aorta. The arterial input function (AIF) was derived from the
substitute aorta and is essential for the quantiﬁcation of MBF.
2.4. CT-protocol patients
All patients underwent dynamic stress CTMPI, also using 3rd generation dual source CT. Imaging was performed in ECG-triggered
shuttle mode in which the table shifted between two z-positions of the
heart to allow coverage of the entire left ventricle. Imaging started
approximately 90 s after a bolus injection of Regadenoson (Lexiscan™,
Astellas Pharma US, Deerﬁeld, IL) at 0.4 mg per 5 mL, immediately
followed by a 10 cc saline ﬂush. Contrast administration began approximately 80 s after the Regadenoson bolus to allow the contrast to
reach the heart at the moment of maximal hyperemia. A total of
40–50 mL of 370 mgI/mL iopromide (Ultravist; Bayer Healthcare,
Wayne, NJ) at a ﬂow rate of 4–6 mL/s was administered. Data were
acquired for 30 s at 80–100 kV, a gantry rotation time of 280 ms, and a
tube current of 300 mAs per rotation. Images were acquired during the
end systolic phase. A total of 14–15 images were obtained for each
patient. Patients were asked to hold their breath for a minimum of 20 s,
but preferably thirty. They were instructed that when it became diﬃcult to hold their breath small shallow breathing was preferred.

2. Methods and materials
2.1. Porcine hearts
Three hearts were obtained from Dutch Landrace Hybrid pigs. All
protocols were in accordance with the EC regulation 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). The transport of the hearts from the slaughterhouse to the
CT system took approximately 3-4 h, during which physiological preservation of the hearts was optimal. The three porcine hearts were
perfused using an isolated ex-vivo heart model (Physioheart TM,
LifeTec Group, Eindhoven, The Netherlands) in Langendorﬀ mode [9].
Blood from a venous reservoir was pumped into the coronaries by
means of retrograde ﬂow through the aorta, using a centrifugal pump
(BioMedicus, Medtronic, Minneapolis, MN, USA). The aortic valve was
closed due to the retrograde pressure on the valve, ensuring that all
circulating blood passed through the coronary arteries. A more detailed
description regarding the model’s application in CT-based imaging has
been previously published [10].
The porcine hearts were weighed after the experiments. True MBF
was used as the reference MBF value in order to evaluate the accuracy
of the diﬀerent model’s calculated values. True MBF was obtained
based on the weight (g) of the heart and the input ﬂow (mL/min) using
the following equation:
MBFtrue= (Input Flow)/ (Heart weight)

2.5. Data analysis
Dynamic CT MPI data were reconstructed with a section thickness of
3 mm and a 2 mm increment with a medium smooth convolution kernel
(B30). CT perfusion images were analysed on a dedicated workstation
using commercially available software (Siemens, Syngo Volume
Perfusion™). After motion correction and 4D noise reduction, extraction
of the AIF and tissue attenuation curves (TAC) for each myocardial
segment was performed. The American Heart Association (AHA) 16segment model was used to classify the myocardial segments at basal,
mid-ventricular, and apical short axis-slices. The software calculated
MBF for every segment with extracted curves. Volume Perfusion CT
Myocardium software (VPCT) software calculates MBF in mL/100 mL/
min; this was recalculated to MBF in mL/g/min using a 1.05 conversion
factor to correspond with the MBF values from the other models. In
patients, ischemic segments were identiﬁed based on stress perfusion
SPECT images by a radiologist with 11 years of experience in cardiac
imaging (___). Very small SPECT defects (< 10%) and artifacts were
considered as normal segments at the discretion of the radiologist. In
case of high uncertainty segments were excluded from analysis.

(1)

2.2. Patients
The study protocol was approved by our IRB and all patients provided written informed consent. We recruited adult patients who presented to our institution with a clinical history and/or symptoms suspicious for CAD and who underwent rest-stress perfusion single photon
emission CT (SPECT) imaging. Subsequently, they underwent coronary
CTA and dynamic stress CTMPI within 30 days of SPECT. The ﬁrst 15
consecutive patients who met the inclusion criteria were prospectively
enrolled in the study.

2.6. Tracer kinetic models
The AIF and TAC from each of the 16 myocardial segments were
analyzed using an in-house Matlab script (Matlab R2014b, Mathworks
Inc., Natick, MA). MBF was calculated using the Upslope method, extended Toft (ET), two compartment (TC), and Fermi model (Table 1).
The AIF and TAC curves were corrected for baseline diﬀerences and
contrast build-up, and subsequently resampled to correct for non-uniform temporal sampling rates caused by heart rate variations. The ﬁtting procedure was performed with a nonlinear least-squares solver
using a trust-region-reﬂective algorithm. The ﬁtting procedure was
constrained to ensure that estimated ﬂow parameters were within
physiological range (Flow 0.1–10 mL/g/min).

2.3. CT-protocol porcine hearts
A third generation dual source CT system (SOMATOM Force,
Siemens Healthineers, Forchheim, Germany) was used to perform dynamic CTMPI on the porcine hearts. A baseline non-contrast scan was
performed at 70 kV with 20mAs to conﬁrm the ﬁeld of view (FOV). An
electrocardiography (ECG)-triggered shuttle mode was used for the
dynamic CTMPI acquisition with the following parameters: tube
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Table 1
Model functions.
Model

Fitting parameters

Model function

Restrains

Upslope

–

–

Fermi

MBF (F)
MTTc and k do not have a physiological meaning
Indirect MBF(Ktrans), extracellular extravascular space volume fraction (vp), intravascular
plasma volume fraction (ve)
MBF(F), extracellular extravascular space volume fraction (vp), extracellular extravascular
space exchange rate (PS), intravascular plasma volume fraction (ve)

Maximum Upslope (TAC )
Maximum Value (AIF )
F
IRF (t ) =
expk (t − MTTc + 1

Extended Toft
Two compartment

IRF (t ) = Ktrans * exp−
F

Ktrans (t )
ve

Only Upslope TAC

+ vp ∂ (t )

Ktrans instead of
ﬂow (F)

PS

IRF (t ) = F * exp− vp (t ) + PS * exp− ve (t )

IRF = impulse response function describing the model response.
Fig. 1. The left three panels represent
the measured TAC curves (blue) and
the ﬁtted curves (red) with the Fermi,
Extended Toft and Two compartment
model, respectively. The right panels
visualize the use of the Upslope model,
using the maximal value of the AIF
curve (upper panel) and the maximal
upslope of the TAC curve represented
by a two compartment model (lower
panel).

3. Results

The Upslope method uses a combination of quantitative and semiquantitative methods. The TAC curve is described by a two-compartment model in which the peak of the AIF and the maximal upslope of
the TAC determine MBF, see Fig. 1.For the ﬁtting procedure of the
Fermi function, only the upslope of the TAC was selected. The models
are described in more detail in previous publications [8–10,17,20,21].
The VPCT software, extensively validated for the detection of ischemia
[22–24], uses a Patlak method which is based on a combination of an
upslope method and a two compartment model, similar to our Upslope
method.

3.1. Porcine hearts
The true MBF ranged from 1.78 mL/g/min to 2.80 mL/g/min for the
three hearts. A total of 48 segments were analyzed. Median calculated
MBF values were 1.44 (interquartile range [IQR] 1.29–1.58) mL/g/min,
1.39 (1.25-1.59) mL/g/min, 1.76 (1.36–2.44) mL/g/min, 2.55
(2.20–2.92) mL/g/min and 1.98 (1.60–2.60) mL/g/min for the VPCT,
Upslope, Fermi, ET, and TC method, respectively. MBF values generated with the diﬀerent models were signiﬁcantly diﬀerent (all
p < 0.001) for all models accept the VPCT and upslope model. The
VPCT and Upslope method provided the lowest values and thereby
underestimated the true MBF, while the ET model consistently gave the
highest values and overestimated the true MBF. The TC model resulted
in the smallest diﬀerence (0.36 mL/g/min) compared to the true MBF
values and was therefore the most accurate. Fig. 1 provides examples of
the ﬁtting procedure for the diﬀerent models. Table 2 shows the median
values for MBF calculated with the diﬀerent models for the three porcine hearts.

2.7. Statistical analysis
Statistical analysis was performed using SPSS 23 (IBM Corp,
Armonk, NY, USA). Calculated MBF values were compared with true
MBF values in porcine hearts to evaluate which model provides the
most accurate MBF values. A Kruskal-Wallis test was used to test for
diﬀerences between the models in porcine hearts. Appropriate statistical analyses (t-test for normally distributed data, Whitney Mann-U test
for non-normal data distribution) were used to compare CT-based MBF
between diﬀerent models in both the porcine hearts and patients, as
well as between ischemic and non-ischemic segments in patients.
Pearson’s correlation coeﬃcient was used to determine the correlation
between the models. Bland-Altman plots were used to show agreement
between the diﬀerent models and associated mean biases were calculated. Receiver operating characteristic (ROC) curves were generated
using MBF as the continuous variable. The area under the ROC curve
(AUC) was calculated for each model and optimal MBF cut-oﬀ values
for the ROC curves.

3.2. Patients
The study included a total of 15 patients (median age, 69 years), 3
of whom were male. Of these patients, 8 were without ischemia and 7
patients had at least one ischemic segment according to SPECT. Fig. 2
shows an example of CTMPI studies of two patients, one with ischemia
and one without ischemia. None of the patients showed any sign of
myocardial infarction based on analysis of the rest and stress SPECT
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Table 2
MBF measurements in porcine hearts.

Table 3
PATIENT CHARACTERISTICS.

Demographic

Median (IQR) or n (%)

Demographic

Median (IQR) or n (%)

Age, years
Male, n
BMI, kg/m2
Caucasian Ethnicity, n
Hypertension, n
Hyperlipidaemia, n
Diabetes, n
Smoking, n

69 (60-77)
3 (20.0)
28.9 (25.3-32.8)
11 (73.3)
14 (93.3)
15 (100)
6 (40.0)
7 (46.7)

Age, years
Male, n
BMI, kg/m2
Caucasian Ethnicity, n
Hypertension, n
Hyperlipidaemia, n
Diabetes, n
Smoking, n

69 (60-77)
3 (20.0)
28.9 (25.3-32.8)
11 (73.3)
14 (93.3)
15 (100)
6 (40.0)
7 (46.7)

Values are given as n (%) or as median (IQR). ET; extended Toft, TC;
two compartment.

Values are given as n (%) or as median (IQR).
Table 4
Overall MBF values and intermodel agreement.

images. Median radiation dose of the CTMPI acquisition was 3.44 mSv
(IQR: 2.55–4.83). Patient characteristics are presented in Table 3. A
total of 240 myocardial segments in stress acquisitions were analyzed.
Of those 240 segments, 34 were considered ischemic based on SPECT
image analysis.
Overall MBF for all combined segments was 1.60 (1.22–2.03), 1.61
(1.27–2.00), 3.34 (2.42–4.86), 4.22 (2.74–5.34), and 3.95 (2.79–4.90)
mL/g/min for the VPCT software, Upslope method, Fermi, ET, and TC
model, respectively. Table 4 shows the intermodel comparison of the
overall MBF values between the ﬁve models. The VPCT software and
the Upslope method, both based on the same mathematical principle,
showed similar MBF values. These models also showed the lowest absolute MBF values. All other models showed signiﬁcantly diﬀerent MBF
estimations (all p < 0.001). In accordance with results from the porcine hearts, the ET model provided the highest MBF values. Variation
between segments was lowest using the VPCT and upslope methods and
highest with the ET model.
Models demonstrated moderate to excellent correlation, with
Pearson coeﬃcients ranging between 0.613-0.934. The strongest correlation was found between the Fermi and TC models (r = 0.934; pvalue < 0.001), whereas the weakest correlation was found between
VPCT software and the ET model (r = 0.613; p-value < 0.001).

Overall MBF
(Ml/g/min)

VPCT-Upslope
VPCT-Fermi
VPCT-ET
VPCT-TC
Upslope-Fermi
Upslope-ET
Upslope-TC
Fermi-ET
Fermi-TC
ET-TC

VPCT
1.60 (1.222.03)

Upslope
1.61 (1.272.00)

Fermi
3.34 (2.424.86)

ET
4.22 (2.745.34)

Absolute
Mean
Diﬀerence

P-value
Mean
Diﬀerence

Pearson’s
Correlation

P-value
Correlation

−0.021
−1.926
−2.392
−2.200
−1.905
−2.371
−2.180
−0.466
−0.275
0.191

0.263
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001

0.860
0.627
0.613
0.655
0.797
0.783
0.829
0.855
0.934
0.921

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001

TC
3.95
(2.794.90)

Values are given as n (%) or as median (IQR). ET; extended Toft, TC; two
compartment.

All models showed a signiﬁcant diﬀerence between MBF of ischemic
and non-ischemic segments (p-value < 0.001). Table 5 summarizes the
diagnostic performance of all 5 models. Diagnostic accuracy was 0.96,

Fig. 2. On the left the midventricular slice of a patient without ischemia, where the AIF (red) and the TAC (yellow) are presented. On the right, the midventricular
slice of a patient with conﬁrmed ischemia according to the SPECT acquisition in the mid-septal and mid-inferior segments. From this patient, the AIF curve is
represented (red) along with two TAC, one from the non-ischemic mid-lateral regions (yellow) and one from the ischemic region (green). The ischemic TAC is clearly
lower than the non-ischemic TAC.
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values between 1.0 and 1.4 mL/min/g [7,28–30]. In a simulation study
evaluating the eﬀects of temporal sampling, Ishida et al. reported an
underestimation of MBF by 23–41% using CT-measured values compared to true values [31]. Most clinical studies regarding dynamic
CTMPI and MBF quantiﬁcation use a Patlak model, with the VPCT
software most commonly used. Another reason for the underestimation
of CTMPI-based MBF values, aside from the limited temporal sampling
rate of CTMPI, is the nature of the Patlak-based methods (VPCT software/Upslope method), which calculate the transfer coeﬃcient (K1Patlak) equivalent instead of MBF [31].
Prior studies have examined diﬀerent dynamic cardiac CT models
for MBF estimation in an animal- or computation-simulation setting. In
a canine study, George et al. compared a two-compartment model and
two versions of an upslope method using microsphere-based MBF as the
reference standard. They concluded that all three models correlate well
with the reference MBF. Although the models demonstrated a strong
correlation, results did not suggest that they provide accurate quantitative estimates of MBF [21]. In a simulation study, Binschadler et al.
[32] demonstrated that the upslope model is a suboptimal method for
quantifying absolute MBF. In addition, the authors concluded that the
three quantitative models they tested, one of which was a two-compartment model, showed no MBF estimation bias despite a substantial
variance [32].
The Patlak-based methods (VPCT and Upslope) both showed the
lowest variability in overall and non-ischemic MBF values. This is likely
a direct consequence of the simplicity of the models and the relative
inability to detect small changes. The Fermi, ET, and TC models are
more complex, estimating ﬂow or a related parameter directly from the
model equation. Interestingly, the complexity of these models causes
more variability in measured MBF values, but also makes them more
sensitive to recognize subclinical changes or normal variations in MBF.
Further research should be performed to determine the eﬀect of stenosis
severity on AIF and TAC curves.
In the current study, the Upslope model is built using the same
methodology as the VPCT software. Thus, these two measurements
showed a high correlation (0.860) and a small diﬀerence in absolute
MBF values. The limited diﬀerence can likely be attributed to the use of
diﬀerent values for the parameter initialization and parameter limits
given in the ﬁtting procedure. Another reason for the diﬀerence between the two models is the way the data are sampled. Where the
Upslope, TC, ET and Fermi models use data that is uniformly resampled,
the VPCT software used a double sampled AIF and a single sampled
TAC.
Diﬀerences in absolute values caused by the use of a diﬀerent
models could have great impact on the thresholds chosen to determine
whether ischemia is present. Current studies focused on diagnostic
performance of quantitative CT perfusion uses thresholds that are
speciﬁc for their choice of model. However, as shown in this study,
optimal thresholds show great variation between models and may vary
between 1.05 mL/g/min and 2.97 mL/g/min. It is detrimental that in a
clinical situation it is clear which model has been used to calculate MBF
in order to select the appropriate threshold. Larger studies should be
done on the optimized thresholds for each model. For clinical purposes
a robust model with low variability could prove beneﬁcial in cases of
higher noise of artefact, while complex models might be beneﬁcial if
the goal is to detect subtle changes. Since the model is not dependent on
the acquisition, an optimal model can be chosen for a speciﬁc goal after
the acquisition is done.

Table 5
Myocardial Blood ﬂow values for ischemia detection.

Non-Ischemic
MBF
(n=206)
Ischemic MBF
(n=34)
p-value
AUC
DeLong
Optimal
threshold
(mL/g/min)

VPCT

Upslope

Fermi

ET

TC

1.68
(1.442.08)
0.83
(0.670.99)
< 0.001
0.956
–
1.05

1.71
(1.432.08)
0.83
(0.740.93)
< 0.001
0.990
0.149
1.09

3.62
(2.745.05)
1.54
(1.132.00)
< 0.001
0.922
0.342
2.16

4.63
(3.405.46)
1.81
(1.402.59)
< 0.001
0.931
0.460
2.97

4.24
(3.364.99)
1.72
(1.292.38)
< 0.001
0.963
0.761
2.55

Values are given as n (%) or as median (IQR).

Fig. 3. The ROC curves are depicted for the VPCT software, the upslope, Fermi,
Extended Toft (ET) and Two Compartment (TC) model.

0.99, 0.92, 0.93 and 0.96 for the VPCT software, Upslope method,
Fermi, ET, and TC model, respectively. The optimal threshold for detecting lesion-speciﬁc ischemia was determined for each model, and
represented in Table 4. Only the VPCT software and Upslope method
showed similar threshold values. ROC curves with corresponding AUCs
are provided for each model with SPECT as a reference standard in
Fig. 3.
4. Discussion
This study evaluated dynamic CTMPI-based MBF calculation using 5
tracer kinetic models. First, we used three porcine hearts with known
true MBF values to examine the accuracy of each model in quantifying
absolute MBF. Subsequently, we evaluated the agreement between
models in 15 patients, as well as the ability of each model to detect
myocardial ischemia. Results demonstrated that the diagnostic performance of quantitative MBF measurements is not aﬀected by the choice
of tracer kinetic analysis method when measuring stress MBF. However,
the absolute MBF values are signiﬁcantly diﬀerent between the models,
with the TC model providing the most accurate MBF values when
compared to the true MBF found in porcine hearts. Notably, a uniform
MBF threshold could not be determined; the MBF values calculated by
the diﬀerent models cannot be compared for diagnostic purposes.
Currently, the reference standard for quantitative measurements of
MBF is positron emission tomography (PET), reporting normal stress
MBF values ranging between 3 and 5 mL/min/g [25–27]. Dynamic
CTMPI has been found to underestimate MBF, with reported MBF

4.1. Limitations
Relative to the total number of segments included in the patient
study, a small portion was ischemic (14%). The small representation of
ischemic segments may impact the diagnostic accuracy results of the
diﬀerent models. It should be noted that ambiguous cases, those in
which SPECT imaging was not conclusive, were not included in this
179
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study. This was done to increase the reliability of the reference standard
and thereby increase the validity of our comparability study. However,
as a consequence, our results cannot be considered representative of
clinical diagnostic performance. Including ambiguous cases may decrease the diagnostic accuracy of these models. Since the aim of this
study was to assess intermodel agreement and not clinical diagnostic
accuracy, this is not considered a major limitation.

[15]

[16]

4.2. Conclusion
Absolute MBF values are signiﬁcantly diﬀerent between the ﬁve
kinetic models; however, the diagnostic accuracy is similar. MBF values
calculated by models need individual thresholds for diagnostic purposes.

[17]

[18]
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