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Coronary artery disease
Coronary artery disease (CAD) presents an enormous societal burden with respect 
to disease morbidity and mortality, personal hardship, and healthcare expense. In 
the Netherlands in 2020, the prevalence of CAD was estimated at 777,400 patients, 
with an increasing prevalence by age.1,2 Over 8,000 patients die from CAD annually, 
whereof acute myocardial infarction covers about 60 %  of deaths.1,3 Both national 
and international morbidity and mortality rates have declined in the past decades 
due to improved risk factor management and treatment possibilities.4 However, CAD 
remains one of the leading causes of death and disability worldwide.4 In the Nether-
lands, CAD tops the list of disorders with the highest disease burden (expressed in 
disability-adjusted life years; 271,300 in 2018).5 CAD also occurs in the top ten most 
expensive diseases. In 2017, CAD related cost were 2.3 billion euros, which is about 
2.6 %  of total national healthcare expenditure.6

Obstructive CAD develops when coronary arteries that supply the myocardium (i.e., 
heart muscle) become damaged or diseased (Figure 1). Usually, coronary arteries 
occlude via atherosclerotic plaque development containing cholesterol deposits and 

HEALTHY HEART CORONARY ARTERY DISEASE

Figure 1  Comparison between a healthy and coronary artery diseased heart. Regional 
myocardial ischemia can be the result of a flow limitation in a supplying coronary artery up-
stream, due to atherosclerotic plaque development.	 Adapted from Natpra - Freepik.com
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inflammatory cells.7 Depending on its severity and stage, the stenosis can cause an 
impaired blood flow. Succeeding shortage of oxygen and nutrients, further referred 
to as myocardial ischemia, reduces cardiac contraction and therefore cardiac out-
put. Ischemia can be temporarily present when the myocardium is being additionally 
challenged, e.g., in stress. In chronic, stable CAD, a stenosis develops gradually over 
decades. Characteristics of discomfort, such as chest pain and shortness of breath, 
regularly arise at a time there is already a significant flow limiting stenosis (or multi-
ple). If left untreated, stable CAD may progress into a life-threatening condition when 
a sudden rupture of plaque causes complete occlusion, resulting in myocardial in-
farction.8–10

The chronic nature of atherosclerotic plaque formation can be altered by risk fac-
tor modification, pharmacological therapy, and revascularization surgery (Figure 2). 
These monitoring and intervention efforts may result in disease stabilization or re-
gression.7 In disease management it is important to correctly indicate which patients 
suffer from CAD with ‘vulnerable’ plaque development, and thus benefit more from 
thorough testing in determining an optimal treatment strategy, that may finally re-
sult in invasive intervention. These revascularization interventions include percuta-
neous coronary intervention with or without stenting and coronary bypass surgery.11 
On the contrary, it is also important to identify those patients with a less severe dis-
ease stage and good prognosis, thereby avoiding unnecessary (invasive) testing and 
intervention. These patients, for example, benefit more from lifestyle adjustments 
possibly in combination with pharmacological therapies.7,12 In addition, a certain 
number of patients with symptoms eventually turn out to have no cardiac related 
problems and can be reassured and send home or get referred to another special-
ism. The high impact of treatment decision making on patient outcome is also re-
flected by outcomes of multiple large clinical trials.13–16 These trials show that patients 
with a non-ischemic stenosis have a low risk ( < 1 % ) at developing a major adverse 
cardiovascular event (MACE) at a composite endpoint (e.g., including nonfatal myo-
cardial infarction and cardiovascular death). Stenting such stenosis is undesired as it 
triples the risk at MACE.13–16 An ischemic stenosis, on the contrary, should be treated, 
as untreated the risk at MACE is about 5–10 % . Accordingly, adequate and timely di-
agnostics are essential in overall CAD management.

Figure 2  Schematic representation of treatment decision making process based on (im-
aging) diagnostics in patients with suspected or known ‘stable’ coronary artery disease 
(CAD).7
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Diagnostics
Several diagnostic workups are common in CAD management depending on the 
particular patient population (categorized into subgroups by risk stratification), and 
on local expertise and equipment available. International guidelines recommend us-
ing non-invasive imaging techniques prior to invasive coronary angiography to eval-
uate patients with suspected or established ‘stable’ CAD who have a low to interme-
diate pre-test likelihood*.7,17 In this particular patient population, both anatomical 
and functional imaging is recommended to further assess a patient’s cardiovascular 
risk profile. Coronary computed tomography angiography (CCTA) visualizes the anat-
omy of the coronary arteries to detect the presence and severity of a possible steno-
sis (or multiple).18 Myocardial perfusion imaging (MPI) is a functional imaging test uti-
lized to detect ischemia and confirm the diagnosis CAD. Especially the manifestation 
of ischemia is a key indicator for revascularization.

Conventional static myocardial perfusion imaging
Conventional static MPI is performed with single photon emitting computed to-
mography (SPECT) and positron emission tomography (PET).7 These nuclear imag-
ing methods aim to identify areas of the left ventricular myocardium with reduced 
perfusion by comparing a static perfusion scan in rest with a static perfusion scan 
in (bicycle or pharmacon) stress.19 During the procedure, a radioactive labeled con-
trast agent, called a radiotracer, is administered intravenously. Nowadays, common 
radiotracers in MPI are [99mTc]Tc-sestamibi or [99mTc]Tc-tetrofosmin in SPECT and 82Rb, 
[13N]NH3 or H2[15O]O in PET. Depending on the radiotracer used, a certain fraction 
of the entrained tracer is taken up by the myocardium. The radiotracer emits gam-
ma rays that can be detected by the SPECT or PET camera. Backtracking of the or-
igin of these detected photons forms the basis of perfusion image reconstruction. 
In SPECT this is performed using single photon detection and in PET using coinci-
dence photon detection, usually incorporated with time-of-flight measurement.20,21 
A region from which relatively less photons are detected can indicate a local perfu-
sion deficit as a result of a significant stenosis upstream. By performing both a scan 
in rest and stress, it is possible to differentiate between a reversible or irreversible 
perfusion deficit, implying ischemia or infarction, respectively.19 Figure 3 visualizes 
a basic overview of the conventional static nuclear MPI procedure as part of overall 
CAD diagnostics.

Conventional static MPI is fairly good in identifying obstructive CAD. In this, PET of-
fers a fundamentally better image resolution compared to SPECT, as reflected in a 
slightly higher diagnostic performance.22 Moreover, compared with SPECT, PET im-
aging provides lower radiation exposure to patients due to the physical properties 
of the used radiotracers. On the contrary, SPECT is considerably less expensive com-
pared to PET as it does not require a generator or cyclotron on site and is therefore 
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more widely accessible and utilized.23–25 Nevertheless, this relative way of perfusion 
assessment results in underdiagnosis of particular patient subgroups, including pa-
tients with microvascular dysfunction and balanced ischemia (where all epicardial ar-
teries are evenly affected or in main stem disease).25,26 In addition, conventional MPI 
comprises visual evaluation of perfusion images, which can contribute to dispersion 
in diagnostic performance between clinicians and centers.26,27

Innovation in myocardial perfusion imaging
The medical imaging domain is continuously evolving, from the introduction of novel 
(aspects in) imaging technology to improvements in acquisition, reconstruction, and 

Figure 3  Basic overview of the conventional static myocardial perfusion imaging (MPI) 
procedure as part of overall CAD diagnostics.
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analysis methods. Zoomed in on MPI, the field has been originally dominated by stat-
ic nuclear imaging. Yet, in recent decades, a shift towards dynamic imaging, hybrid 
imaging (for attenuation correction) and towards other imaging modalities is ongo-
ing.28,29 For example, magnetic resonance imaging (MRI) has become a common MPI 
method and possibilities with ultrasound (US) and computed tomography (CT) are 
being explored as well. Noteworthy is that current clinical implementation of these 
multimodal MPI procedures varies widely. For example, centers can choose between 
stress and rest, or stress-only imaging protocols, a one-day or two-day examination, 
etc. There are also various options for scanner hardware and associated MPI soft-
ware to choose from.19,30

Another widely supported innovation direction in the medical imaging domain con-
cerns the clinical need for quantitative imaging, thereby aiming to improve, objectify 
and standardize the analysis and interpretation of image data. Quantitative imaging 
is introduced into clinical practice through various forms of technical medical inno-
vation (e.g., using artificial intelligence) and such innovation is also ongoing in the 
field of MPI.26,27,31 For some time now, the use of semi-quantitative scores has proven 
to be a reasonably objective measure of cardiac perfusion and ischemia. For exam-
ple, summed scores of accumulated radiotracer activity in myocardial regions can 
be calculated for the rest and stress perfusion scans. The summed difference score 
is the difference between these two scores and represents a measure of ischemia. 
Although this form of image quantification is a start of a more objective, and stan-
dardized decision-making process, the measurement itself remains based on rela-
tive perfusion data. Hence, these semi-quantitative scores should be handled with 
caution and are clinically used as a supplement to visual judgment.19

One step further in quantitative MPI covers the assessment of absolute myocar-
dial perfusion measures. Contemporary studies (merely in PET) have reported on 
the added diagnostic and prognostic value of global and regional myocardial blood 
flow (MBF) and myocardial flow reserve (MFR) measurements.32 MBF is measured in 
mL/min per g of myocardium and MFR is defined as the ratio between peak stress 
and rest MBF. As a result, absolute blood flow quantification is considered a desirable 
and widely supported addition to current multimodal MPI diagnostics. In essence, 
assessment of MBF and MFR could not only strive for a more objective and standard-
ized evaluation of myocardial ischemia, but also improve diagnostics in patients with 
balanced ischemia and microvascular dysfunction.30

Quantitative multimodal myocardial perfusion imaging
Figure 4 illustrates the basic quantitative / absolute MPI procedure, which is a multi-
modality approach. This procedure differs from conventional MPI in terms of image 
data acquisition, reconstruction, and analysis. Conventional MPI detects the accu-
mulated tracer uptake in the myocardium for a certain time period after radiotracer 



6

administration (see Figure 3). For quantitative, multimodal MPI it is generally a pre-
requisite to record the kinetics of the injected (radiolabeled) contrast medium over 
time.* The dynamic scan will therefore start just before the contrast injection. With 
conventional MPI, the detected accumulated radiotracer uptake in the myocardium 
is reconstructed into static perfusion images. In quantitative MPI, nonetheless, a dy-

*  Quantitative MPI can be performed also without contrast injection, e.g., with arterial spin 
labeling in MRI.

Figure 4  Illustration of ongoing innovation in dynamic, quantitative, and multimodal myo-
cardial perfusion imaging (MPI) and the thesis focus. This thesis contributes to the embed-
ding of such innovations in clinical practice by focusing on the necessary validation and har-
monization of quantitative MPI endeavors. To be noted: innovative MPI with ultrasound is 
beyond the scope of this thesis and is therefore excluded here.
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namic perfusion image series is generated, whereby in the case of SPECT and PET, 
the detected photons over time are rebinned into consecutive time frames. Such dy-
namic image reconstruction requires an imaging system with a high count sensitiv-
ity to maintain a sufficient signal to noise ratio for further analysis. Hence, absolute 
MPI studies were primarily focused on PET initially. Due to recent advancements in 
SPECT detector technology, the possibility for absolute MPI is currently also explored 
for this modality, as well as for MRI, CT and US.33,34

The resulting dynamic image series allows for more extensive, quantitative perfusion 
analysis using tracer kinetic modeling (the term refers to all contrast media).35 Such 
models describe the relationship between tracer concentrations in arterial blood 
and in tissue (see bottom Figure 4). In general, the rate of tracer uptake from the 
arterial blood into the myocardial tissue (K1; in mL/g/min or in min–1), or vice versa 
the retention rate (k2; in mL/g/min or in min–1), can provide an estimation of absolute 
MBF. These tracer concentrations over time can be derived from the perfusion im-
age data by mapping the average, regional signal intensity in the left ventricular cav-
ity (arterial input) and in surrounding myocardium (tissue response). Corresponding 
arterial input function (AIF) and regional tissue response functions (TRFs) are usually 
presented in time activity curves or time intensity curves. These functions serve as 
input for the tracer kinetic models. Subsequently, blood flow parameters can be es-
timated from image-derived curve fitting to the model. Tracer kinetic modeling is a 
long standing, separate field of research, in which model performance and mod-
el validation are closely related to our understanding of how the respective radio-
tracers behave in the human body.35,36 Many different, and more realistic model ap-
proaches have been described in literature, of which nowadays the simpler models 
find their way into clinical practice.

Clinical challenges
The described innovative, multimodal, and quantitative MPI approaches offer dis-
tinctive advantages over current clinical practice, with the ultimate aim to provide for 
universal cut-off values for revascularization surgery. Nonetheless such innovations 
also come with certain challenges that need to be addressed to ensure safe and ad-
equate embedding. The following challenges are currently key areas of focus within 
the international cardiac imaging community:7,26,37,38

1.	 (On-site) validation of quantitative, multimodal MPI, and
2.	 Harmonization among MPI procedures and standardization between centers.

Current (semi-)quantitative, multimodal MPI comprises a good utility for identifica-
tion of obstructive CAD. From a recent meta-analysis on diagnostic performance of 
MPI, a pooled sensitivity of 0.83 (95 %  confidence interval: 0.81–0.85) for SPECT, 0.85 
(0.80–0.90) for PET, and 0.86 (0.84–0.88) for MRI was observed. Their respected over-
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all specificities were 0.77 (0.74–0.80), 0.86 (0.81–0.89), and 0.83 (0.81–0.86).39 In line 
with expectations, overall CAD diagnostic performance could be further increased by 
continuing validation efforts. Yet it is equally important to study harmonization and 
standardization possibilities between clinical centers as well in order to minimize ob-
served dispersions in diagnostic performance.

Before a clinician can fully rely on a quantitative (or even absolute) perfusion value, 
its measurement technique ought to be reliable and robust. Due to the wide varia-
tion in scanners and software technologies that is part of quantitative, multimodal 
MPI, it is challenging to realize on-site validation as well as harmonization between 
clinical centers by patient studies alone.

In patient studies, a direct comparison with the gold standard (i.e., 15O-water PET) is 
sought for to gain insight in the validity of the particular quantitative perfusion mea-
surement. However, this type of study is required for initial technology validation, but 
impractical and expensive for other study purposes. Other purposes are for instance 
studies aimed at procedural optimization, on-site validation, quality assurance, har-
monization between workflows, and moreover studies aimed at improving our gen-
eral understanding on innovative matters. Modeling and simulation are powerful 
ways to study imaging systems and imaging procedures when direct interaction with 
the actual system is limited or undesirable.40 Obviously it is undesirable and unethi-
cal to study imaging systems through experimenting on human beings, especially if 
there are other options available. For example, computer simulations are beneficial 
in gaining insight into aspects regarding image processing and analysis but are lim-
ited in studying the total MPI procedure. From that perspective, animal and phan-
tom studies are well suited as these can mimic the entire procedure in a simplified, 
yet controlled environment. Hence, animal models and phantom models potentially 
contribute to this unmet clinical need for ground truth measurement of quantitative, 
multimodal MPI. In this, animal models possess a high degree of anatomical and 
(patho)physiological representativeness with respect to the patient. Nonetheless an-
imal models are disadvantageous in terms of the required specialized research fa-
cilities and expertise and also associated with high costs and ethical objections. As a 
result, animal models are predominantly used for preclinical imaging technology val-
idation and not for on-site validation and harmonization between centers. The use of 
functional imaging phantoms seems therefore well suited for this specific study ob-
jective. Even though such phantom model will never fully mimic a patient’s relevant 
anatomy and (patho-)physiology, it may facilitate ground truth flow measurement of 
quantitative MPI in a controlled and representative environment.

Only when we obtain a better understanding and control of the similarities and dis-
similarities in the broad spectrum of quantitative MPI, the implementation of univer-
sal cut-off values for treatment decision making becomes within reach.
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Thesis outline
The aim of this thesis is to improve current CAD diagnostics by contributing to the re-
quired on-site validation and standardization of quantitative, multimodal MPI. In this, 
we are studying quantitative MPI using a physical model of myocardial perfusion, i.e., 
a hardware flow phantom. The empirical and iterative development process of this 
myocardial perfusion phantom forms the core of this thesis.

The following research objectives have been formulated that will be addressed in 
this thesis:

1.	 Investigating the usability of contemporary flow phantom models for ground 
truth perfusion measurement in quantitative, multimodal MPI, 

2.	 Defining multimodal phantom requirements for studying dynamic and quantita-
tive MPI procedures, and 

3.	 Developing a dedicated, multimodality myocardial perfusion phantom. 

Chapter 2 presents a systematic review on perfusion/flow phantoms for evaluation 
of diverse, quantitative perfusion imaging applications. This overview provides in-
sight into already established phantom setups: from design specifications and man-
ufacturing methods, to testing and validation efforts. Subsequent findings have 
been translated into design requirements and specifications for the myocardial per-
fusion phantom to be developed.

The development of a proof-of-concept myocardial perfusion phantom is showcased 
in Chapter 3. The phantom is designed for quantitative evaluation of both MPI hard-
ware and software. Due to this preliminary work, we have gained essential expertise 
in the various development stages, including phantom design, realization, and initial 
testing and evaluation in dynamic SPECT-MPI.

Chapter 4 incorporates the design and realization of a next iteration in phantom de-
velopment. In this chapter, we introduce a novel concept on mimicking of radiotracer 
uptake and retention in the simulated myocardial tissue, which is tested in dynamic 
SPECT-MPI. Herewith we envision to simulate contrast media specific kinetics at a 
detailed level, bringing ground truth assessment of absolute, multimodal MPI hard-
ware and software one step closer.

Phantom evaluation as presented in Chapter 5 builds on the previously developed 
phantom prototype. On the one hand, this evaluation focuses on the verification of 
phantom design choices, including the justification for the novel concept in mimick-
ing tracer kinetics. On the other hand, the evaluation comprises preliminary verifi-
cation of initial phantom results obtained in dynamic SPECT-MPI. The tracer kinetic 
phantom data are compared to patient data and to a general tracer kinetic model.
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In Chapter 6 we explore multimodal feasibility of the developed myocardial perfu-
sion phantom. Modest adjustments have been made to the overall phantom setup 
to facilitate initial phantom measurements with dynamic MPI in CT, PET, and MRI. In 
this way we obtain a better understanding of multimodal phantom requirements.

In Chapter 7 we conclude with future steps in the iterative phantom development 
process and describe phantom application possibilities. Moreover, recommenda-
tions are given regarding the necessary follow-up steps for multimodal phantom 
verification and validation. Finally, we argue our vision for next generation perfusion 
phantoms and illustrate the need to build phantom references to pave the road for 
validation and harmonization of quantitative MPI in the comprehensive clinical prac-
tice.
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Abstract
Background  We aimed at reviewing design and realization of perfusion/flow phan-
toms for validating quantitative perfusion imaging (PI) applications to encourage 
best practices.

Methods  A systematic search was performed on the Scopus database for “per-
fusion”, “flow”, and “phantom”, limited to articles written in English published be-
tween January 1999 and December 2018. Information on phantom design, used PI 
and phantom applications was extracted.

Results  Of 463 retrieved articles, 397 were rejected after abstract screening and 32 
after full-text reading. The 37 accepted articles resulted to address PI simulation in 
brain (n = 11), myocardial (n = 8), liver (n = 2), tumour (n = 1), finger (n = 1), and non-spe-
cific tissue (n = 14), with diverse modalities: ultrasound (n = 11), computed tomogra-
phy (n = 11), magnetic resonance imaging (n = 17), and positron emission tomography 
(n = 2). Three phantom designs were described: basic (n = 6), aligned capillary (n = 22), 
and tissue-filled (n = 12). Microvasculature and tissue perfusion were combined in 
one compartment (n = 23) or in two separated compartments (n = 17). With the only 
exception of one study, inter-compartmental fluid exchange could not be controlled. 
Nine studies compared phantom results with human or animal perfusion data. Only 
one commercially available perfusion phantom was identified.

Conclusion  We provided insights into contemporary phantom approaches to PI, 
which can be used for ground truth evaluation of quantitative PI applications. Inves-
tigators are recommended to verify and validate whether assumptions underlying PI 
phantom measurements are justified for their intended phantom application.

Quantitative imaging: systematic 
review of perfusion/flow phantoms
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Background
Perfusion imaging (PI) is a powerful method for assessing and monitoring tissue 
vascular status, and alterations therein. Hence, PI is generally aimed at distinguish-
ing healthy from ischemic and infarcted tissue. PI applications cover various imaging 
modalities such as ultrasound (US), computed tomography (CT), positron emission 
tomography (PET), and magnetic resonance imaging (MRI) that can record perfusion 
parameters in a wide spread of tissues including brain, liver, and myocardial tissue. A 
distinction can be made between contrast-enhanced and non-contrast PI approach-
es. The pertinent signal intensity in tissue can be recorded as a function of time or 
after a time interval, called dynamic or static PI respectively. This systematic review 
focuses on dynamic PI, as this approach supports quantitative analysis and absolute 
quantification of perfusion. In dynamic PI, it is possible to construct mathematical 
models that fit image data with model parameters in order to explain observed re-
sponse functions in tissue. For example, time-intensity curves highlight the distri-
bution of contrast material into the tissue over time. Model outcomes include com-
putation of absolute blood flow (BF), blood volume (BV), and/or mean transit times 
(MTTs).1 Multiple BF models of tissue perfusion exist, including model-based decon-
volution, model independent singular value decomposition and maximum upslope 
models.2 These BF models are increasingly used in addition to standard semiquan-
titative analysis, as these show potential towards better accuracy and standardized 
assessment of perfusion measures.3–5

Without a validated standard, interpretation of quantitative results can be challeng-
ing. Validation and/or calibration of absolute perfusion measures is required to 
ensure unrestricted and safe adoption in clinical routine.6–8 Validation approaches 
include in vivo, ex vivo, in vitro, and in silico studies and combinations hereof. Each ap-
proach has advantages and disadvantages, and may differ in level of representative-
ness, controllability of variables, and practical applicability. Our focus was on in vitro 
studies, i.e., physical phantom studies. Phantom studies contribute to ground truth 
evaluation of single aspects on quantitative PI applications in a simplified, though 
controlled, environment. Phantom studies also allow for the comparison and optimi-
zation of imaging protocols and analysis methods. We hereby observe a shift from 
the use of static to dynamic perfusion phantoms (i.e., with a flow circuit), as the latter 
enables in depth evaluation of time-dependent variables.

In general, it can be challenging to translate findings from phantom studies into 
clinical practice. For example, it can be questionable whether certain choices and 
simplifications in perfusion phantom measurements are justified. Intra- and interdis-
ciplinary knowledge sharing on phantom designs, experimental findings, and clinical 
implications can be used to substantiate this. Hence, this systematic review presents 
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an overview on contemporary perfusion phantoms for evaluation of quantitative PI 
applications to encourage best quantitative practices.

Methods
A systematic search on general and contemporary perfusion phantoms was con-
ducted using Scopus database online, which includes MEDLINE and EMBASE. The 
query included “perfusion”, “flow”, and “phantom”. Inclusion was limited to English 
written articles and reviews published between January 1999 and December 2018.

Two investigators independently screened titles and abstracts (M.E.K. and M.J.W.G.), 
whereby in vivo, ex vivo and in silico related perfusion studies were excluded, even as 
non-related in vitro studies (e.g., static and large-vessel phantoms). We hereby note 
that thermal and optical PI techniques fall outside the scope of this review. The same 
investigators performed full-text screening and analysis. Study inclusion required 
incorporation of microvascular flow mimicking and we excluded single-vessel phan-
tom studies. In addition, references were scrutinized on cross-references. Observer 
differences were resolved by discussion.

The perfusion phantom overview concerns three main aspects regarding ground 
truth evaluation of quantitative PI, as schematically depicted in Figure 1. Details on 
perfusion phantom design, studied PI application and overall phantom application 

Figure 1  System representation of ground truth validation process of quantitative per-
fusion imaging (PI). The diverse input variables that might affect quantitative perfusion 
outcomes are indicated by point 1–4. Q serves as an example input variable and refers to 
set phantom flow in mL/min. Blood flow (BF; in mL/min) is an example of possible output 
perfusion measures, and r is the residual between both. The latter can be translated into a 
measure of accuracy. The figure summarizes the central topics of this review paper.
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were extracted from each paper. We categorized phantom design features in terms 
of simulated anatomy, physiology, and pathology. Anatomy simulation lists informa-
tion on the studied tissue type and surrounding tissue. Physiology simulation con-
tains the used phantom configuration, the corresponding tissue compartment mod-
el, the applied flow profile and range, and the simulation of motion (e.g., breathing 
and cardiac motion). Pathology simulation indicates the presence of perfusion deficit 
simulation.

Extracted parameters for the studied PI application encounters the used contrast 
protocol, imaging system, and BF model. We also listed the studied input and output 
variables for the diverse phantom applications. Input variables were categorized as 
follows:

1.	 phantom / patient characteristics,
2.	 contrast protocol 
3.	 imaging method, and 
4.	 quantification method (see Figure 1)

Output variables included the following perfusion measures:

	� arterial input function (AIF)
	� tissue response function (TRF)
	� MTT
	� BV
	� BF

Figure 2  Flow chart of study selection process.
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If mentioned by the authors, we listed published results on phantom performance, 
which describes the relation between the “ground truth” flow measure and the ob-
tained quantitative PI outcomes. Finally, we documented in which studies phantom 
data are compared with human, animal, or mathematical data, and which phantoms 
are commercially available.

Results
Phantom data assessment
We have retrieved 463 articles using Scopus, of which 397 were rejected after ab-
stract screening and another 32 after full-text reading. The search resulted in 37 ac-
cepted articles including cross-references (Figure 2). Table 1 summarizes our main 
findings on phantom designs and applications in diverse PI domains.

Phantom design
Anatomically, the phantoms simulate perfusion of various tissue types, including or-
gan specific tissue (brain, n = 11 articles; myocardial, n = 8; liver, n = 2; tumour, n = 1; 
finger, n = 1) and non-specific tissue (n = 14). Several phantoms additionally mim-
ic surrounding tissue (Table 1). All phantoms comprise a simplified “physiologic” 
model of perfusion that can be translated into a single tissue compartment model. 
Figure 3 schematically illustrates the basics of six distinguished phantom configu-
rations, which specify three phantom types: basic (n = 6 articles); aligned capillaries 
(n = 22); and tissue filled (n = 12). The observed phantom designs simulate the micro-
vasculature and tissue as one combined volume (n = 23 articles) or two physically 
separated volumes (n = 17) (e.g., via a semipermeable membrane). Note that papers 
can present more than one phantom, and phantom designs may slightly differ from 
the schematic representations.

Basic phantoms generally consist of a single volume with ingoing and outgoing 
tubes, disregarding physiological simulation of microcirculation and tissue. In cap-
illary phantoms, the microvasculature is simulated as a volume filled with unidirec-
tional aligned hollow fibres or straws (e.g., a dialysis cartridge). The amount, diam-
eter, and permeability of these fibres vary. Tissue-filled phantoms incorporate tissue 
mimicking material inside the volume, which subsequently leads to formation of a 
“microvasculature”. Used materials include sponge20,21,33,44, (micro)beads19,31,40, gel18,39, 
and printed microchannels.32,43  Remarkably, in most studies, fluid exchange between 
simulated microvasculature and tissue (i.e., transfer rates K1 and k2) was uncontrol-
lable, except for the study performed by Ohno et al.33  In this study, the compliance 
of the capacitor space could be altered to control k2 to some extent. Low et al.43  and 
Ebrahim et al.32  have mathematically simulated the desired phantom flow configu-
ration, before printing the microchannels. However, these models did not simulate 
fluid exchange between microvasculature and tissue. Continuous flow was applied in 
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Table 1  Perfusion phantom design and realization in validating quantitative perfusion im-
aging (PI).

Publication Phantom design PI application Phantom application
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General phantoms

Andersen, 2000 
[9] 1A c 0.015–0.57 

cm/s MRI FAIR 1, 4  

Brauweiler, 2012 
[10] 1A p 180 

mL/min
 CT  2, 3  

Li, 2002 
[11] 1A,2B c 500–1300 

mL/min US  MBD 1     m

Peladeau-Pigeon, 2013 
[12] 1B c,p 210–450 

mL/min
 MRI, CT  MBD (Fick, 

modif. Toft) 1–3    m 

Driscoll, 2011 
[13] 1B p 150–270 

mL/min
 CT  1–3   

Kim, 2016 
[14] 2B c 0–2 

mL/min
 US 1,3 

Anderson, 2011 
[15] 2B c 50 

mL/min MRI  1 

Meyer-Wiethe, 2005 
[16] 2B c 4.5–36 

mL/min US  Replenishment 1,3,4 

Veltmann, 2002 
[17] 2B c 10–45 

mL/min US  Replenishment 1,2  

Kim, 2004 
[18] 2B,3A p 0.09, 1.6–1.8 

cm/s MRI 1-TCM 1,3 

Lee, 2016 
[19] 3A c 0–3 

mL/min MRI DWI 1 

Chai, 2002 
[20] 3A c 50–300 

mL/min MRI ASL 1  h

Potdevin, 2004 
[21] 3A p 2.6–10.4 

mL/min
 US  Replenishment 1,2   m

Lucidarme, 2003 
[22] 2B p 100–400 

mL/min US  Replenishment 1  a

c continuous, p pulsatile  FAIR Flow-sensitive alternating inversion recovery, MBD Model-based deconvolution, 1-TCM Single tissue 
compartment model, DWI diffusion weighted imaging, ASL Arterial spin labeling, SVD Singular value decomposition, MSM Maximum slope 
model  1 = phantom / patient characteristics, 2 = contrast protocol, 3 = imaging method, 4 = flow quantification method  AIF Arterial input function, 
TRF Tissue Response function, MTT Mean transit time, BV Blood volume, BF Blood flow  h human, a animal, m mathematical.	 (cont.)
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Table 1 (Continued)  Perfusion phantom design and realization in validating quantitative 
perfusion imaging (PI).

Publication Phantom design PI application Phantom application
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Brain phantoms

Boese, 2013
[23] 1A p 800 

mL/min
     CT  MBD 1–3        

Hashimoto, 2018
[24] 2A c 60 

mL/min
     CT  SVD 2,3        m  

Suzuki, 2017
[25] 2A c 60 

mL/min
     CT  SVD 3      m  

Noguchi, 2007
[26] 2A c 0–2.16 

cm/s
      MRI   ASL 1          

Wang, 2010
[27] 2B c 45–180 

mL/min
      MRI   ASL 1         m,h  

Cangür, 2004
[28] 2B c 1.8–21.6 

mL/min
     US  1           

Klotz, 1999
[29] 2B c 50–140 

mL/min
     CT  MSM 1        h  

Claasse, 2001
[30] 2B p 180–540 

mL/min
      US  MBD 1,2         a  

Mathys, 2012
[31] 3A c 200–600 

mL/min
     CT  SVD, MSM 1–4        

Ebrahimi, 2010
[32] 3A c 012–1.2 

mL/min
      MRI  SVD 1      m  

Ohno, 2017
[33] 3B p 240–480 

mL/min
      MRI   ASL 1          

c continuous, p pulsatile  FAIR Flow-sensitive alternating inversion recovery, MBD Model-based deconvolution, 1-TCM Single tissue 
compartment model, DWI diffusion weighted imaging, ASL Arterial spin labeling, SVD Singular value decomposition, MSM Maximum slope 
model  1 = phantom / patient characteristics, 2 = contrast protocol, 3 = imaging method, 4 = flow quantification method  AIF Arterial input function, 
TRF Tissue Response function, MTT Mean transit time, BV Blood volume, BF Blood flow  h human, a animal, m mathematical.	 (cont.)
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Table 1 (Continued)  Perfusion phantom design and realization in validating quantitative 
perfusion imaging (PI).

Publication Phantom design PI application Phantom application

1st author, year 
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Myocardial phantoms

Zarinabad, 2014
[34] 2A c 1–5 

mL/min/g
      MRI  MBD (Fermi) 1,4        m,h  

Chiribiri 2013
[8] 2A c 1–10 

mL/min/g
      MRI  1,2          

Zarinabad, 2012
[35] 2A c 1–5 

mL/min/g
      MRI  MBD (Fermi), 

SVD 1,3,4        m,h  

O’Doherty, 2017
[36] 2A c 3 

mL/min/g
      PET, 

MRI
 1-TCM 2,3         

O’Doherty, 2017
[37] 2A c 1–5 

mL/min/g
      PET, 

MRI
 1-TCM 1,3         

Otton, 2013
[38] 2A c 2–4 

mL/min/g
      MR, CT  1,3          

Ressner, 2006
[39] 3A c 5–10 

cm/s
     US    1,2         h  

Ziemer, 2015
[40] 3A p 0.96–2.49 

mL/min/g
     CT  MSM 1,4         

Finger phantom

Sakano, 2015 
[41] 2B c 6–30 

mL/min
      US  1,3           

Liver phantoms

Gauthier, 2011 
[42] 2B c 130 

mL/min
      US  3         h  

Low, 2018 
[43] 3A - 20.5 

mL/min
      CT  1          

Tumour phantom

Cho, 2012 
[44] 3A,3B p -       MRI   DWI 1,4         

c continuous, p pulsatile  FAIR Flow-sensitive alternating inversion recovery, MBD Model-based deconvolution, 1-TCM Single tissue 
compartment model, DWI diffusion weighted imaging, ASL Arterial spin labeling, SVD Singular value decomposition, MSM Maximum slope 
model  1 = phantom / patient characteristics, 2 = contrast protocol, 3 = imaging method, 4 = flow quantification method  AIF Arterial input function, 
TRF Tissue Response function, MTT Mean transit time, BV Blood volume, BF Blood flow  h human, a animal, m mathematical.
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26 phantom studies and pulsatile/peristaltic flow in 11 phantom studies. Flow settings 
vary per study and target organ and are presented in three different units (Table 1). 
In case of brain and myocardial perfusion phantom models, flow experiments do not 
always cover the whole physiological range (Figure 4). In addition, we observed two 
phantom studies that incorporated clutter motion (i.e., small periodic motion), but 
no studies included breathing or cardiac motion (Table 1). Regional perfusion deficit 
simulation (pathology) was only executed by Boese et al.23  Several studies mimicked 
some sort of global perfusion deficits by reducing the total flow or perfusion rate.

Studied PI applications
Table 1 depicts 17 studies focusing on MRI, 11 on ultrasound imaging, 11 on CT, and 
2 on PET; 4 studies presented a direct comparison of MRI with PET or CT. A con-
trast-enhanced protocol was used in 28 studies. The used BF model for perfusion 
quantification varies per imaging modality and contrast protocol.

Figure 3  Schematic representation of the 1-tissue compartment model and six derived 
phantom configurations. A distinction is made between three phantom types: basic, aligned 
capillaries and tissue filled (black spheres). Moreover, the microvasculature and tissue can 
be simulated as one combined (A) or two separated volumes (B) (e.g. via a porous mem-
brane). Ca and Ct represent the concentration of the compound of interest (is being imaged) 
in the simulated blood plasma and tissue, respectively. K1 and k2 comprise the two transfer 
coefficients. Formation of in- and outgoing flow (arrow) and compartment flow varies per 
individual phantom design.
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Phantom applications
Variables related to phantom/patient characteristics (n = 32), contrast protocol (n = 12), 
imaging method (n = 16), and quantification method (n = 7) were studied in relation 
to various quantitative perfusion measures (Table 1). Most papers describe the in-
fluence of flow settings on quantitative perfusion outcomes, followed by variation 
in contrast volume and acquisition protocol. Several studies compare outcomes to 
human/patient data (n = 7), animal data (n = 2), and mathematical simulations (n = 9) 
(Table 1). In addition, we have identified one commercially available perfusion phan-
tom that is described by Driscoll et al.13  and applied by Peladeau-Pigeon et al.12  The 
relation between the “ground truth” flow measure and quantitative PI outcomes is 
summarised in Table 2. Remarkable is the diversity in used measures of perfusion 
and comparison (e.g., absolute errors, correlations statistics).

Discussion
A systematic search of the literature (from 1999 to 2018) was performed on contem-
porary perfusion phantoms. Detailed information was provided on three main as-
pects for ground truth evaluation of quantitative PI applications. We have elaborated 
on thirty-seven phantom designs, whereby focusing on anatomy, physiology, and 
pathology simulation. In addition, we have listed the imaging system, contrast pro-
tocol and BF model for the studied PI applications. Finally, we have documented for 
each phantom application the investigated input and output variables, data compar-
ison efforts and commercial availability. Hence, this review presents as main result 

Figure 4  Overview of used flow ranges and units in assessed perfusion phantom studies. 
(A) shows the studied flow ranges in mL/min, (B) in mL/min/g, and (C) in cm/s. The grey 
blocks represent physiological flow ranges for brain and myocardial tissue.45,46 



27

2

Quantitative imaging: systematic review of perfusion/flow phantoms

Table 2  Indication of phantom performance for specified flow range.

1st author, year [reference] Perfusion measure(s) Phantom performance Q

Direct comparison with Q
Klotz, 1999 [29] BF r = 0.990 50–140 mL/min
Wang, 2010 [27] BF r > 0.834 45–180 mL/min
Mathys, 2012 [31] BF r = 0.995 200–600 mL/min
Peladeau-Pigeon, 2013 [12] BF r = 0.992 210–450 mL/min
Ohno, 2017 [33] BF r > 0.90 240–480 mL/min
Ziemer, 2015 [40] BF r = 0.98 0.96–2.49 mL/g/min
O’Doherty, 2017 [36] BF r = 0.99 1–5 mL/g/min
Andersen, 2000 [9] BF ε≈ 0.015 ± 0.03 cm/s

ε≈ 0.001 ± 0.03 cm/s
0.015 ± 0.002 cm/s
0.570 ± 0.003 cm/s

Ressner, 2006 [39] BF ε > 40 %
ε < 20 %

1–3 cm/s
5–7 cm/s

Zarinabad, 2012 [35] BF ε = 0.007 ± 0.002 mL/g/min
ε = 0.23  ± 0.26  ml/g/min

0.5 mL/g/min
5 mL/g/min

Zarinabad, 2014 [34] BF ε < 0.03 mL/g/min
ε < 0.05 ml/g/min

2.5–5 mL/g/min
1–2.5 mL/g/min

Suzuki, 2017 [25] BF ε≈ 0.0589 ± 0.0108 mL/g/min 0.1684 mL/g/min
Hashimoto, 2018 [24] BF ε≈ 0.0446 ± 0.0130 mL/g/min 0.1684 mL/g/min
Ebrahimi, 2019 [32] BF BF/Q > 0.6 0.12–1.2 mL/min
Indirect comparison with Q
Veltmann, 2002 [17] rkin r > 0.984, χ2< 0.019 10–45 mL/min
Chai, 2002 [20] ∆SI ratio r = 0.995 50–300 mL/min
Cangür, 2004 [28] TTP

PSI
AUC
PG
FWHM

r = –0.964
r = 0.683
r = 0.668
r = 0.907
r = –0.63

1.8–21.6 mL/min

Myer-Wiethe, 2005 [36] ∆SI r = 0.99 4.5–36 mL/min
Lee, 2016 [38] fp r > 0.838 1–3 mL/min
O’Doherty, 2017 [37] SI r = 0.99

r = 0.99
1–5 mL/g/min (MRI)
1.2–5.1 mL/g/min (MRI vs PET)

Kim, 2016 [14] AUC Efficiency < 50 % 0.1–2.0 mL/min
Claassen, 2001 [30] AUC, PSI, MTT No clear correlation with Q
Phantom performance is predominantly listed in correlation statistics (r,χ2) and absolute errors (ε). A distinction is made between 
direct and indirect comparison with a ‘ground truth’ flow measure (Q), which consists of theoretical or experimental values.
BF Blood flow, TTP Time to peak, MTT Mean transit time, AUC Area under the curve, (P)SI Peak signal intensity, fp Perfusion fraction, 
rkin Replenishment kinetics, FWHM Full width at half maximum, PG Positive gradient.
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an overview on perfusion phantom approaches and emphasises on the choices and 
simplifications in phantom design and realization.

Although physical perfusion phantom models involve various tissues and applies to 
diverse PI applications, we observe similarities in overall phantom designs and con-
figurations. These configurations can be categorised in three types (6/40 basic, 22/40 
capillary, and 12/40 tissue filled) and two representations of microvasculature and tis-
sue (23/40 as one combined and 17/40 as two separated compartments). Differences 
in these six phantom configurations are reflected in the resulting flow dynamics, e.g., 
how a contrast material is distributed and how long it stays inside the simulated or-
gan tissue. None of the assessed phantoms could control inter-compartmental fluid 
exchange. Ideally, one would be able to fine-tune the exact flow dynamics in per-
fusion phantom models to achieve patient realistic (and contrast material specific) 
response function simulation. The required level of representativeness depends on 
the intended analyses, being closely related to the input parameters and boundary 
conditions of the BF model used. Since all assessed phantoms are limited to single 
tissue compartment models, phantom validation of higher order BF models should 
be performed with caution. It is generally important to verify whether assumptions 
in these phantom models are justified for the intended phantom application. This 
also concerns decisions regarding motion, pulsatile flow, and perfusion deficit sim-
ulation. For example, in myocardial perfusion phantom models it could be relevant 
to incorporate respiratory and cardiac motion for certain analyses47,48, while for other 
tissues motion could be disregarded more easily.

The need for standardisation and validation of (quantitative) PI applications is widely 
recognised.49,50  Perfusion phantom studies contribute to this endeavour since these 
studies enable direct comparison between imaging systems and protocols. We only 
observed one commercial perfusion phantom in our search result. We foresee an 
increased clinical impact when phantoms become validated and widely available. In 
our opinion, phantom validation efforts are sometimes reported insufficiently and 
ambiguously. The concept of phantom validation can be difficult since it is applica-
tion-dependent and prone to subjectivity. The latter becomes apparent in the use 
of the words “considered”, “reasonable”, and “acceptable” (by whom, to whom, ac-
cording to which criteria?).51  We therefore suggest using Sargent’s theory on mod-
el verification and validation.52  Van Meurs’ interpretation of this theory, including 
a practical checklist, is also applicable to physical, biomedical models (in adjusted 
form).51  For example, according to the checklist, investigators should verify whether 
the applied flow range covers the full physiological range. Our results (see Figure 4) 
show great diversity in measured flow ranges. In addition, investigators are advised 
to consult physiologists and clinicians along the process and compare findings with 
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clinical data. In nine studies, phantom data are indeed compared with human or an-
imal perfusion data (see Table 1).

When analysing phantom results, we noticed that investigators use different mea-
sures to evaluate quantitative PI outcomes, which hampers comparability (see 
Table 2). Some investigators express the relation between quantitative PI outcomes 
and the “ground truth” flow in correlation statistics or plots and others in absolute 
errors. Due to the diversity in outcome measures, applied flow ranges, and number 
of measurements carried out, interpretation of these results should be handled with 
caution. A uniform, unambiguous measure to evaluate both phantom validity and 
the accuracy and precision of quantitative PI outcomes is desired.

This study has limitations. Our search was limited to articles published between 1999 
and 2018, yet we are aware that the development and use of perfusion phantoms 
date further back. Contemporary studies build on these designs, which makes it rel-
evant to elaborate on perfusion phantom experiments in advanced PI systems. Fur-
thermore, we have decided to leave out detailed information on phantom design 
and fabrication (e.g., material choices and dimensions), since this information can be 
found in the appropriate references. Besides, phantom manufacturing is highly sub-
ject to change. We expect to see more three-dimensional printed perfusion phan-
toms in the coming years.43,53,54 

In conclusion, this systematic review provides insights into contemporary perfusion 
phantom approaches, which can be used for ground truth evaluation of quantitative 
PI applications. It is desirable to indicate an unambiguous measure for phantom va-
lidity. Furthermore, investigators in the field are recommended to perform phantom 
measurements in the full physiological flow range, consult physiologists and clini-
cians along the process, and compare findings with clinical data. In this way, one can 
verify and validate whether made choices and simplifications in perfusion phantom 
models are justified for the intended application, hence increasing clinical impact.
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Abstract
Introduction  We aim to facilitate phantom based (ground truth) evaluation of dy-
namic, quantitative myocardial perfusion imaging (MPI) applications. Current MPI 
phantoms are static representations or lack clinical hardware and software evalua-
tion capabilities.

Materials and Methods   This proof-of-concept study demonstrates the design, re-
alization and testing of a dedicated cardiac flow phantom. The 3D printed phantom 
mimics flow through a left ventricular cavity (LVC) and three myocardial segments. 
In the accompanying flow circuit, tap water is pumped through the LVC and there-
after partially directed to the segments using adjustable resistances. Regulation 
hereof mimics perfusion deficit, whereby flow sensors serve as reference standard. 
Seven phantom measurements were performed while varying injected activity of 
[99mTc]Tc-tetrofosmin (330–550 MBq), cardiac output (1.5–3.0 L/min) and myocardial 
segmental flows (50–150 mL/min). Image data from dynamic single photon emission 
computed tomography (SPECT) was analyzed with clinical software.

Results  Derived time activity curves were reproducible, showing logical trends re-
garding selected input variables. A promising correlation was found between soft-
ware computed myocardial flows and its reference (ρ = –0.98; p = 0.003).

Conclusion   This proof-of-concept paper demonstrates we have successfully mea-
sured first-pass LV flow and myocardial perfusion in SPECT-MPI using a novel, dedi-
cated, myocardial perfusion phantom.

Development of a dedicated 
3D printed myocardial 
perfusion phantom: proof-of-
concept in dynamic SPECT
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Introduction

Absolute quantification in dynamic rest and stress myocardial perfusion imaging 
(MPI) is becoming more routine in the assessment of myocardial ischemia and the 
diagnosis of coronary artery disease.1–3 Patients suffering from balanced ischemia, 
complicated previous multiple coronary interventions and microvascular dysfunc-
tion may especially benefit from measurement of myocardial blood flow (MBF) and 
flow reserve (MFR).4,5 This is in addition to visual evaluation or semi-quantitative ap-
proaches. Apart from a higher diagnostic accuracy in these particular patient groups, 
absolute MPI might also facilitate standardised assessment, with the aim of imple-
menting universal cut-off values of flow estimates, e.g., in revascularisation deci-
sion-making.6

In previous decades, many studies have focused on quantitative MPI with positron 
emission tomography (PET).5–7 Currently, quantitative MPI expands to other imag-
ing domains, including computed tomography (CT)8,9, magnetic resonance imaging 
(MRI)10, single photon emission CT (SPECT)11–13 and ultrasound (US).14 Validation of 
MBF and MFR quantification, and underlying variety in blood flow models15, is im-
portant in order to achieve adequate, safe and widespread clinical implementation 
and interpretation. Moreover, if one indicates and appreciates the possibilities of 
specific hardware and software, one might learn how to deal with current limitations. 
Perfusion phantom studies can contribute to this unmet need for robust quality as-
sessment due to the controlled setup and use of flow sensors as reference standard.

Our aim is to contribute to the evaluation of multimodal dynamic MPI applications 
using perfusion phantom models. Based on a previous literature search16, current 
available myocardial perfusion phantoms are predominantly static representations 
(no flow component) or lack evaluation capabilities regarding clinical software.16–18  
This proof-of-concept paper describes the design and realization of a dedicated 3D 
printed myocardial perfusion phantom and initial performance testing in dynamic 
SPECT-MPI.

Materials
The myocardial perfusion phantom
The myocardial perfusion phantom has the shape and size of a normal to hyper-
trophic male LV at end-diastolic phase. The phantom consists of a modular station-
ary setup, including a LV base unit and three identical add-on myocardial segments 
(Figure 1). All components are designed for 3D printing (Objet260 Connex3, Strata-
sys, Israel) enabling rapid prototyping. The base unit contains a connector unit and 
a LV cavity. To prevent printing of enclosed volumes, the parts are printed separately 
and assembled afterwards. As can be seen in Figure 1C, the main tube enters the 
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overall cavity at the right-hand side and opens just before the apex (left-hand side) to 
direct the in- and outgoing flow. The LV cavity is a cylinder that is spherically shaped 
at the apex. The outgoing fluid within the connector unit flows into the aorta and 
branches into three myocardial segments (Figure 1B,D).

Figure 1  (Schematic) representation of the 3D printed myocardial perfusion phantom. (A) 
The modular phantom design including left ventricular base unit and three add-on myo-
cardial segments. These segments can consist of different inlays. In this example, a second 
compartment is simulated using three perforated tubes. (C) a longitudinal section of the 
phantom in which dotted lines 1 and 2 visualise the cross-sections as depicted in respective-
ly (B) and (D). (E) The overall cardiac phantom, including connectors and tubing, inserted 
into a thorax phantom.
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The three myocardial segments correspond to the three main coronary territories, 
i.e., regions supplied by the left anterior descending coronary artery (LAD), right coro-
nary artery (RCA) and the left circumflex coronary artery (LCX). Simulation of the apex 
was disregarded to facilitate comparability. The myocardial segment inlay can alter 
per measurement due to its modular add-on design (see Phantom Measurements). 
The phantom fits in an anthropomorphic thorax phantom (QRM GmbH, Moehren-
dorf, Germany) to obtain adequate X-ray attenuation profiles. Figure 1E shows the 
3D printed myocardial perfusion phantom including connectors and tubing.

The flow circuit
The measurement setup generates first-pass flow through the LVC and downstream 
myocardial segments (Figure 2). The thorax phantom, containing the cardiac perfu-
sion phantom, covers the scanner’s field of view. Tap water is pumped from a reser-
voir towards the LVC. Before the water enters the LVC, a radiotracer bolus can be ad-
ministered to the stream using a clinical contrast media injector. After the injection, 
the radiotracer bolus flows through the LVC and is increasingly mixed and diluted. 
The outgoing tube represents the aorta and branches into three parallel-connected 
coronary arteries. These arteries split further into nine coronary branches of simi-
lar length that connect the three surrounding myocardial segments. Each segment 
ends in three coronary veins that merge into one. The diluted radiotracer concentra-
tion, passing through the aorta and three myocardial segments, is collected in two 
separate reservoirs. Simulation of radiotracer recirculation falls outside the scope of 
this study. Two sizes of plastic and silicone tubing are used (∅inner= 10 and 5 mm) to 
differentiate between the aorta and coronary arteries/veins.

Flow sensors measure the flow through the left ventricle (UF08B, ultrasonic flowme-
ter, Cynergy 3, UK) and in each myocardial segment (FCH-m-POM-LC, low flow tur-

Figure 2  Flow circuit diagram of measurement set-up. The phantom simulates first-pass 
left ventricular flow and myocardial perfusion. The cardiac phantom is inserted into a tho-
rax phantom, comprising the scanner’s field of view. The myocardium (MYO) consists of 
three segments surrounding the left ventricular cavity (LVC). The components between A 
and B concern one myocardial segment circuit. In total there are three such circuits con-
nected in parallel. Water flows from top left to bottom left and right.
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bine flowmeter, B.I.O-TECH, Germany). Four adjustable resistances are placed in the 
flow circuit to set the flow ratio between aorta and individual myocardial segments. 
In this way, it is also possible to simulate global and regional perfusion deficits. An in-
house built, digital control system monitors the various flows and controls an immer-
sion pump (Comet immersion pump, OCEAN, Germany) using flow-feedback from 
the ultrasonic flow sensor. A pressure sensor (40PC series, Honeywell Inc., Freeport, 
Illinois) keeps the pump operating in the same pressure range.

Methods
In dynamic SPECT-MPI, the distribution of an injected radiotracer bolus is recorded 
over time and displayed in so-called time activity curves (TACs), including the arteri-
al input function (AIF) and tissue response functions (TRFs). Blood flow models use 
this information to estimate tissue perfusion levels. At this stage of phantom devel-
opment and evaluation, we explored the effect of varying cardiac output (CO; L/min), 
myocardial flow rate (Qmyo; mL/min), and injected activity (Ainj; MBq) on the resulting 
AIF, TRF, and computed MBF.

Phantom measurements
Seven flow measurements were executed in two measurement sessions. Pump flow 
(i.e., CO) was set at 1.5 and 3.0 L/min and the planned activity administration between 
350 and 550 MBq to evaluate their effect on AIF measurement. Reproducibility of the 
AIF curve was measured by fivefold repetition (CO = 1.5 L/min, Ainj≈350 MBq). These 
five measurements were also used to evaluate TRF simulation in the three myocar-
dial segments, including reproducibility measurements. This resulted in 15 TRFs in 
total. Each myocardial segment contained a different inlay to investigate which one 
was most suitable for the measurement of tissue perfusion. The three myocardial 
segments comprised:

	� a basic one-compartment with no inlay (basic 1C),
	� a one-compartment with sponge inlay (sponge 1C) and
	� a two-compartment created by three perforated tubes (tubes 2C) (see Figure 1A).

In the measurements, average flow measured in the myocardial segments (Qmyo) 
served as reference standard and was varied between 50 and 150 mL/min.

Myocardial perfusion imaging
All data were acquired in list mode using a cadmium-zinc-telluride SPECT system 
(D-SPECT, Spectrum Dynamics, Caesarea, Israel). The standard clinical protocol con-
sisted of 6 min dynamic scanning, starting just before injection of a radiotracer bolus. 
Two millilitres of 330–550 MBq [99mTc]Tc-tetrofosmin solution was injected at 1 mL/s, 
followed by a 20 mL saline flush. Typically, data was re-binned into 32 frames consist-
ing of 21 frames of 3 s; 4 frames of respectively 9, 15, 21 and 27 s; and 7 frames of 30 s. 
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An OSEM technique was used for reconstruction of dynamic imaging acquisitions, 
with 4 iterations and 32 subsets.19

Data-analysis
Resulting dynamic image datasets were analysed with clinical software (Corridor4DM 
software, INVIA Medical Imaging Solutions, United States). In this software, myocar-
dial surfaces were algorithmically estimated from summed myocardial images19, in-
dicating the region of interest (ROI) for TRF measurement. The AIF was derived from 
a manually selected ROI in the LVC using a default size box placed at the centre of 
the LVC (see Figure 3). The software displayed the AIF, TRFs and computed MBF for 
different anatomical regions. We selected the display of the three main coronary re-
gions to match the visualised data with the myocardial segments of the phantom.

The blood flow model applied in the clinical MBF analysis software was a net reten-
tion model proposed by Leppo et al.20  and Yoshida et al.21  The following modified 

Figure 3  Time lapse of radiotracer distribution in the myocardial perfusion phantom visu-
alized by clinical analysis software. The white contours indicate the myocardial tissue region 
of interest (ROI) and the green box the arterial ROI. The visualized coronary territories cor-
respond to different myocardial tissue inlays in the phantom.  SA = short axis, HLA = hori-
zontal long axis, VLA = vertical long axis.
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equation was used to calculate the retention rate (R) of tracer in the myocardium in 
millilitres/gram/minute at time t. This myocardial uptake can be expressed as the 
product of the MBF (mL/g/min) and the extraction fraction (E):

In this, Ca(t) and P(t) correspond to the average arterial and tissue tracer concentra-
tion over time, the AIF and TRF respectively. Integration limit t1 denotes the end of 
the blood pool phase (typically at 1.5 min), whereas t2 and t3 denote integration limits 
of the average tissue activity (typically from 1.5 to 2.5 min). In our measurements, t2 
and t3 were set to frames 15 and 20 (around 40‒60 s), due to the absence of tracer 
trapping and recirculation in the perfusion phantom model. Several corrections were 
applied to the data to compute absolute flow. Firstly, the acquired myocardial counts 
were corrected for partial volume losses using a recovery coefficient for the myocar-
dium (PV). Partial volume effects also occurred in the measurement of blood-pool ac-
tivity, whereby subsequent decrease in AIF was compensated by a cross-calibration 
factor (CF). Finally, theoretically computed spill over fractions, Sm and Sb, correct the 
spill over from the blood pool activity to the myocardium, and vice versa.15,16,22 

TACs of all phantom measurements were exported to Matlab (2016a; The MathWorks 
Inc, Natick, Mass) for further data analysis, visualisation and comparison with a pa-
tient example.23  Reproducibility of phantom-based TAC measurement was evaluated 
by comparing the obtained area under the curve (AUC). The mean AUC and standard 
deviation were calculated for all 5 AIFs and 9 (3 × 3) TRFs. In this, the injected radio-
tracer activity was first normalised to 350 MBq. The relation between Qmyo and com-
puted MBF was described with Pearson correlation statistics.

Results
Dynamic perfusion images
Figure 3 shows a typical perfusion image time lapse of the radiotracer distribution in 
the myocardial perfusion phantom along the short, horizontal, and vertical long axes. 
At t = 15 s, passing of the diluted radiotracer bolus is captured in the LVC. Subse-
quently, a part of the radiotracer solution flows into the myocardial segments, which 
is shown at t = 30 s and t = 130 s. The matching dynamic perfusion imaging video can 
be found in the Supplement.

Time activity curve analysis
Resulting TACs of the AIF and TRF are displayed for varying settings (Figure 4). As 
can be seen, injection of larger radiotracer bolus activity corresponds to higher ob-
served peak activity. Moreover, at an increased CO (i.e., set pump flow), the AIF exhib-
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Figure 4  A–E Time activity curves obtained using the myocardial perfusion phantom. Ar-
terial input functions (AIFs) were acquired in the left ventricle at varying injected activity of 
[99mTc]Tc-tetrofosmin (Ainj) and cardiac output (CO). Resulting tissue response curves (TRCs) 
in the three myocardial segments were executed at varying myocardial flow rates (Qmyo) 
and tissue inlays (1 or 2 compartments). Each line colour denotes a single flow measure-
ment (n = 7).  LAD = left anterior descending coronary artery, RCA = right coronary artery, 
LCX = left circumflex coronary artery.
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Table 1  Reproducibility of phantom based time activity curve (TAC) measurements. The 
mean and standard deviation (SD) were calculated for the areas under the curve (AUCs) of 
both the arterial input function (AIF) and tissue response functions (TRFs) for n measure-
ments. The TRCs correspond with the three coronary regions that have a varying tissue in-
lay (1 or 2 compartments).

AUC (MBq mL–1 s)
Normalized TACs Mean (SD) n
Normalized AIF 3.77 (0.33) 5
Normalized TRF
	 basic 1C (LAD) 1.34 (0.12) 3
	 sponge 1C (LCX) 2.40 (0.08) 3
	 tubes 2C (RCA) 2.33 (0.11) 3
LAD = left anterior descending coronary artery, LCX = left circumflex coronary 
artery, and RCA = right coronary artery.

Figure 5  Correlation plot of reference flow (Qmyo) and computed myocardial blood flow 
(MBF) for three different phantom tissue inlays (1 or 2 compartment).  ρ= Pearson correla-
tion coefficient, LAD = left anterior descending coronary artery, RCA = right coronary artery, 
LCX = left circumflex coronary artery.
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its a shorter retention time. Repeated measurements show good AIF reproducibility 
(Figure 4B and Table 1). Measured TRFs generally show a higher peak activity for the 
basic 1C configuration, though the retention time of the radiotracer is longer for the 
sponge 1C and tubes 2C (Figure 4C). An increased Qmyo generally results in higher 
measured peak activity and shorter retention time. TRF measurements demonstrate 
good reproducibility as well (Figure 4E and Table 1). Figure 5 shows the correlation 
between measured and computed flow in the three myocardial segments, whereby 
each segment corresponds to a different tissue inlay. Pearson correlation coefficient 
ρ is largest for measurements with the sponge 1C and tubes 2C (ρ = –0.98).

Patient data comparison
Figures 6 and 7 match phantom data with patient data. The phantom-based AIF 
closely resembles the shape of the AIF in a patient (Figure 6A). The phantom based 
TRF is comparable to that of a patient, though it has a substantially shorter retention 
time. Figure 7 shows an example of a MBF analysis in a patient and a phantom, both 
indicating a perfusion deficit in the LAD region.

Figure 6 A,B  Time activity curves comparing normal patient data with phantom data. The 
patient example is adapted from 23.  AIF = arterial input function, TRC = tissue response 
curve.
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Discussion
To our knowledge, this paper presents the first myocardial perfusion phantom de-
scribed in literature, dedicated to quantitative evaluation of clinical SPECT-MPI hard-
ware and software. We have successfully measured first-pass LV flow and myocardial 
perfusion in SPECT-MPI. In addition, we have performed initial reproducibility mea-
surements and initial sensitivity analyses on TAC measurement and MBF computa-
tion for the following parameters: CO, Qmyo and Ainj.

Phantom design, realization, and testing
The phantom resembles the anatomy and (patho-) physiology of LV flow and myo-
cardial perfusion in many respects. Nonetheless, several assumptions and simplifica-
tions have been applied in its design and realization. First, we focused on measuring 
first-pass myocardial perfusion; hence, tracer recirculation and uptake in surround-
ing tissue were disregarded. Second, we designed a stationary perfusion phantom 
constructed of rigid plastic, which does not model cardiac contraction, nor has a 
physiological flow profile. Third, we also excluded simulation of the apex. Last, the 
current inlays of the myocardial segments only mimic tissue perfusion as a semi-con-
trollable two-compartment representation (i.e., no tracer trapping).

We have carried out multiple measurements to investigate how accurately and re-
producibly the phantom resembles myocardial perfusion, given the simplifications 
that were made. Accordingly, the acquired phantom TAC curves are like those in pa-
tients in multiple ways, e.g., the shape of the curves and their activity range. Aside 
from these promising results, we also noticed some dissimilarities. For example, we 

Figure 7  Myocardial blood flow (MBF) bull’s eye plot comparison between example pa-
tient and phantom data. Both plots indicate a perfusion deficit in the coronary territory 
supplied by the left anterior descending coronary artery. The patient example is adapted 
from 23. In the phantom, apex simulation was disregarded.  AIF = arterial input function, 
TRC = tissue response curve.
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observe an additional peak in the patient-based AIF around t = 45 s (Figure 6A). This 
peak can be explained by (unwanted) spill over activity from the myocardium to the 
blood pool. By enlarging and narrowing the arterial ROI (green box in Figure 3), it be-
comes possible to create and control similar spill over effects in our phantom setup. 
Secondly, we observed shorter retention times for the phantom TRFs compared to 
those obtained in patients (Figure 6B). The missing tracer trapping, and recirculation 
can explain this effect.

In the phantom TAC analysis, the obtained TRFs showed a higher peak activity and 
shorter retention time at increasing Qmyo, which agrees with our expectations and 
enables the opportunity to measure local and global perfusion deficits. In addition, 
the phantom comprised of three different myocardial segment inlays to enable in-
vestigation of which one is most suitable for measuring tissue perfusion. The basic 
1C inlay yielded the shortest retention time and showed an uneven distribution of 
tracer within the compartment. The other two inlays, i.e. the sponge 1C and tubes 2C, 
presented more favourable tracer dynamic behaviour, though distribution of trac-
er within the segment can be further optimised (see Figure 4). We expected that a 
two-compartment inlay ensures an even longer retention time, but due to the low 
number of perforated tubes, this effect became insignificant. The underlying cause 
of the observed uneven tracer distribution seems to be jet formation at the three 
entrance points of each myocardial segment. This might be an oversimplification in 
mimicking the physiological precapillary network. Its effect is most present in the ab-
sence of simulated tissue or capillaries.

Figure 5 visualises the possibility of comparing set Qmyo in the phantom setup with 
computed BF derived from clinical hardware and software. The observed high, linear 
correlation is physiologically incorrect (at this stage of phantom development) and is 
comprised of a relatively small dataset. Nevertheless, in this proof-of-concept stage, 
these measurements confirm what is being simulated and give us a glimpse of fu-
ture phantom potential. In addition, Figure 7 exemplifies the possibility to simulate 
perfusion deficits. Underlying causes of the severe perfusion deficit mimicked in the 
LAD region are the use of a basic 1C tissue inlay (shortest retention time of tracer) 
and a low Qmyo of 50 mL/min. These settings resulted in a computed MBF of around 
50 mL/100 g/min in the LAD region (see Figure 5).

The obtained results are comparable to the performance of other perfusion phan-
toms. Li et al.24  compared tissue perfusion with a dialysis cartridge to a basic spheri-
cal-shaped volume using US imaging. Kim et al.25  performed a similar analysis in MRI 
by comparing a dialysis cartridge with a gel bead–filled perfusion phantom. Both 
studies showed an even distribution of contrast agent with a prolonged retention 
time using the numerous permeable fibres of the dialysis cartridge. Such dialysis 
cartridges are therefore frequently used to model tissue perfusion.16  Nonetheless, 
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the tracer uptake in myocardial tissue is uncontrolled in these phantom models and 
simulation of organ anatomy (e.g., heart contours) is being disregarded. In our ex-
perimental setup, we observe a promising correlation between reference flow and 
computed MBF, which is comparable to other perfusion phantom studies.16 

Phantom validation and application
Justification of the choices made in phantom design and testing depends on the in-
tended phantom application. In our design, most notable choices are the absence 
of cardiac contraction, tracer trapping and recirculation, together with the relative-
ly low CO that was applied in our measurements. These choices and simplifications 
are considered acceptable if we are predominantly interested in the evaluation of 
MPI system responses. In such evaluations, excellent reproducibility of phantom 
performance is most essential. A more advanced myocardial perfusion phantom 
may broaden its application domain; however, an increase in complexity is difficult 
to achieve in terms of controllability and phantom validation. Our initial TAC mea-
surements show good reproducibility, as shown in Figure 4 and displayed in Table 1. 
Table 1 demonstrates that the AUCs from the obtained AIFs and TRFs were quite 
similar for repeated measurements (SD is below 10 %  of mean AUC), which can be 
even further optimised in future work (e.g., by removing the presence of unwanted 
air bubbles).

In this study, our phantom application domain was restricted to SPECT-MPI. However, 
the phantom could be applied in other imaging modalities as well. At this moment, 
phantom-based evaluation of dynamic SPECT-MPI is of major relevance, since re-
cent advances in detector-technology speculates it may become technically feasible 
to perform quantitative MBF and MFR analysis with SPECT-MPI.26  We are confident 
that perfusion phantom studies will make a valuable contribution to this research 
domain.

Overall, we present a novel myocardial perfusion phantom with add-on myocardial 
segments that has the possibility to mimic regional and global perfusion deficits and 
is unique in its compatibility with clinical hardware and software. This combination 
of features can be of interest in the validation of blood flow models, for example, to 
evaluate effects of attenuation and spill over on TAC measurement and MBF compu-
tation. Other foreseen applications involve intra- and intermodal comparison. Fur-
ther phantom testing and validation is needed to achieve these goals.

Conclusion
This proof-of-concept paper demonstrates we have successfully measured first-pass 
LV flow and myocardial perfusion in SPECT-MPI using a novel, dedicated, myocardial 
perfusion phantom. The resulting AIFs and TRFs show good reproducibility and re-
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semble a patient TAC curve on multiple aspects. Other phantom requirements were 
also met, including the acceptance of phantom contours by commercial MBF analy-
sis software and the simulation of local and global perfusion deficits. Moreover, the 
phantom’s modular and 3D printed design enables rapid prototyping, allowing us to 
further improve on the measurement and evaluation of radiotracer/contrast kinetics 
in dynamic, multimodal MPI applications.

Supplement
Dynamic perfusion imaging video

https://link.springer.com/article/10.1007/s11517-021-02490-z#Sec17
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Abstract
Background  Absolute myocardial perfusion imaging (MPI) is beneficial in the di-
agnosis and prognosis of patients with suspected or known coronary artery disease. 
However, validation and standardization of perfusion estimates across centers is 
needed to ensure safe and adequate integration into the clinical workflow. Physical 
myocardial perfusion models can contribute to this clinical need as these can pro-
vide ground truth validation of perfusion estimates in a simplified, though controlled 
setup. This work presents the design and realization of such a myocardial perfusion 
phantom and highlights initial performance testing of the overall phantom setup us-
ing dynamic single photon emission computed tomography.

Results  Due to anatomical and (patho-)physiological representation in the 3D print-
ed myocardial perfusion phantom we were able to acquire 22 dynamic MPI datasets 
in which 99mTc-labeled tracer kinetics was measured and analyzed using clinical MPI 
software. After phantom setup optimization, time activity curve analysis was exe-
cuted for measurements with normal myocardial perfusion settings (1.5 mL/g/min) 
and with settings containing a regional or global perfusion deficit (0.8 mL/g/min). 
In these measurements, a specific amount of activated carbon was used to adsorb 
radiotracer in the simulated myocardial tissue. Such mimicking of myocardial trac-
er uptake and retention over time satisfactorily matched patient tracer kinetics. For 
normal perfusion levels, the absolute mean error between computed myocardial 
blood flow and ground truth flow settings ranged between 0.1–0.4 mL/g/min.

Conclusion  The presented myocardial perfusion phantom is a first step towards 
ground truth validation of multimodal, absolute MPI applications in the clinical set-
ting. Its dedicated and 3D printed design enables tracer kinetic measurement, in-
cluding time activity curve and potentially compartmental myocardial blood flow 
analysis.

Development of a dynamic myocardial 
perfusion phantom model for 
tracer kinetic measurements
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Background
Absolute, multimodal myocardial perfusion imaging (MPI) has become a clinically rel-
evant research topic within the cardiac imaging community.1,2 Especially for positron 
emission tomography (PET) the advantages of quantitative assessment in addition 
to qualitative, visual evaluation have been demonstrated.3 Quantification of myocar-
dial blood flow (MBF) and myocardial flow reserve provides a substantial advantage 
for diagnostic and prognostic evaluation of suspected or established coronary ar-
tery disease.1–4  Currently these quantitative approaches are on the verge of being 
translated into the clinical workflow. In addition, similar approaches are also being 
explored for other imaging modalities, including computed tomography, magnet-
ic resonance imaging, and single photon emission computed tomography (SPECT). 
However, further efforts are necessary to standardize measures across clinical cen-
ters, radiotracers, equipment, and software.4 

Our ultimate aim is to realize reference standards for validation and harmonization 
of absolute, multimodal MPI applications using physical perfusion models, i.e., hard-
ware perfusion phantoms. Even though such models will never fully mimic actual 
patient anatomy and (patho-)physiology, it allows study of dynamic MPI applications 
in a simplified, although controlled environment.5  Several left ventricular phantoms 
have been described in literature, in which various physiological states of perfusion 
can be simulated under static conditions without flow.6,7  In this, we observe an in-
creasing trend in the use of 3D printing technology to obtain comprehensive repre-
sentations of the heart.8–10  Also, numerous perfusion phantoms have been proposed 
to facilitate physical flow standards for multimodal tissue perfusion imaging.11–14  
Nevertheless, current flow phantoms generally require in-house developed software 
for perfusion analysis. Evaluation of the entire absolute MPI application involves an 
adequate phantom to mimic flow dynamics on the one hand and to make clinical 
software believe the phantom resembles a human heart on the other (i.e., including 
anatomical representation).

This work describes an empirical approach towards the development of a dedicat-
ed myocardial perfusion phantom, and initial performance evaluation in dynamic 
SPECT-MPI. In this paper, we introduce a unique way of mimicking radiotracer uptake 
and retention in the myocardial tissue. The main design goals are:

1.	 to make the phantom compatible with clinical perfusion analysis software, and
2.	 to incorporate mimicking of tracer kinetics (i.e., up to the level of ground truth 

comparison with software derived MBF estimation).
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Materials
The phantom setup has emerged from the redesign of a previously described myo-
cardial perfusion phantom.15  Phantom redesign concerned a novel way of tissue 
simulation, integration of coronary branches in the phantom model, and improved 
sealing to prevent leakage. In addition, an important adjustment is the transition 
from an open to a closed flow circuit.

Phantom design and realization
Figure 1 and 2 illustrate the designed and realized stationary myocardial perfusion 
phantom. All components were constructed with and designed for 3D printing (Ob-
jet260 Connex3, Stratasys Inc., Rehovot, Israel), enabling rapid prototyping. As visu-
alized in the exploded view of Figure 1, the phantom assembly consists of three cy-
lindrical parts made of rigid transparent photopolymer material (VeroClear, Stratasys 
Inc., Rehovot, Israel). These parts were secured by nylon screws with silicone seals in 
between for waterproofing. The entire phantom cylinder fits as insert in an anthro-
pomorphic thorax phantom (QRM, PTW company, Freiburg, Germany) for realistic 
x-ray attenuation during imaging.16 

The inner part includes the simulated left ventricular cavity (LVC) and surrounding 
myocardial tissue, while the two outer parts contain the branches to the myocardi-
al tissue and the in- and outlet connections to the flow circuit. The LVC has an inner 
diameter of 38 mm and a length of 85 mm. The myocardium is mimicked by three 
identical segments, as depicted in Figure 2C and D by the three circumferential cut-
outs (1 cm thick) from base to apex. These segments correspond to the three main 
coronary territories, i.e., regions supplied by the left anterior descending coronary 
artery (LAD), right coronary artery (RCA), and the left circumflex coronary artery (LCX). 
Each myocardial segment has an in- and outlet at the base and apex, respectively.

Tissue mimicking
Distribution and retention of the injected radiotracer within the myocardial tissue is 
mimicked using sorption technology. Sorption occurs when a substance in a fluid is 
selectively transferred to insoluble, rigid particles.17  In this way, the use of an ade-
quate sorbent or mixture of sorbents can in essence mimic all kinds of desired ra-
diotracer/contrast agent distribution and (temporary) trapping in a tissue perfusion 
phantom (our hypothesis). Commonly known adsorbents, i.e., activated carbon and 
zeolite, were in different quantities individually or as mixture ( ~ 50/50) blended with 
plastic beads before pouring into the empty myocardial segments. The plastic beads 
serve as tissue filling material. Figure 2D demonstrates the fabrication process of the 
myocardial tissue inlays. The tissue mimicking material was enclosed by a glass wool 
layer and 3D printed sieves to prevent the material from being carried into the flow 
circuit. As part of this study, the composition of the myocardial segments was further 
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explored empirically aiming to achieve adequate myocardial uptake of 99mTc-labeled 
pharmaceuticals for dynamic MPI-SPECT (see phantom measurements).

Phantom flow setup
For several reasons the phantom flow setup consists of a closed loop flow circuit. In 
this way, water can be circulated with the same flow over time and the circuit will not 
drain when turning the pump off in between measurements.

Tap water can be pumped at a continuous flow from the reservoir towards the cardiac 
flow phantom using an external pump (Low voltage impeller pump, Barwig 02, Ger-
many). Next, a radiotracer bolus can be administered via a clinical contrast injector 
(by Luer Lock connection). After injection, the radiotracer bolus is diluted and flows 

Figure 1  Exploded view (top) of phantom design and tailored cross-section (bottom) to 
illustrate inner phantom connections. The arrows indicate flow direction and magnitude, 
and its color differentiates between arterial input (red) and venous output (blue). The mid-
dle phantom part comprises the simulated left ventricular cavity and three surrounding 
myocardial segments. The two outer parts contain the in- and outlet connections to the 
flow circuit and the internal branches to the segments. These branches correspond to the 
main coronary arteries, i.e., the left anterior descending coronary artery (LAD), right coro-
nary artery (RCA) and left circumflex coronary artery (LCX). The phantom parts are fastened 
together with nylon screws whereby silicone seals are placed in between the parts for wa-
terproofing.
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through the LVC where it is fully mixed with the water present in the LVC. The LVC 
outlet connects to the reservoir again but branches first to three myocardial seg-
ments. The segment outlets connect separately to the reservoir as well. The insert-
ed flow sensors measure volume flux through the LVC (UF08B, ultrasonic flowmeter, 
Cynergy 3, United Kingdom) and myocardial segments (FCH-m-POM-LC, low flow tur-
bine flowmeter, B.I.O-TECH, Germany). Four adjustable resistances can set the flow 
ratio between the returning parallel circuits. Hence, it becomes feasible to create a 
perfusion deficit in one or multiple myocardial segments within the phantom by (par-
tially) closing one or multiple tap(s). A pressure sensor (40PC series, Honeywell Inc., 
Freeport, Illinois) verifies whether the pump is still operating in the desired pressure 
range (kept below 1.0 bar). Pump steering and real-time sensor readout (sample fre-
quency of 1 Hz) is achieved using in-house built hardware and software.18  The latter 
is used to set the resistances accordingly before starting a measurement.

Finally, custom-built filters are positioned in all returning tubing to extract radioac-
tive material from the water before re-entering the reservoir. In this way, controlled 
first pass radiotracer kinetics is envisaged without the necessity of a rather unpracti-
cal open loop circuit design. For example, just a single phantom measurement with 
an open loop configuration can easily produce tens of litres of radioactive wastewa-
ter (given a cardiac output of about 4 L/min), while the current setup reuses a vol-

Figure 2  Overview of the realized myocardial perfusion phantom. (A) displays the indi-
vidual 3D printed parts and silicone seals. In (B) all pieces are assembled and secured by 
nylon screws (2 × 9). (C) The left ventricular cavity (LVC) and the three myocardial segments 
(myo1–3) are indicated in this cross-section. (D) demonstrates fabrication of the myocardial 
inlays. The tissue mimicking material was enclosed by a glass wool layer and a 3D printed 
sieve before assembling all pieces.
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ume of about 5 L for multiple measurements. Two sizes of silicone tubing (∅inner= 10 
and 5 mm) are used to connect the individual components in the setup, distinguish-
ing between higher and lower flow values.

Methods
Phantom measurements
In total, twenty-two phantom measurements were executed spread over six, non-con-
secutive measurement days. Table 1 provides an overview of the phantom and flow 
circuit variables in our measurement protocol. The measurements performed in this 

Table 1  Measurement variables.

ID Phantom variables Flow circuit variables
sMYO1 ms,MYO1 

[g]
sMYO2 ms,MYO2 

[g]
sMYO3 ms,MYO3 

[g]
ΦAI 

[L/min]
ΦMYO1 

[mL/min]
ΦMYO2 

[mL/min]
ΦMYO3 

[mL/min]
P 

[ % ]
filters

y/n
D1#1 AC + Z 30 AC + Z 15 4.5 100 100 100 6.7 n
D1#2 AC + Z 30 AC + Z 15 4.5 100 100 100 6.7 n
D2#3 AC + Z 30 AC + Z 15 4.0 100 100 100 7.5 y
D2#4 AC + Z 30 AC + Z 15 4.0 100 100 100 7.5 y
D2#5 AC + Z 30 AC + Z 15 4.0 50 100 100 6.3 y
D2#6 AC + Z 30 AC + Z 15 4.0 50 125 125 7.5 y
D3#7 Z 7 Z 7 Z 7 4.0 80 80 80 6.0 y
D3#8 Z 7 Z 7 Z 7 4.0 80 40 80 5.0 y
D3#9 Z 7 Z 7 Z 7 4.0 80 0 80 4.0 y
D3#10 Z 7 Z 7 Z 7 4.0 80 40 80 5.0 y
D4#11 AC + Z 20 AC + Z 20 AC + Z 20 4.0 80 80 80 6.0 y
D4#12 AC + Z 20 AC + Z 20 AC + Z 20 4.0 80 80 80 6.0 y
D4#13 AC + Z 20 AC + Z 20 AC + Z 20 4.0 40 40 40 3.0 y
D4#14 AC + Z 20 AC + Z 20 AC + Z 20 4.0 80 0 80 4.0 y
D5#15 AC 7 AC 7 AC 7 4.0 80 40 80 5.0 y
D5#16 AC 7 AC 7 AC 7 4.0 40 80 40 4.0 y
D5#17 AC 7 AC 7 AC 7 4.0 40 40 40 3.0 y
D5#18 AC 7 AC 7 AC 7 4.0 80 80 80 6.0 y
D6#19 AC 7 AC 7 AC 7 4.0 40 40 40 3.0 y
D6#20 AC 7 AC 7 AC 7 4.0 80 80 80 6.0 y
D6#21 AC 7 AC 7 AC 7 4.0 80 80 80 6.0 y
D6#22 AC 7 AC 7 AC 7 4.0 40 80 80 5.0 y
D = day; s = sorbent; m = mass; AC = activated carbon; Z = zeolite; MYO = myocardial segment; AI = arterial input; Φ = flow; P = perfusion rate.
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study were aimed for performance evaluation and optimization. As can be seen, the 
first fourteen measurements were used to optimize the overall setup and the re-
maining eight measurements were executed using the same phantom configuration. 
Results from the optimized setup (e.g., comprising an adequate myocardial tissue 
configuration) were used for further data analysis.

Performance was evaluated regarding to: 1) software compatibility, and 2) mimicking 
of radiotracer kinetics. Software compatibility was investigated by loading all phan-
tom image data into the clinical software. We have verified whether the software 
would consider the phantom as a human heart and whether all processing and anal-
ysis steps can be performed sufficiently. Mimicking of radiotracer uptake/retention 
was explored empirically. We have filled the myocardial segments with two types 
of sorbents, namely activated carbon, and zeolite (SuperFish, biological filter me-
dia, Aquadistri, Klundert, The Netherlands), in different compositions (see Table 1 
phantom variables). Regional and global perfusion deficit was mimicked by halving 
the standard volume flux of 80 mL/min, representing normal perfusion, in one or all 
three myocardial segments (see Table 1 flow circuit variables).

Myocardial perfusion imaging
Phantom measurements included dynamic imaging of the flow of a radiotracer bolus 
through the LVC and myocardial segments over time. Figure 3B presents an over-
view of the experimental setup during performance testing with a clinical cadmi-
um-zinc-telluride SPECT system (D-SPECT, Spectrum Dynamics, Caesarea, Israel). The 
cardiac flow and thorax phantom were positioned in the scanner’s field of view in a 
standard way. All flow circuit variables were set prior to dynamic MPI acquisition and 
were kept the same for the entire scanning period. The clinical dynamic MPI acquisi-
tion protocol consisted of two 6 min dynamic scans, namely a rest scan followed by 
a stress scan, respectively. The phantom cannot distinguish between these patient 
related physiological states, though the additional scan can be used for another pur-
pose. During the rest scan, no radiotracer was administered. This baseline scan was 
solely used for background subtraction of previously trapped radiotracer. The sub-
sequent dynamic stress scan started just before injection of the radiotracer bolus. 
1.5 mL of 500 MBq [99mTc]Tc-pertechnetate solution was injected by a clinical contrast 
injector (Mark V Provis, Medrad, Warrendale, United States) at 1.0 mL/s, followed by 
a 40 mL saline flush.

After scanning, the orientation of the imaged heart contours was manually adjust-
ed using vendor software. We applied the same rotation angles for all scans — i.e., 
0° along the sagittal axis (SA) and 90° along the vertical long axis (VLA) — since the 
phantom was positioned under the scanner in a standard way. The list-mode image 
data was re-binned into 32 frames consisting of 21 frames of 3 s, 4 frames of 9, 15, 21 
and 27 s, and 7 frames of 30 s. An ordered subset expectation maximization tech-
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nique was used for reconstruction of the dynamic image acquisitions with 4 itera-
tions and 32 subsets.19 Detailed information on the clinical workflow with a D-SPECT 
scanner can be found in published studies.20,21

Image processing
Resulting dynamic image datasets were processed and analyzed with clinical soft-
ware (Corridor4DM software, INVIA Medical Imaging Solutions, United States). 
These images contained a total number of pixels of 9216 (96 × 96) with a pixel size of 

Figure 3  Flow circuit diagram of the myocardial perfusion phantom setup (top) and sub-
sequent experimental setup during performance testing (bottom). The numbers represent 
the following components: 1. the myocardial perfusion (and thorax) phantom, 2. its accom-
panying flow circuit, 3. in-house built hardware and software for pump steering and sensor 
readout 4. dynamic SPECT scanner, and 5. the contrast injector.
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2.26 mm × 2.26 mm. In this software, myocardial areas were estimated from summed 
myocardial image cross-sections.19 We indicated preferred dimensions of the myo-
cardial areas in a way they would match in length and width with all phantom mea-
surements. The software included these dimensions subsequently in its calculation 
of the myocardial contours. The contoured time-lapse image data was displayed as 
cross-sections along the short axis (SA) (from base to apex), horizontal longitudinal 
axis (HLA) and vertical longitudinal axis (VLA). Summed myocardial images were also 
captured in a polar map.

Based on these contoured images, regions of interest (ROIs) were drawn automat-
ically at the center of the LV base (see default size green box in Fig. 4 example 1) 
and within the myocardial surfaces. We used the American Heart Association (AHA) 
17-segment heart model for standardized segmentation of the myocardial surfac-
es.22 In this heart model, segment 1,2,7 and 8 corresponded to the mimicked LAD 
region, segment 3,4,9 and 10 to the RCA region and 5,6,11, and 12 to the LCX region. 
When the image data was correctly aligned, these displays matched with the three 
myocardial segments within the TMP phantom. Segments 14–17 were excluded in 
this analysis as the phantom does not mimic the apex.

In the vendor software, the average measured activity over time within these ROIs 
was displayed in time activity curves (TAC). Two arterial input functions (AIFs) and 
multiple tissue response functions (TRFs) were acquired per phantom measurement 
since each measurement comprised of two dynamic scans (rest and stress). Back-
ground activity, as present in the TACs derived from the rest scans, was then sub-
tracted from the stress scans using a standard tool in the software. The resultant 
TACs served as input for myocardial blood flow estimation.

Myocardial blood flow estimation
Myocardial perfusion or myocardial blood flow (MBF) is generally expressed as the 
flow rate normalized by the mass of the tissue volume of interest (in mL/min/g). The 
blood flow model applied in the clinical MBF analysis software was a net retention 
model proposed by Leppo et al.23  and Yoshida et al.24  The following modified equa-
tion was used to calculate the retention rate (R) of tracer in the myocardium in mL/g/
min. This myocardial uptake was expressed as the product of the MBF (mL/g/min) 
and the extraction fraction (E):

In this, Ca(t) and P(t) corresponded to the average arterial and tissue tracer concen-
tration over time, the AIF and TRF respectively. Integration limit t1 denoted the end 
of the blood pool phase and was set by default to 60 s. t2 and t3 denoted integration 
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limits of the average tissue activity, which was set to 60 and 120 s, respectively. Sev-
eral predefined corrections by the software were applied to the data to compute ab-
solute flow. Firstly, the acquired myocardial counts were corrected for partial volume 
losses using a recovery coefficient (PV) for the myocardium (PV = 0.63). Partial volume 
effects regarding measurement in the blood pool activity were neglected, therefore 
the cross-calibration factor (CF) was 1. Finally, theoretically computed spill over frac-
tions Sm and Sb were set at 0.4 and 0. These fractions corrected for spill over from the 
blood pool activity to the myocardium and vice versa.25–27 

Data analysis
All visual MPI data was analyzed in the clinical software (see image processing). De-
rived TACs were exported to Matlab (MathWorks, R2021b) for further analysis. In 
this, all TACs were first normalized based on their injected activity (ranged between 
468–551 MBq, normalized to 500 MBq). Then linear interpolation was performed pri-
or to peak alignment of the AIFs. Peak locations were determined using a spline 
interpolation technique. The aligned time scale was then also applied to the TRF 
data. Subsequently, the mean and standard deviation (SD) of corresponding AIFs 
and TRFs were plotted in combination with the mean and SD of specified area under 
the curves (AUCs). The AUCs comprised of the integration limits as denoted by the 
used blood flow model. Myocardial blood flow estimation by the clinical software was 
compared to ground truth volume flux measurement and visualized in a polar map. 
In this, the set volume flux of 80 mL/min went through a tissue volume of interest of 

Figure 4  A selection of seven myocardial perfusion imaging series aiming to highlight the 
overall phantom development and evaluation process. The image cross-sections and polar 
maps present the accumulated radiotracer distribution inside the phantom, which is a static 
representation of a dynamic measurement. Note that the relative color scale is determined 
by default for each individual measurement and is therefore not linked between measure-
ments. In these measurements, mimicking of radiotracer uptake, normal perfusion and 
perfusion deficit was examined using different parameter settings.  (cont.)
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53 ± 2 mL. Assuming a tissue density of 1 g/mL, this resulted in a ground truth, nor-
mal myocardial blood flow of 1.5 mL/g/min.

Results
A selection of seven myocardial perfusion image series is displayed in Figure 4 to 
highlight the overall phantom development and evaluation process. In 16 out of 22 
phantom measurements, a similar orientation and alignment of the phantom based 
heart contours were obtained. Semi-automatic heart contour recognition failed in 
the experiments where sorption of radiotracer was lacking. The first example MPI se-
ries illustrate that the more sorbent utilized for myocardial segment fabrication, the 
more radiotracer trapping occurred. In the second example, only zeolite was used as 
sorbent, which led to less overall accumulated adsorption of radiotracer compared 
to a similar phantom measurement executed with activated carbon (see example 
4–7). After thirteen setup optimization measurements, 7 g of activated carbon was 
found to be sufficient for the manufacturing of each myocardial segment, which was 
then applied in further phantom testing and evaluation.

Mimicking of normal perfusion, regional and global perfusion deficit was illustrated 
in examples 4–7. The clinical software could not detect the heart contours of a simu-
lated global perfusion deficit. A local perfusion deficit was evidently visible in the MPI 

Figure 4 (cont.)  Settings include the type and mass of sorbent (s) utilized to mimic myo-
cardial tissue, and the amount of volume flux (Φ) directed through the myocardial seg-
ments (MYO). D2#4 stands for the measurement day and number, respectively.  LAD = left 
anterior descending coronary artery, RCA = right coronary artery, LCX = left circumflex coro-
nary artery, SA = short axis, HLA = horizontal long axis, and VLA is vertical long axis.
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series, especially if it was the first measurement of the day and no radiotracer activity 
had yet accumulated in the segments of a previous measurement.

TACs derived from these dynamic MPI series are summarized in Figure 5. The mean 
AIF and SD of 22 measurements was plotted, together with its mean AUC and SD. A 
similar analysis was shown for the TRFs that corresponded to a volume flux of 40 
and 80 mL/min. In addition, a noteworthy, increasing tracer activity was visible in the 
TRFS over time.

Figure 5  Time activity curves derived from phantom measurements. The mean arterial 
input function (AIF) and tissue functions (TRFs) of n measurements were plotted together 
with their standard deviation (SD). TRF analysis distinguished between myocardial segment 
flow settings of 40 and 80 mL/min. The AUCs within the indicated blue regions served as 
input for myocardial blood flow estimation. The dashed lines in the TRFs suggest how the 
curves would look when corrected for radiotracer recirculation.
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An absolute value for segmental MBF was estimated for phantom measurements 
with a volume flux of 80 mL/min. These preliminary results are plotted in Figure 6. As 
shown, the mean MBF for the twelve heart segments ranged between 0.7–2.3 mL/g/
min. The absolute mean error between the computed MBF and ground truth was 0.4, 
0.1 and 0.1 mL/g/min for the overall mimicked LAD, RCA and LCX region, respectively. 
Video 1 (can be found in the Supplement) illustrates the software display containing 
all analyses for measurement sixteen, including the time-lapse MPI data, TACs, and 
regional MBF estimates.

Discussion
This experimental work reflects on the design and realization of the TMP phantom, 
and on initial performance testing in dynamic SPECT-MPI. Performance testing was 
used to examine whether the set design goals were achieved. The first goal was to 
develop a phantom that is applicable/compatible with clinical MPI software. The sec-
ond goal was that within the phantom, tracer kinetics can be mimicked up to the 
level of ground truth comparison with software derived MBF estimation. Results at-
tained in both areas are now further described.

Software compatibility
Compatibility was verified by going through all processing and analysis steps in the 
clinical software using the phantom data. It was possible to load all dynamic phan-
tom MPI data into the 4DM program. In sixteen out of 22 measurements (73 % ) 

Figure 6  Preliminary results of computed MBF by clinical software (presented in polar 
map) compared to ground truth phantom flow measurement. The presented mean val-
ues and standard deviations (SDs) are in mL/g/min. The inner segments of the plot are left 
blank as the phantom does not mimic the apex. On the right, the mean MBF estimates and 
SDs are listed for the mimicked regions supplied by the left anterior descending coronary 
artery (LAD), the left circumflex coronary artery (LCX) and right coronary artery (RCA).
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the myocardial contours were drawn correctly, which also implied that the delineat-
ed coronary regions and twelve heart model segments matched with the phantom 
orientation. Semi-automatic heart contour recognition failed in the measurements 
where sorption of radiotracer was lacking, hence mistaking accumulated tracer ac-
tivity in the LVC for myocardial tissue (see example 1, 2 and 6 in Fig. 4). Contour delin-
eation sometimes failed (partially) in cases where local and global perfusion deficits 
were mimicked. In general, inadequate delineation of poorly perfused tissue is also 
observed in clinical practice. However, the chosen 40 mL/min indicates a severe per-
fusion deficit. A global perfusion limitation of this magnitude is not patient realistic 
and was therefore not adequately analyzed by the software.

Hereafter, TAC analysis took place. A background subtraction is necessary to correct 
for already present radiotracer activity from previous measurement(s). A one-day 
clinical protocol for dynamic rest and stress MPI also requires this software feature 
for the same reason.28  Unfortunately, the usefulness of this clinical feature could 
not be further examined because of a small remaining percentage of recirculating 
tracer over time. The mean TRFs in Figure 5 highlight this effect, whereby a sugges-
tion has been made on the expected course in the absence of tracer recirculation 
(assuming a linear increase starting from ~ 20 s). This is also a partial explanation for 
the relatively high SD observed in similar / reproducible TACs. The highest SDs were 
observed in the first 60 s of the mean TRF40 (Fig. 4). This variation is the result of mis-
alignment of the heart contours, hence mistaking accumulated tracer activity from 
the AIF for myocardial tracer activity.

Despite of the recirculation drawback, we continued our analysis and showed how 
ground truth comparison between measured volume flux of normal perfusion (flow 
sensor readout) and software derived MBF estimation could be envisioned using the 
phantom setup (Figure 6). Yet, before such data can be interpreted, the measure-
ment setup must be further optimized first.

Overall, compatibility with other commercial MPI analysis software is expected as 
well, as the phantom resembles a human heart sufficiently. However, the results in 
MBF quantification may differ.29  This is one of the reasons why it is important to in-
clude various software packages in future research, for example to define similarities, 
differences, and boundary conditions (e.g., by exposing the software to phantom 
measurements covering the full range of myocardial perfusion levels).

Mimicking tracer kinetics
Now we have shown that the clinical software can be successfully applied for eval-
uation purposes of the phantom setup, the next step is to evaluate the extent to 
which the TMP phantom can mimic the desired tracer kinetics. This study makes use 
of sorbents, whose mode of action is very similar to the physiological processes of 
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(temporary) tracer retention in the myocardial tissue. The first pass extraction frac-
tion of 99mTc-labeled MPI tracers is around 55–65 %  of the total injected dose, and 
for a small fraction (1–5 % ) irreversibly trapped in myocardial tissue.30  As shown in 
example 1 in Figure 5, the degree of simulated radiotracer trapping depends on the 
type and amount of sorbent used. Activated carbon seems to be a suitable sorbent 
for this tracer application, as it also shows irreversible trapping. When using zeolite, 
we have observed reversible trapping, which may indicate that the zeolite acts as an 
ion exchanger instead of an adsorbent. Remarkably, there is no homogeneous distri-
bution of accumulated tracer within the myocardial segments. This may be because 
the sorbents used are granulates with dimensions up to ~ 5 mm diameter. The em-
pirically determined sorbent composition for adequate myocardial uptake simula-
tion (7 g of activated carbon) covered only a small part of the total segment filling 
and was supplemented with plastic beads. We aim to achieve a better distribution of 
sorbent within the myocardial segments in future phantom research.

To our knowledge, this tracer specific way of tissue mimicking has not been de-
scribed before in the literature. Most perfusion phantoms (commercial and research 
oriented) use aligned porous fibers or 3D printed capillaries instead.11,14,31,32  In terms 
of transport characteristics, these fiber phantoms are solely based on convection 
and diffusion processes. Porous, capillary media can slow down processes like trac-
er retention but cannot realize actual trapping. This phantom has the potential to 
exert more influence on mimicking perfusion characteristics as described in single- 
and multi-tissue compartment models. In line with this, we have observed satisfy-
ing similarities when comparing our phantom data with patient data (see Figure 7). 
The visible differences come from spillover effects in the patient data (in the AIF at 
t≈30 s and in the TRF at t≈ 15 s) and the previously discussed tracer recirculation in 
the phantom TRFs. The latter results in a slightly rising phantom TRF over time, in-
stead of a flattened line as observed in the patient example. The observed stronger 
increase in measured tracer activity in the patient TRF, including a higher peak activi-
ty, might also occur due to a higher flow. Extensive comparison with patient data was 
beyond the scope of this study but is an important component for future validation 
of the TMP phantom.

Study limitations
The main limitation of this study was that the recirculation filters did not yet result in 
total extraction of tracer from the fluid circuit before recirculation. In first tests, the 
filters worked properly, thus we no longer changed this for follow-up measurements. 
Afterwards it turned out to be somewhat insufficient, which had consequences on 
the reliability and reproducibility of the results. A new filter design will be incorpo-
rated in future phantom measurements. A second limitation of this study is that we 
used [99mTc]Tc-pertechnetate (easy accessibility), while in patient MPI studies radio-
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active technetium is labeled with tetrofosmin or sestamibi. A different molecule im-
plies different sorption characteristics. Prior to these phantom measurements, we 
studied the effect-size of this in adsorption column experiments. The differences 
seem small, though for future phantom validation purposes we intend to utilize the 
clinically used radiotracers. Of note, perfusion deficits simulating ischemia or infarc-
tion were not implemented in the current phantom set-up. This issue needs to be 
addressed in a next phantom iteration. Finally, it could be mentioned why we started 
phantom evaluation using SPECT, while PET-MPI is considered the clinical standard. 
This was due to easy accessibility.

Towards phantom application
Now that the possibilities of this phantom in simulating tracer kinetics have been 
explored, and initial phantom measurements have been successfully executed in 
dynamic SPECT-MPI, a logical next step is to optimize and validate the setup for ra-
diotracer specific MBF estimation. In addition, the phantom setup can be extended 
and tested for multimodal, absolute MPI applications. In phantom validation it is 
important to verify whether choices and simplifications made in the phantom de-
sign are justified for the intended application. For example, the decision was made 
to first realize a stationary flow phantom. It can be argued that current phantom 
design is overly simplified due to missing cardiac contraction and respiratory mo-
tion dynamics. However, an outstanding measurement reproducibility is preferred 
over the degree of realism, especially since it concerns early-stage development of 
a validation phantom. This simplification could have presented misleading results in 
terms of an underestimated quantification accuracy. A possible solution is to include 
a motion inaccuracy factor (to be determined from literature) during future phan-
tom application. Moreover, even without these motion dynamics incorporated, the 
phantom has relevant application domains, e.g., in studying the effect of patient size 
on MBF computation independently from motion influences. Another simplification 

Figure 7  Time activity curve comparison of average phantom data ( ± SD) with patient ex-
ample (derived from 33).  AIF = arterial input function, TRF80 = tissue response function at 
a volume flux of 80 mL/min.
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concerns that we excluded mimicking of the left ventricular apex. Phantom design 
incorporates three identical myocardial regions to have similar flow dynamics and 
tracer kinetics present in all three regions. This appearance mismatches clinical de-
lineation of coronary regions and heart segments, as the apex falls entirely within 
the LAD region. We performed only TAC and MBF analysis in the more basal heart 
segments, and disregarded apex simulation, to prevent misleading data analysis. In 
future research we do strive for phantom redesign in which the apex is incorporated.

As a final remark, large SDs were observed for the mean TACs, mean AUCs and mean 
MBFs. On the one hand, we expect to be able to maximize measurement accuracy 
and precision by further optimizing the phantom setup (based on the findings ob-
tained in this study). On the other hand, it may also be the case that part of these 
obtained deviations fall within the uncertainty of the measurement technique used. 
Whether absolute SPECT-MPI is accurate and precise enough is a prime example of 
what we can study further in such controlled phantom environment.

Conclusion
The presented myocardial perfusion phantom is a first step towards ground truth 
validation of and harmonization between multimodal, absolute MPI applications in 
the clinical setting. The set phantom design goals have been largely achieved. Due to 
its dedicated and 3D printed design we have facilitated tracer kinetic phantom mea-
surements, including TAC and potentially compartmental MBF analysis using com-
mercially available software.

Supplement
Video: Software display containing all analyses for measurement sixteen, including 
the time-lapse MPI data, TACs, and regional MBF estimates.

https://ejnmmiphys.springeropen.com/articles/10.1186/s40658-022-00458-y#Sec19
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5Abstract 
Introduction  Absolute myocardial perfusion imaging (MPI) can be beneficial in the 
diagnosis and prognosis of patients with coronary artery disease. However, valida-
tion and standardization of perfusion estimates across centers is needed to ensure 
safe and adequate integration into clinical routine. MPI phantoms can contribute to 
this clinical need as these models can provide ground truth evaluation of absolute 
MPI in a controlled setup.

Phantom verification  This work presents verification of phantom design choic-
es, including the justification for using sorbents in mimicking contrast kinetics (i.e., 
tracer uptake and retention). Moreover, we compare preliminary phantom results 
obtained with SPECT-MPI with patient data. Finally, we applied a general two-tissue 
compartment model to describe the obtained phantom time activity curve data.

Conclusion  These evaluation steps support shaping of a suitable verification and 
validation strategy for multi-modality myocardial perfusion phantom design and re-
alization.

Evaluation of a cardiac flow 
phantom for absolute myocardial 
perfusion SPECT measurements
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Introduction 
Myocardial perfusion imaging
Myocardial perfusion imaging (MPI) is a functional imaging technique to confirm the 
diagnosis and assess the prognosis of coronary artery disease.1 MPI is mostly per-
formed with single photon emitting computed tomography (SPECT) and positron 
emission tomography (PET) imaging. This imaging method aims to identify areas of 
the left ventricular myocardium with reduced perfusion by comparing a static perfu-
sion scan in rest with a static perfusion scan in stress (i.e., exercise). During the MPI 
procedure, a radiolabeled tracer is administered intravenously. Common MPI tracers 
are [99mTc]Tc-sestamibi and [99mTc]Tc-tetrofosmin in SPECT and 82Rb and [13N]NH3 and 
H2[15O]O in PET. A region in the perfusion scan with less than the average number of 
detected photons can indicate a local perfusion deficit, possibly as a result of a sig-
nificant stenosis upstream. By performing both a scan in rest and in stress, one can 
differentiate between a reversible or irreversible perfusion deficit, implying ischemia 
or infarction, respectively.1–3  

Absolute, multimodal MPI has become a clinically relevant research topic within 
the cardiac imaging community.4,5 Especially for PET the advantages of quantitative 
assessment in addition to qualitative visual evaluation have been demonstrated.6 
Quantification of myocardial blood flow (MBF) and myocardial flow reserve provide a 
substantial advantage for diagnostic and prognostic evaluation of suspected or es-
tablished coronary artery disease.4–7  Currently these quantitative PET perfusion ap-
proaches are being translated into clinical workflows. In addition, similar approach-
es are explored for other imaging modalities, including computed tomography (CT), 
magnetic resonance imaging (MRI), and SPECT. However, further efforts are neces-
sary for on-site validation and to standardize measures across clinical centers, radio-
tracers, equipment, and software.7

Myocardial perfusion phantoms
Myocardial perfusion phantom studies can contribute to this unmet need for robust 
and on-site quality assessment due to their controlled setup and use of flow sen-
sors providing a reference standard. Several left ventricular phantoms have been 
described in literature, in which various physiological states of perfusion can be sim-
ulated under static conditions, without flow.8,9  In this, an increasing trend is observed 
in the use of 3D printing technology to obtain comprehensive representations of 
the heart.10–12  Also, numerous perfusion phantoms have been proposed to facilitate 
physical flow standards for multimodal tissue perfusion imaging.13–15  Nevertheless, 
current myocardial perfusion phantoms generally require in-house developed soft-
ware for perfusion analysis. Evaluation of the entire absolute MPI application, i.e., 
both clinical hardware and software, involves an adequate phantom to mimic flow 
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dynamics on the one hand and to make clinical software accept the phantom data 
as a human heart on the other.

Research goal
Our main research goal encompasses the development of a myocardial perfusion 
phantom model to study MPI systems, and validate quantitative, multimodal MPI ap-
plications in a controlled setup (with reference flow measures). At this point, several 
steps have already been taken in our iterative phantom development process. We 
have started with designing, realizing, and testing of a proof-of-concept 3D printed 
left ventricular flow phantom that showed good compatibility with both clinical MPI 
hardware and software.16  As a next step, we have incorporated in the following phan-
tom iteration a novel concept for mimicking tracer kinetics17, and performed initial 
tests with the phantom setup with SPECT-MPI. The phantom evaluation as presented 
in this work builds on the previously developed phantom prototype and focuses on: 

	� Verifying the phantom design choices, including justification for a novel concept 
in mimicking tracer kinetics.

	� Preliminary verification of initial phantom results in dynamic SPECT, involving 
comparison with a general two-tissue compartment model.

We aim to take these insights into account in the development of the next, multi-
modal phantom prototype. Moreover, these steps in phantom evaluation support 
shaping of a suitable verification and validation strategy for multimodal myocardial 
perfusion phantom design and realization. 

Phantom design verification 
Requirements 
Phantom design starts with drawing up the set of requirements. In this, we have 
aimed to minimize phantom complexity in order to maximize the reproducibility of 
phantom measurements. Henceforth, the main requirements for the myocardial 
perfusion phantom comprise:

1.	 Sufficient mimicking of the physical appearance of the heart, mainly the left ven-
tricle, to enable phantom compatibility with dynamic, multimodal MPI hardware 
and software. 

2.	 Adequate mimicking of the left ventricular flow to facilitate dynamic contrast 
measurement and derivation of arterial input functions (AIFs) that fall within a 
standardized normal and pathological patient range. 

3.	 Advanced mimicking of myocardial perfusion to facilitate dynamic contrast mea-
surement and derivation of tissue response functions (TRFs) that fall within a 
standardized normal and pathological patient range. This patient range entails 
a distinction between mimicking normal myocardial perfusion levels and grada-
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tions of regional perfusion deficits. 

Design specifications
At this stage we have dedicated phantom development and evaluation to SPECT-MPI. 
Several phantom design specifications have evolved from the set of requirements 
(see Table 1), which are particularly focused on simulating a flow and perfusion com-
ponent in such a way that it could be used for ground truth validation of clinical, 
quantitative MPI applications. 

These design specifications can be divided in elements of physical appearance and 
functioning. In terms of physical appearance, the myocardial perfusion phantom is 
intended as a stationary cardiac insert for a commercial anthropomorphic thorax 
phantom. The insert ought to be made of materials that attain x-ray attenuation pro-
files in accordance with soft tissue. The cardiac insert is designed for 3D printing and 
consists of three cylindrical pieces (see Figure 1). The center part comprises a basic 

Table 1  Phantom specifications.

Properties Specifications Symbol Level or range Unit
Physical 
appearance

1	 Stationary cardiac insert for commercial 
thorax phantom

2	 Basic left ventricular shape of an average 
patient, comprising:

–	 a left ventricular cavity
–	 a flow inlet and outlet with branches to 

three identical, surrounding myocardial 
regions 

3	 Made of adequate materials for proper 
x-ray attenuation 

Functioning 4	 Tunable fluid flow through the left 
ventricular cavity, specified by: 

–	 a continuous flow of tap water with 
administered (radiolabeled) contrast 
kinetics

–	 the first pass of (radiolabeled) contrast 
kinetics

–	 accurate measurement of reference fluid 
flow

Φai(t) 4.0 L/min

5	 Tunable fluid flow through the myocardial 
regions, specified by: 

–	 a continuous, unidirectional fluid flow
–	 the first pass of (radiolabeled) contrast 

kinetics 
–	 tunable myocardial uptake and retention
–	 accurate measurement of reference fluid 

flow

Φmyo1–3(t) [0.04 - 0.08] L/min per 
myocardial 
region
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left ventricular cavity with an outlet that branches to three surrounding myocardial 
volumes. These identical volumes can be filled with tissue mimicking materials. 

Phantom functioning is characterized by the incorporated flow dynamics in phan-
tom and associated flow setup design. The overall setup (see Figure 2) comprises a 
closed loop flow circuit in which a fluid is circulated from the reservoir towards the 
phantom and back. The different components in the setup are connected with tubes. 
In this way, a (radiolabeled) contrast medium can be administered via a clinical con-
trast injector before entering the phantom. The phantom itself has a left ventricular 
cavity inlet and outlet, of which the outgoing flow is branched internally to the three 
myocardial volumes. These regions have individual outlets back to the reservoir. The 
flow can be regulated and measured in all parallel circuits using flow sensors and ad-
justable resistances. This setup primarily focuses on controlled mimicry of first-pass 
contrast kinetics by having a custom-built filter placed in the circuit that aims to pre-
vent recirculation of contrast. 

We have applied a black box approach to obtain adequate, flow dependent time ac-
tivity curve (TAC) outputs from phantom measurements with preset reference flows 

Figure 1  Myocardial perfusion phantom design. The exploded view (top) illustrates indi-
vidual phantom parts. The three 3D printed pieces are fastened together with nylon screws 
with sealing in between for water proofing. The tailored cross section (bottom) visualizes 
inner phantom flow connections. The arrows indicate flow direction and magnitude, and its 
color differentiates between arterial input (red) and venous output (blue). The center phan-
tom piece comprises the simulated left ventricular cavity and three surrounding myocardial 
volumes. These volumes are filled with tissue mimicking material during phantom fabri-
cation. The two outer phantom pieces contain the inlet and outlet connection to the flow 
circuit and the internal branches to the myocardial volumes. The total phantom cylinder is 
designed to fit as cardiac insert in an anthropomorphic thorax phantom.
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Figure 2  Phantom flow setup design.

in the setup as inputs. This approach implies that we are not interested in the exact 
configuration of the myocardial tissue inlays, only in its input and output relation, 
which is refined empirically. Largely because of this black box approach, several sim-
plifications have been made to functional phantom design in terms of simulating: 

	� flow dynamics, 
	� cardiac contraction dynamics, and 
	� tissue mimicking properties.

Regarding flow dynamics, we choose to generate a continuous instead of a physio-
logical flow profile. In support of this simplification, patient TACs do not show fluc-
tuations of a physiological flow profile either. An underlying cause is that TACs are 
based on average measured activities in a region of interest, which balances out 
fluctuations. In addition, measurement of the AIF concerns relatively fast kinetics of 
a respective small contrast volume ( ~ 2 mL) in order to capture the contrast bolus 
within a single heartbeat. That is also why tap water is considered a sufficient blood 
mimicking fluid for current application with SPECT as the administration of a small 
radiotracer volume mixes well with the passing water. Another reason to simplify 
the phantom flow profiles is that the human coronary circulation has several mecha-
nisms to facilitate a rather constant blood flow rate to the cells. This also reduces the 
presence of blood flow fluctuations in measured TRFs. 

In the current phantom design, the coronary circulation is simplified into three ‘cor-
onary arteries’ that open into three volumes and converge thereafter in three ‘cardi-
ac veins’. Unidirectional flow through these volumes represents both microcircula-
tion and tissue perfusion. This generalization is based on how the relevant outputs 
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are evaluated in clinical practice. Commonly, patient TRFs are assessed regionally 
and not locally. Moreover, these curves are composed of tracer kinetic measurement 
in the combined (micro)vascular and tissue component. Ensuing MBF computation 
usually arises from compartment modeling. In this type of tracer kinetic modeling 
one of the main assumptions is that the concentration of tracer is equally distribut-
ed within the entire compartment.18 In this, a correction factor is typically applied for 
the proportion of arterial tracer concentration in the measured TRF.19,20 These argu-
ments substantiate why a black box approach seems to suffice, provided that the 
measured tracer activity over time within the myocardial phantom region of interest 
corresponds to standardized patient tracer kinetics. Hence, a greater level of detail 
of the coronary circulation seems unnecessary to incorporate in phantom design. 

A possible disadvantage of this black box approach can be that the simplified mi-
crocirculation and tissue mimicking properties are fine-tuned for a certain flow set-
ting and may therefore show a different flow dependence than observed in patients. 
From that point of view it was decided to opt for standard flow settings within the 
phantom, hence also in mimicking normal perfusion and perfusion deficits. Normal 
reference flow is considered a cardiac output of 4.0 L/min and a flow through each 
myocardial phantom volume of 80 mL/min. This equates to a coronary flow of 6 %  of 
total cardiac output. A perfusion deficit is simulated by a reduced flow through one 
or multiple myocardial phantom regions by tuning the adjustable resistances. These 
settings comprise also a cardiac output of 4.0 L/min, and myocardial flows through 
each phantom myocardial volume of 40–80 mL/min (see Table 1). It is of importance 
to verify during phantom testing and evaluation whether the regulation and mea-
surement of these flows are within the desired accuracy and reproducibility range. 
This was tested and considered sufficiently (kept within 5 %  of flow sensor readout), 
though it took considerable time to set the flows correctly for each phantom mea-
surement by manually adjusting the resistances. 

It has been decided to build a stationary flow phantom, thereby excluding cardiac 
contraction dynamics in current phantom design. Although incorporation of cardiac 
contraction dynamics (and respiratory motion) will result in a more realistic phantom, 
it also entails great complexity in phantom realization. This will most likely go hand in 
hand with a decreased measurement reproducibility. It can be argued that the latter 
is also apparent in the in-vivo situation and can therefore not be neglected. Howev-
er, at this stage, a high measurement reproducibility is preferred over the degree 
of representativeness when it comes to developing a perfusion validation phantom. 

In this phantom design we can alter the tissue mimicking properties by modify-
ing the inlay of the myocardial volumes. Previous research by Kamphuis et al.17 has 
demonstrated that sorbents can be used to fill the phantom tissue volumes in order 
to mimic tracer specific uptake and retention kinetics in the myocardium. This con-
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Figure 3  Schematic overview to illustrate a novel concept in mimicking contrast kinetics 
related to tissue perfusion in a physical phantom model. Ca(t), Cf(t), and Cb(t) correspond 
to the contrast concentration measured / imaged over time in arterial blood, and free or 
bound in tissue, respectively. The illustrated phantom concept describes a similar relation 
between these measured concentrations using sorbents as tissue mimicking material. The 
rate constants that describe inter-compartmental contrast exchange rates are similar of na-
ture for the physiological and phantom model, as can be seen by tissue derived differential 
equations and resulting impulse response function (see Equation 1).

cept, as illustrated in Figure 3, can be approached with compartment modeling as 
well. Sorption is a physical and chemical process in which one substance, in our case 
the (radiolabeled) contrast medium, becomes (temporarily) attached to a selected 
sorbent or sorbent mixture.21 In this, ion exchange and adsorption processes are of 
particular interest, as these can essentially mimic freely diffusible contrast kinetics in 
tissue, reversible binding of contrast media, and irreversible binding of contrast me-
dia to cells. As shown in Figure 3, the rate constants that describe contrast kinetics 
for a general two-tissue compartment model are comparable to the sorption and de-
sorption rate constants that describe our physical phantom perfusion model. There 
is a small difference between the physiological and phantom model in how the tissue 
compartments are represented, namely as a series or parallel connection between 
unbound and bound tissue compartments. This results in a distinctive set of tissue 
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compartmental differential equations. Nonetheless, the slightly altered tissue-mim-
icking phantom design can be justified because in both models (physiological and 
patient) the image derived contrast kinetic measurement in tissues always compris-
es the sum of both tissue compartments. Hence, when solving the differential equa-
tions, the general analytical solutions of both sets of differential equations encom-
pass a similar type of impulse response function (IRF)22, as displayed in Figure 3. In 
this, α ≠ α ’ and β ≠ β ’.

In the case of tracer kinetic phantom measurement with 99mTc labeled MPI tracers it 
is known that the first pass extraction fraction is around 55–65 %  of the total inject-
ed dose and is for a small fraction (1–5 % ) irreversibly trapped in myocardial tissue23, 
hence k3= 0.01–0.05 min–1 and k4= 0 min–1. Subsequently, the differential equations 
posed by this general two-tissue compartment model can be solved analytically us-
ing the Blomqvist approach.22 This approach results in the following equation:

[Eq. 1]

In this, Ct comprises the tracer concentration in tissue over time, which is the sum 
of the tracer concentration freely diffused in tissue (Cf) and bound to cells (Cb). In 
general, the tissue concentration equals the convolution of the tracer concentration 
in the arterial blood component Ca with its impulse response function (IRF). In our 
SPECT phantom measurements, we obtain an image derived and sampled tracer 
concentration time measurement from a region of interest in the LVC, i.e., the AIF 
(corresponding to Ca(t)), and in the myocardial phantom volumes. i.e., the TRFs (cor-
responding to Ct(t)). During phantom evaluation, we have assessed how changes 
in flow and tissue mimicking material compositions correlate with these theoretical 
model descriptions.

Initial verification of phantom results 
Phantom measurements
Figure 4 shows an overview of the overall phantom setup during initial phantom 
testing in SPECT-MPI. In total, twenty-two phantom measurements were executed in 
dynamic SPECT-MPI spread over six, non-consecutive measurement days. In these 
measurements, the clinical protocol was followed completely, from dynamic image 
acquisition, tracer injection, image data reconstruction, to perfusion image visual-
ization and quantitative perfusion analysis. Around 500 MBq of [99mTc]Tc-pertechn-
etate tracer dissolved in 1.5 mL saline was injected at 1.0 mL/s just after initiating a 
standard 6 min dynamic scan. Figure 5 shows two examples of obtained phantom 
perfusion images, in which we varied myocardial flow and tissue mimicking proper-
ties. The methods used and results obtained with these phantom measurements are 
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Figure 4  Overview of the phantom flow setup during initial phantom testing on a clinical 
SPECT system.

described in related work.17 This work extends our current analysis by comparing the 
obtained AIF and TRFs with a patient example in combination with a general two-tis-
sue compartment model. 

Comparison with patient data
Figure 5 displays the mean AIF and TRF for similar phantom measurements com-
pared to a patient example. The phantom measurements are very similar to the pa-
tient example. One of the observations was that a small percentage of tracer passed 
the filters in the flow setup and got recirculated into the phantom, as can be seen 
by the gradually upward trend in the average phantom TRF over time. The visible 
differences come from spillover effects in the patient data (in the AIF at t≈30 s and 
in the TRF at t≈ 15 s) and by a small fraction of recirculating tracer. This effect can be 
observed by a slightly increasing TRF over time, instead of the flattened line as ob-
served in the patient example. The observed stronger increase in measured tracer 
activity in the patient TRF, including a higher peak activity, might also occur due to a 
higher flow.



85

5

Evaluation of a cardiac flow phantom for absolute myocardial perfusion SPECT measurements

Comparison with general two-tissue compartment model 
We verified our phantom observations by fitting the analytical solution as proposed 
by Eq. 1 to our phantom data. As a starting point, we introduced a Gaussian AIF 
with characteristics similar to the AIFs observed in Figure 6, i.e., a peak maximum of 
300 kBq/mL at t = 15 s and a full-with at half maximum of 15 s. We have also incorpo-
rated a simplified scenario of tracer recirculation by introducing contrast recircula-
tion in the simulated AIF building up to a continuous recirculation level of 10 kBq/mL 
from t = 15 s. For subsequent parameter estimation we used values from literature 
for k3 and experimentally altered K1 and k2 to manually fit the data. Figure 7 visual-
izes the simulated AIF and TRF for different values for K1 since this rate constant is 
most closely related to MBF. It should be noted that this model has been simplified 
in such a way that only K1 is varied, while in reality this is an interplay between all rate 
constants. However, for the purpose of initial phantom verification it was considered 
to be sufficient.

When comparing the model data with phantom data we can indeed relate the up-
ward trend in the phantom TRFs to the small extent of tracer recirculation. In addi-
tion, K1 (and presumably MBF) does affect the presence and height of the TRF peak 
around t = 20 s. In our current phantom setup, we observed a less dominant TRF 
peak, which may indicate a lower flow rate compared to the patient example and to 
our modeling results. 

Figure 5  Two examples of myocardial perfusion imaging series aiming to highlight the 
overall phantom development and evaluation process. The image cross-sections and po-
lar maps present the accumulated radiotracer distribution inside the phantom, which is 
a static representation of a dynamic time measurement. Note that the relative color scale 
is determined by default for each individual measurement and is therefore not linked be-
tween measurements. In these measurements, mimicking of radiotracer uptake, normal 
perfusion and perfusion deficit was examined using different parameter settings. Set-
tings include the type and mass of sorbent (s) utilized to mimic myocardial tissue, and the 
amount of volume flux (Φ) directed through the myocardial segments (MYO). D5#15 stands 
for the measurement day and number, respectively.  LAD = left anterior descending coro-
nary artery, RCA = right coronary artery, LCX = left circumflex coronary artery, SA = short axis, 
HLA = horizontal long axis, and VLA is vertical long axis.
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Figure 6  Time activity curve comparison between phantom data and a patient example. 
For the phantom data, the mean and standard deviation of the derived arterial input func-
tions (AIFs) and tissue response functions (TRFs) at a flow of 80 mL/min were plotted.

Figure 7  A two-compartment model comparison indicating the effect of contrast recircula-
tion (in phantom measurements) on time activity curve derivation for different values of K1. 
K1, k2, and k3 are transfer rate constants.  AIF = arterial input function, TRF = tissue response 
function.  

Verification of the obtained phantom data is still a work in progress. We also want 
to look at the different sorbent compositions that we used to empirically match the 
phantom TRFs with patient data and try to verify how these changes affect the rate 
constants. 

Conclusion 
With this work we have presented a start of phantom evaluation. This concerned 
verification of the phantom design choices and initial verification of phantom results 
in SPECT by comparing the obtained tracer kinetic results with a patient example 
and a tracer kinetic model. We have demonstrated that the rate constants that de-
scribe contrast kinetics for a general two-tissue compartment model are comparable 
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to the sorption and desorption rate constants in the phantom. Moreover, we were 
able to verify observations in phantom TRF data with preliminary simulation results. 
This part of our phantom evaluation is still work in progress and underpins certain 
aspects of multimodal phantom redesign, but also supports shaping of a suitable 
verification and validation strategy for a multimodal myocardial perfusion phantom. 
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Abstract
Objectives  This study explores multimodal application of a dedicated cardiac flow 
phantom for ground truth contrast measurements in dynamic myocardial perfusion 
imaging with CT, PET/CT, and MRI.

Materials and Methods  The phantom setup comprises a 3D printed cardiac flow 
phantom and flow circuit. The stationary phantom mimics the shape of a basic, left 
ventricular cavity (LVC) and three surrounding myocardial regions. The regions 
are filled with tissue mimicking materials, including sorbents and sponge material. 
The flow circuit regulates and measures water flow (with injected contrast media) 
through the LVC and myocardial regions. In this way, normal tissue perfusion and re-
gional or global perfusion deficits can be simulated. We performed 9 phantom mea-
surements (3 in PET/CT, 3 in CT, and 3 in MRI) and evaluated how well the phantom 
mimics the results of an average patient with clinically used hardware and software. 
The reference arterial input flow was set to 4.0 L/min and the flow in the three myo-
cardial regions to 80 mL/min. This setting corresponded to a myocardial blood flow 
(MBF) of 1.6 mL/g/min.

Results  The phantom results demonstrated successful completion of all the pro-
cesses involved in these quantitative, multimodal MPI applications. Contrast kinet-
ics as displayed in the time intensity / activity curves were in line with expectations, 
e.g., in MRI measurements a prolonged time to peak was detected in the myocar-
dial region with a mimicked perfusion deficit (38 s vs 32 s in normal tissue). Derived 
MBF values in PET/CT and CT led to an under- and overestimation of the reference 
flow with 0.9 mL/g/min and 4.5 mL/g/min, respectively. A simulated perfusion deficit 
(0.8 mL/g/min) in CT resulted in an MBF of 2.8 mL/g/min.

Conclusions  We have successfully performed initial, quantitative perfusion mea-
surements with our dedicated phantom setup utilizing clinical hardware and soft-
ware. These results showcase multimodal phantom potential. An important next 
step is to further optimize and validate the mimicking of the respective (radiolabeled) 
contrast kinetics for each imaging modality.

A multimodality myocardial 
perfusion phantom: initial 
quantitative imaging results
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Background
Myocardial perfusion imaging (MPI) in rest and stress is a functional imaging meth-
od widely used to assess ischemia and confirm the diagnosis of coronary artery dis-
ease.12 This imaging approach is pre-eminently performed and validated using sin-
gle photon emission computed tomography (SPECT)3 and to an increasing extent by 
positron emission tomography (PET).4 Dynamic image acquisition of contrast media 
kinetics, including radiolabeled pharmaceuticals, can improve standard, relative per-
fusion evaluation. Herewith, numerous mathematical blood flow models have been 
developed to estimate local perfusion values from the imaged contrast properties 
over time.5–7 Other quantitative measures indicating perfusion deficit, including a 
prolonged time to peak, can be derived from subsequent time intensity or time ac-
tivity curves (TICs/TACs) as well. At the moment, the added value of (absolute) per-
fusion quantification in addition to standard relative assessment has been carefully 
investigated merely using PET imaging.8 From these studies we can conclude that 
estimation of myocardial blood flow (MBF) and especially myocardial flow reserve 
(MFR) can lead to improved diagnostic accuracy in certain patient groups and re-
sult in better and standardized evaluation capabilities.9 However, caution is exercised 
when it comes to embedding absolute perfusion measures into clinical routine. Val-
idation and harmonization hereof is essential before these measurements can op-
timize revascularization decision making.10 Next to PET, absolute MPI is also emerg-
ing with other imaging modalities, such as SPECT11,12, computed tomography (CT)13, 
magnetic resonance imaging (MRI)14,15, and ultrasound.16,17 Due to this diversity in the 
clinical setting, it is warranted to investigate perfusion measurement (in)accuracy in 
a controlled environment to work towards a validated standard for quantitative, mul-
timodal MPI.

It is relevant to study clinical applications of quantitative MPI in a simplified and con-
trolled environment. In previous work18, we have presented a dedicated left ventric-
ular flow phantom in which we have introduced the use of sorbents to mimic radio-
labeled contrast media uptake and retention in the simulated myocardium. We have 
performed several ground truth tracer kinetic phantom measurements in dynamic 
SPECT and obtained promising, patient realistic TACs (i.e., comprising arterial input 
functions (AIFs) and tissue response functions (TRFs)) of normal perfusion levels and 
regional or global perfusion deficits. One of the next steps in phantom development 
is to expand the current application domain to multiple imaging modalities includ-
ing associated contrast kinetics. Hence, the two main goals of this explorative study 
are: 1) to gain insight into the overall functionality of the phantom in quantitative MPI 
applications with PET/CT, CT, and MRI, and 2) to identify possible improvements in 
phantom design.
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Materials and Methods
Phantom setup
The standard phantom setup comprises 3 elements:

1.	 a previously adapted myocardial perfusion phantom (cylindrical cardiac insert),
2.	 a commercial anthropomorphic thorax phantom, and
3.	 an in-house built flow circuit.

Detailed information on the phantom setup can be found in previous work by Kam-
phuis et al.18 In summary, the stationary, 3D printed myocardial perfusion phantom 
represents the basic shape of a left ventricle. As visualized in Figure 1, the phantom 
assembly consists of three individual parts. The phantom has one inlet to the mim-
icked left ventricular cavity (LVC) and one main outlet representing the aorta. The 
aorta branches to three mimicked coronary arteries, namely the left anterior de-
scending coronary artery (LAD), the right coronary artery (RCA) and left circumflex 
coronary artery (LCA). These branches connect to three identical, surrounding myo-
cardial volumes. Each volume has an individual outlet. The tissue mimicking materi-
al used to fill these volumes is linked to the intended contrast/tracer kinetics to be 
simulated.

The closed loop flow circuit connects to all phantom inlets and outlets (see Figure 2). 
Using this flow circuit, we can generate, regulate, and measure water flow (with in-
jected contrast agent or radiotracer) through the LVC and individual myocardial re-
gions. Tuning of the resistances/taps in the flow circuit enables simulation of nor-
mal tissue perfusion and regional or global perfusion deficits. Standard flow settings 
were 4.0 L/min as cardiac output and 80 mL/min within each myocardial region. The 
latter corresponds to a myocardial blood flow of 1.6 mL/g/min (normalized by tissue 
weight, with an assumed tissue density of 1.0 g/mL and a volume of 50 mL per myo-
cardial region).

In all phantom measurements we aimed to image first pass, patient realistic contrast 
kinetics through the mimicked LVC and myocardial regions over time. The same basic 
measurement setup, as illustrated in Figure 3, was used for all phantom measure-
ments. The following modality specific adjustments have been made regarding the 
flow circuit and the used tissue mimicking material.

Flow circuit adjustments
The described flow circuit was designed for use with [99mTc]Tc-pertechnetate and 
SPECT imaging.18 In this setup, a closed loop configuration was preferred in order to 
avoid large amounts of radio-active wastewater. Use of a custom-built filter (adsorb-
ing passing radiotracer) prevents recirculation of radiotracer, hence aims for the in-
tended measurement of first pass tracer kinetics. No adjustments to the flow circuit 
seemed necessary for phantom measurements with PET/CT imaging as we assumed 
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Figure 1   Tailored cross-section of the myocardial perfusion phantom design, consisting of 
three cylindrical parts fastened together with nylon screws. The middle phantom part com-
prises the simulated left ventricular cavity (LVC) and three surrounding myocardial regions 
(myo1–3). The two outer parts contain the in- and outlet connections to the flow circuit and 
the internal branches from the simulated aorta to myo1‒3 (only myo1 is visible in this view). 
The branches correspond to the main coronary arteries, i.e., the left anterior descending 
coronary artery (LAD), right coronary artery (RCA) and left circumflex coronary artery (LCX). 
The arrows indicate flow direction and magnitude, and its color differentiates between ar-
terial input (red) and venous output (blue). Adapted from Kamphuis et al.18

Figure 2   Flow circuit design of the standard phantom setup. The 3D printed phantom cyl-
inder has one inlet to the simulated left ventricular cavity. Its main outlet (mimicking the 
aorta) branches to three identical surrounding myocardial regions (1‒3). Each region has an 
individual outlet. All flow circuit components are connected by silicon tubing. Modality spe-
cific adjustments incorporate a custom-built filter in the water reservoir to adsorb recircu-
lating radiotracer during SPECT and PET measurements (dashed green line) and additional 
tubing of 8 m was built in at the in blue marked positions for MRI measurements. The arrow 
in the left top indicates flow direction.
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the existing recirculation filter applied in SPECT would be sufficient for PET/CT as 
well.19 The filter comprised of 1 kilogram of aquarium filter material, which is a mix-
ture of zeolite ( ~ 50 % ) and activated carbon ( ~ 50 % ) (Superfish Crystal Clear Media, 
AquaDistri, Klundert, The Netherlands). Previous experiments have shown adsorp-
tion of passing [99mTc]Tc-pertechnetate using activated carbon18 and it was hypothe-
sized that zeolite would adsorb passing [13N]NH3 satisfactorily19, provided that a suf-
ficient amount of filter material was used. Small adjustments to the closed loop flow 
circuit were necessary for phantom measurements with CT, because no adsorption 
of an iodine-containing contrast medium was attained in the lab using current filter 
design. These adjustments included: 1) enlargement of the water reservoir (5 L in 
total) such that recirculation of contrast falls outside the 30 s scanning time, and 2) 
replacement of the iodine containing water with fresh tap water in between phan-
tom measurements (i.e., strong dilution) to prevent increasing contrast concentra-
tions being imaged over time. For MR measurements, the setup was placed outside 
the Faraday cage. Only the phantom itself was positioned on the scanning table by 
means of 5 silicone tubes of 8 meters (see Figure 2 and 3). The phantom cylinder 
was placed in a water container. For the same reason as with the CT measurements, 
the contrast containing water was replaced by fresh tap water in between measure-
ments.

Tissue mimicking adjustments
Ideally, a dedicated myocardial perfusion phantom can mimic a standard course of 
a specific (radiolabeled) contrast medium. Previous phantom measurements with 
SPECT have shown that the concept of using sorbents as tissue mimicking materi-
al offers novel possibilities to mimic contrast specific kinetics.18 We demonstrated 
with SPECT-MPI that a certain amount of activated carbon, placed in the myocardi-
al tissue volumes of the phantom, can provide standardized myocardial uptake of 
[99mTc]Tc-pertechnetate in accordance with normal perfusion levels. In principle the 
same can be accomplished with other contrast media and for other imaging mo-
dalities. For phantom measurements with PET/CT, we poured different amounts of 
zeolite, supplemented with activated carbon or silica granulates, into three myocar-

Figure 3  Examples of the overall phantom measurement setup in PET/CT (left), CT (mid-
dle) and MRI (right).
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dial tissue volumes. This proof-of-concept was done to explore whether trapping of 
[13N]NH3 can be attained and modified accordingly. For CT measurements, we used 
sponge as tissue mimicking material.20–23 Iodine based contrast media hardly leave 
the microvasculature and therefore no trapping has to be simulated. For MRI mea-
surements there were no specific requirements set for tissue mimicking properties 
yet, hence we used a mixture of activated carbon and silica granulate for this feasi-
bility experiment.

Phantom measurements
Initial measurements were aimed at describing to what extent the current phan-
tom setup can be used for multimodal, quantitative MPI evaluation. In this, we went 
through all steps along the dynamic MPI procedure: from patient/phantom prepa-
ration, image acquisition and reconstruction to perfusion analysis, and reporting on 
the feasibility per modality. A total of nine phantom measurements were performed 
on three different scanners (3 in PET/CT, 3 in CT, and 3 in MRI) following clinical MPI 
protocols where possible. An overview of the study variables is listed in Table 1. At 
the start, the phantom setup was built up on the scanning table in a standard man-
ner. Then the flow circuit was filled with tap water and vented, connected to the clin-
ical contrast injector, and set to standard flow settings (4.0 L/min through LVC and 
3 × 80 mL/min through the myocardial regions). Hereafter the clinical scanning pro-
cedure could be started.

Dynamic myocardial perfusion imaging
PET/CT imaging
The phantom study was performed on a digital PET/CT scanner (Vision Biograph 
PET/CT 128-Multislice Scanner; Siemens Healthineers, Erlangen Germany). Myocardi-
al perfusion was assessed three times with a dose of 400 MBq [13N]NH3 injection. CT 
based transmission scans (120 kVp; 20–30 mA; pitch 1.5) were obtained prior to the 
first perfusion study to determine the field of view (FOV) and evaluate the presence 
of unwanted air bubbles, followed by venting efforts until this was resolved satisfac-
torily. It should be noted that for PET/CT measurements, an unforeseen resistance 
in one phantom region resulted in a set flow of 40, 80, and 80 mL/min in myocardi-
al region 1‒3, respectively. Then, dynamic perfusion imaging data were obtained for 
8.5 min and visualized in 25 frames (1 × 7.5 s, 11 × 5 s, 1 × 7.5 s, 1 × 10 s, 1 × 20 s, 6 × 30 s, 
1 × 45 s, 1 × 60 s, and 1 × 120 s). A standard reconstruction (2D attenuation-weight-
ed OSEM) was used with 3 iterations, 14 subsets, and 3D post-filtering with a 5 mm 
Gaussian filter kernel. Transverse data were reformatted to a 168 × 168 × 47 matrix 
with 2 mm pixels for each dynamic frame.

CT imaging
Dynamic CT perfusion scans were performed at a third-generation dual source CT 
scanner (SOMATOM Force, Siemens Healthineers, Forchheim, Germany). The FOV 
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was determined based on frontal and lateral scout images and covered the anthro-
pomorphic thorax phantom with myocardial perfusion phantom insert. Dynamic 
scans were started nine seconds prior to contrast bolus injection into the flow circuit. 
60 mL of 350 mg/mL iomeprol solution (Iomeron350, Bracco, Milan, Italy) was inject-
ed at an injection rate of 6.0 mL/s. Contrast injection was followed by a 32 mL saline 
flush also at 6.0 mL/s. Based on preliminary phantom measurements we slightly al-
tered the standard contrast protocol (40 %  dilution with saline) to obtain patient re-
alistic AIFs (i.e., a peak intensity of around 800 HU). Dynamic CT perfusion scans of 
30 s were performed in shuttle mode during end-systole (mimicked by a simulated 
60 bpm ECG trigger pulse), providing one full heart coverage scan with a z-range of 
102 mm per two seconds. Other acquisition parameters included a tube voltage of 
70 kVp, a tube current time product of 280 mAs, and a gantry rotation time of 0.6 s. 
Dynamic CT perfusion data were reconstructed with 3.0 mm slice thickness and 
1.5 mm increment. Traditional filtered back projection was used with a B23f kernel.

MR imaging
Dynamic image acquisition was performed using a 1.5 T clinical MRI scanner (Ambi-
tion X, Philips, The Netherlands) whereby the same anterior and posterior receive 

Table 1  Overview of study variables

study variables PET/CT CT MR

imaging settings
scan duration 8.5 min 30 s 60 s
(radiolabeled) contrast medium 400 MBq [13N]NH3 12.6 g iomeprol 7.5 mmol gadolinium
Vtracer / Vcontrast (mL) 10 60 15
vtracer / vcontrast (mL/s) 1.0 6.0 3.0
Vendflush (mL) 30 32 20
vendflush (mL/s) 5.0 6.0 3.0
phantom settings
tissue mimicking material

myo1 29.0 g zeolite sponge 7.0 g activated carbon
14.0 g silica granulates

myo2 14.5 g zeolite
13.7 g silica granulates

sponge 7.0 g activated carbon
14.0 g silica granulates

myo3 7.3 g zeolite
12.8 g activated carbon

sponge 7.0 g activated carbon
14.0 g silica granulates

ΦLVC (L/min) 4.0 4.0 4.0
Φmyo1–3 (mL/min) [40 80] [40 80 120] [60 80]
V = volume; v = injection rate; myo1–3 = myocardial tissue regions; LVC = left ventricular cavity; Φ = volume flux
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coils were used as clinically used for patient scanning. In this, the predetermined 
FOV (210 mm × 252 mm) covered the water tank in which the phantom was posi-
tioned. Then, a clinical Balanced Turbo Field Echo sequence was performed. Accord-
ing to clinical protocol, 7.5 mmol of gadolinium (Dotarem, Guerbet, Roissy, Cedex, 
France) was dissolved in 15 mL saline and injected simultaneously with the start of 
the sequence at a flow rate of 3.0 mL/s, followed by a saline end flush of 20 mL, in-
jected at the same speed. Dynamic perfusion image series of 1 frame/s were ac-
quired for a scan duration of 60 s in four manually selected image planes. These im-
age planes included three short axis planes from heart base to apex and one of the 
4-chamber plane. The image data has a voxel size of 2.02 mm by 2.23 mm (matrix of 
104 × 113 voxels) and a slice thickness of 10 mm.

Perfusion analysis
PET/CT analysis
All PET/CT images were processed with SyngoMBF VB14 (Siemens Healthineers, 
Forchheim, Germany). Dynamic datasets were automatically loaded, centered, and 
oriented, followed by manual corrections for adjustment of centering and reorienta-
tion of axial limits only when needed. The two-tissue compartment model developed 
by Hutchins et al.24 was fitted to measure the TACs in order to calculate segmental 
MBF (presented in polar maps). In this, the arterial input function was derived by an 
automatically drawn region of interest at the base of the delineated LV. TRFs were 
extracted from standard delineated myocardial segments according to the America 
Heart Association’s 17 segment model.25 In this, segment 7, 9, and 11 corresponded to 
the center of the three phantom tissue regions. For the second and third scan mea-
sured background activity in the myocardial regions were subtracted using a stan-
dard tool in the clinical software. In this, the activity measured in the last frame of the 
previous study was subtracted from all frames in the following study. Multimodality 
TIC/TAC data was exported to Matlab2021 (MathWorks, Inc., Natick, Massachusetts, 
United States) for visualization purposes.

CT analysis
CT images were processed with Syngo.via Enterprise Browser VB40 HF20 (Siemens 
Healthineers, Forchheim, Germany). The dynamic datasets were automatically load-
ed, centered, and oriented. As a next step, an intensity threshold was placed to dif-
ferentiate arterial input flow data from surrounding tissue. Then two regions of inter-
est (ROIs) were manually drawn in two image slices (comprising both shuttle modes) 
to derive an average AIF from the ROIs in the LVC. Next, three similar tissue vol-
umes of interest (VOIs) were delineated in different image slices corresponding to 
the three myocardial regions, after which the software automatically contoured the 
entire VOIs. Based on the intensity profiles within the VOIs, i.e., the TRFs, the soft-
ware automatically calculated local and regional MBF values using a maximum slope 
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method. Such method is derived from the Fick principle and calculates MBF by divid-
ing the maximum gradient of the TRF by the peak of the AIF.26,27

MR analysis
The acquired images were analyzed using Intellispace software (Philips Healthcare, 
the Netherlands). The endocardial and epicardial contours were manually drawn in a 
single basal, mid ventricle, and apical slice. These were then automatically propagat-
ed to all dynamic phases. As a next step, a ROI was automatically drawn in the cen-
ter of the endocardial contour to generate an AIF. Subsequently, a 6-tissue segment 
model was superimposed over the image slices in the short axis views, to generate 
segmental TRFs. The orientation of this segment model was manually oriented to 
match with the myocardial regions in the phantom.

Results
Figure 4 illustrates clinical analysis of two dynamic PET-MPI data sets. The use of 
different tissue mimicking material compositions resulted in varying tracer uptake 
as shown in the uptake polar maps. The tissue region depicted by heart segment 
9 showed the highest tracer uptake level, corresponding to myo2 in the phantom. 
Tracer uptake was almost absent in segment 11, which matched myo3. The second 
row in Figure 1 plots a repeated phantom measurement with background subtrac-
tion of previously accumulated radiotracer. Scan 1 and 2 showed a similar relative 
tracer uptake distribution across the mimicked myocardial tissue, though deviated 
from each other in terms of absolute computed MBF values. Figure 5 demonstrates 
myocardial perfusion image visualization and analysis in CT. The top row illustrates 
a phantom image time-lapse across the short axis showing contrast arrival and dis-
tribution within the LVC and myocardial regions. A perfusion deficit was simulated in 
the rightmost tissue region. The figure displays typical MBF analysis of a VOI in con-
secutive image slices. An example dynamic phantom image series obtained with MRI 
is visualized in the top row of Figure 6. Underneath a typical (partial) software display 
is presented for subsequent perfusion analysis.

Multimodal TACs/TICs are displayed in Figure 7, highlighting contrast media distri-
bution over time within the mimicked LVC and myocardial tissue regions/segments. 
Table 2 provides an impression of software derived MBF values (from a single scan) 
compared to the set reference flow in the phantom setup.

Discussion
This explorative study had two main goals; at first to study overall functionality of our 
dedicated myocardial perfusion phantom for multimodal use and second to identi-
fy possible improvements in phantom setup design. The phantom results obtained 
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Figure 4  Two PET-CT myocardial perfusion imaging scans. The cross-sections along the 
sagittal axis (SA), horizontal longitudinal axis (HLA) and vertical longitudinal axis (VLA) dis-
play accumulated radiotracer activity. The green boxes indicate the regions of interest that 
were used to calculate the arterial input function. The polar plots show myocardial tracer 
uptake (left) and computed myocardial blood flow (MBF)(right). The three depicted heart 
segments (circled in yellow in the top uptake polar map) represent the center of the three 
phantom tissue regions (myo1‒3) and were used for further tissue response function and 
MBF analysis.

Figure 5   Example of CT myocardial perfusion image analysis. Top: visualizes a time-
lapse across a short axis plane of the phantom showing contrast arrival and distribution 
in the mimicked left ventricular cavity (center) and three surrounding myocardial regions. 
The rightmost tissue region simulates a perfusion deficit (flow of 40 mL/min instead of 
80 mL/min). Bottom: shows a typical software display of CT myocardial perfusion image 
analysis in consecutive image slices. The level of estimated myocardial blood flow within the 
manually delineated volume of interest is visualized by the added color, and ranges from 0 
(purple) to 150 mL/100 mL/min (red).



101

6

A multimodality myocardial perfusion phantom: initial quantitative imaging results

with PET/CT, CT, and MRI demonstrated successful completion of all the steps in-
volved in these quantitative MPI applications: from dynamic image acquisition of 
contrast kinetics to subsequent perfusion analysis (multimodal software displays are 
provided in the Supplement). We will now further elaborate on the executed steps 
per imaging modality.

With the PET/CT phantom measurements, we wanted to verify whether it is possible 
to mimic myocardial uptake of [13N]NH3 using sorption technology. And if so, whether 
the subsequent accumulated detection of tracer activity in the phantom leads to rec-
ognition and mapping of patient realistic heart contours by clinical analysis software. 
These initial results show that zeolite indeed provides a certain amount of [13N]NH3 
trapping, which appears to be controllable by using different tissue mimicking ma-
terial compositions (Figure 4 and 7). As a result, the phantom heart contours were 
well recognized by the software, as with previous SPECT measurements.18,28 No activ-
ity can occur at the location of the partitions in the myocardial tissue volumes of the 
phantom. We have used these markings in the polar maps to facilitate standardized 
orientation and evaluation. Manual adjustments in phantom orientation could be 
easily applied in the software. As a result, heart segment 7, 9 and 11 could be selected 
for further TAC and MBF analysis. These segments occupied the center of the myo-
cardial volumes in the phantom. As can be seen in Figure 7, the TRF of heart seg-

Figure 6  Example of MR myocardial perfusion image analysis. Top: visualizes a time-lapse 
across a longitudinal heart axis plane showing contrast arrival and distribution in the mim-
icked left ventricular cavity (center) and three surrounding myocardial regions. Bottom: 
clinical software display of segmental myocardial perfusion analysis. In this, segment 2 de-
picts a simulated perfusion deficit. The colors indicate the relative maximum upslope of the 
tissue region as a ratio of the maximum upslope in the left ventricular cavity, scaled from 
3.23 to 24.90 % .
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Figure 7  Example time activity / intensity curves for PET/CT, CT, and MRI phantom mea-
surements displaying the arterial input function (AIF) and regional tissue response func-
tions (TRFs). For PET/CT these regions comprised heart segment (HS) 7, 9 and 11, which 
matched the center of the three phantom myocardial regions (myo1‒3). For CT these re-
gions comprised myo1‒3 in its total (manually delineated) and for MRI the segments (s) 
comprised parts of myo1‒3. Note: the x-axes have different time scales.
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ment 7 had a somewhat delayed uptake of radiotracer due to the lower flow setting. 
The stronger increase of this curve compared to the other TRFs can be explained by 
the larger amount of adsorption material present in this segment. Overall, the phan-
tom TACs showed good resemblance with patient TACs.29 Further research in finding 
the adequate tissue mimicking material composition and standardized fabrication 
hereof, may further enhance tracer kinetic phantom measurement of [13N]NH3 up to 
the level of two-compartmental blood flow analysis. Furthermore, we minimized ad-
justments to the closed flow circuit and used the same recirculation filter as applied 
in previous measurements with SPECT. However, we can derive from the slightly in-
creasing TACs in Figure 7 that using this setup a small amount of [13N]NH3 recirculat-
ed throughout the scan time at t > 50 s. An improved filter design should encounter 
for measurement and analysis of more controlled, first pass tracer kinetics. In line 
with this, we can also argue that current background subtraction method (provided 
by the analysis software) seems insufficient to correct for residual tracer activity in 
successive phantom measurements. In general, subtraction of TACs entails a certain 
measurement inaccuracy, which seems undesirable for the development of a valida-
tion phantom and hampers current MBF computation and phantom reproducibility.

The used phantom setup was not dedicated for measurements with CT; hence we 
performed a measurement series upfront for optimization purposes. With minimal 
adjustments to phantom and flow circuit design, it became possible to perform dy-
namic perfusion image acquisition using a slightly modified clinical protocol (see 
Video, Supplemental Digital Content 2). We performed initial perfusion analyses us-
ing associated clinical software. Remarkably, the mapped intensity profiles within 
the mimicked myocardium were higher compared to patient data.30 This may be due 
to the made simplifications in phantom design in mimicking the pericardium and 

Table 2  Impression of software derived myocardial blood flow (MBF) or other perfusion 
measures from a reference phantom measurement in PET/CT, CT, and MR.

Imaging modality Myocardial region
Φ
(mL/g/min)

MBF
(mL/g/min)

TTP
(s)

PET/CT myo1
myo2
myo3

0.8
1.6
1.6

0.6
0.9
0.8

-
-
-

CT myo1
myo2
myo3

1.6
0.8
1.6

4.5
2.8
4.3

-
-
-

MR myo1
myo2
myo3

1.6
1.6
0.8

-
-
-

32.0
32.0
38.0

Φ = volume flux (reference flow); TTP = time to peak
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myocardium as one. In future research more suitable tissue mimicking materials will 
be explored. Possibly this simplified anatomical representation also limits automatic 
delineation of the heart contours. Fortunately, we could manually delineate VOIs in-
stead, though this type of evaluation is less easy to standardize for future research 
purposes and therefore less desirable for phantom validation purposes. MBF was 
subsequently calculated based on the average TICs within these VOIs. These values 
do not yet correspond to the reference values (Table 2) but do demonstrate the po-
tential of future phantom application.

Minor adjustments to the phantom setup allowed us to obtain dynamic MR perfu-
sion images according to clinical protocol. The obtained dynamic TIC signals in the 
LVC and myocardial regions were comparable to those in patients.31 In this, a sim-
ulated perfusion deficit led to a delayed time to peak and a decreased maximum 
peak intensity compared to surrounding normal perfused tissue (see Figure 7 and 
Table 2). It should be noted that the perfusion deficit as indicated in segment 2 of 
Figure 6 and its associated TIC in Figure 7 comprises only half the myocardial phan-
tom region in which the deficit was located. A comprehensive analysis hereof is pre-
sented in the software display presented in Supplemental Digital Content 1. These 
quantitative perfusion measures are still relative and can therefore underdiagnose 
patients with balanced ischemia or microvascular dysfunction. The utilized MR imag-
ing technique can be further improved, though is considered sufficient for this proof-
of-concept phantom experiment. Within the cardiac MRI field, there are several dy-
namic imaging methods to look at myocardial perfusion, including calculating MBF. 
The latter can be done, for example, with arterial spin labeling.32 In this technique no 
contrast agent is used, which greatly reduces the signal to noise ratio, but leads to 
a less robust application. At the moment this application is still in its infancy. Further 
development of this application can certainly benefit from the dedicated validation 
phantom as presented in this study.

This study has a few limitations. Only a limited number of measurements have been 
performed per imaging modality (n = 3), which is sufficient for a first feasibility check, 
though requires more extensive research to draw up an adequate set of require-
ments for multimodal phantom (re)design. In line with this, for a complete multimod-
al phantom design it is also important to consider the differences between scanner 
types and manufacturers, as well as clinical perfusion analysis software packages. In 
addition, better venting capabilities should be incorporated in the phantom design 
to diminish the presence of air bubbles. For example, small air bubbles were present 
during phantom measurements in CT, as depicted in the top myocardial region of 
the image time-lapse in Figure 5. Finally, this phantom feasibility study does not yet 
include quantitative MPI with contrast enhanced echocardiography. The materials 
used in current phantom model are not suited for use with ultrasound.
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In conclusion, this phantom feasibility study in PET/CT, CT and MRI has shown that 
our adapted myocardial perfusion phantom setup offers the potential for multimod-
al functionality. With the current setup, we were able to successfully perform quan-
titative perfusion measurements using clinical applications and compare the results 
to a reference flow measure (indicative, not validated). From these initial phantom 
measurements, we have gained valuable insights to improve our multimodal phan-
tom design. A next step is to further optimize and validate the mimicking of the re-
spective (radiolabeled) contrast kinetics for each imaging modality.



106

  CT perfusion analysis display using Syngo.via Enterprise Browser VB40 HF20 (Sie-
mens Healthineers, Forchheim, Germany).

Supplement
Multimodal perfusion analysis displays using clinical software.



 PET/CT perfusion analysis display using SyngoMBF VB14 (Siemens Healthineers, Forch-
heim, Germany).

  MRI perfusion analysis display using Intellispace software (Philips Healthcare, the Neth-
erlands).
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The aim of this thesis is to improve current CAD diagnostics by contributing to on-site 
validation and standardization of quantitative, multimodal MPI. The research objec-
tives are:

1.	 Investigating the usability of contemporary flow phantom models for ground 
truth perfusion measurement in quantitative, multimodal MPI, 

2.	 Defining multimodal phantom requirements for studying dynamic and quantita-
tive MPI procedures, and 

3.	 Developing a dedicated, multimodality myocardial perfusion phantom. 

In this thesis, the reader is taken along in the empirical and iterative development 
process, which describes the need for and the realization of this dedicated myocardi-
al perfusion phantom. Distinctive knowledge, insights and skills have been obtained 
along the way. Here we will reflect on to what extent the research objectives have 
been achieved and highlight some of the important lessons learned.

The first research objective has been accomplished. Chapter 2 provides a systematic 
review of existing perfusion phantom setups for quantitative imaging. We have at-
tempted to get a grasp on the diverse phantom approaches by presenting an over-
view of seemingly relevant aspects, including a cautious impression of contemporary 
phantom performance. The perspective from, and the purpose of looking at these 
data strongly affect its interpretation. With our phantom purpose in mind, the re-
sults presented in the review show that many phantom setups seem to focus on val-
idating imaging technology and often use custom-built analysis software to assess 
and evaluate perfusion measurements. The review also shows that perfusion mim-
icking phantoms are usually represented by one physical compartment or at most 
a two-compartment representation. In the latter case, the fluid exchange between 
the ‘blood’ compartment and ‘single-tissue’ compartment is constructed via one or 
multiple aligned permeable membrane(s). Yet control over these mimicked myocar-
dial contrast uptake and retention rates, as denoted by the transfer rate constants 
(e.g., K1 and k2), is restricted. In this, higher order contrast kinetic models are fully 
disregarded. The restricted control over contrast uptake and retention characteris-

General discussion
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tics narrows the possibilities for multimodality phantom application. Striking was that 
only one of these phantoms is commercially available. Based on these findings we 
can conclude that current phantom models are insufficient for ground truth perfu-
sion measurement in quantitative, multimodal MPI. Nonetheless we did gain useful 
insight in possible phantom design, fabrication, and evaluation methods for the de-
velopment of our own dedicated myocardial perfusion phantom. 

Research objective 2 has been achieved as well. The work as presented in Chapter 3–6 
contributed to the establishment, evaluation, and refinement of multimodal phan-
tom requirements. As mentioned, we have observed that contemporary MPI phan-
toms are mainly focused on validation of novelty in MPI imaging technology. In this 
thesis, we opt for a reversed approach by developing a functional imaging phan-
tom with the initial purpose to answer clinical questions related to clinical workflows. 
This functional, multimodality imaging phantom requires: i) sufficient mimicking of 
the physical appearance of the heart, mainly the left ventricle, to enable phantom 
compatibility with MPI hardware and software, ii) adequate mimicking of arterial in-
put flow to facilitate dynamic contrast measurement and derivation of arterial input 
functions that fall within a standardized normal and pathological patient range, iii) 
advanced mimicking of myocardial perfusion to facilitate dynamic contrast measure-
ment and derivation of tissue response functions that fall within a standardized nor-
mal and pathological patient range.

The third and final research objective has been largely achieved. During the iterative 
phantom development process, the set phantom requirements were translated into 
a proof-of-concept phantom design, after which this design was realized, tested, and 
evaluated with dynamic SPECT-MPI (Chapter 3). In Chapter 4 and Chapter 5 we have 
refined the phantom model, followed by additional testing and evaluation, again with 
dynamic SPECT-MPI. Chapter 6 concluded with initial phantom testing of an extend-
ed phantom setup in multiple imaging modalities, including PET, CT, and MRI. Below 
a brief overview is stated on gained insights, and progress regarding the presented 
phantom development process. Recommended next steps in phantom development 
are discussed as part of the outlook. 

In our experience, it is most effective and efficient to divide ultimate phantom goal(s) 
into manageable subgoals and work towards consecutive phantom iterations, pref-
erably using modular building blocks. At the very beginning of this work, an attempt 
was made to create a fully dynamic and multimodal myocardial perfusion phantom 
from scratch. It soon became clear that the desired phantom setup was incredibly 
complicated to realize, control, let alone validate. It makes more sense to build up 
expertise from a simplified, controllable basis and then proceed with manageable 
steps towards model refinement and extension to meet the stated (sub)goals. This 
thesis has focused therefore on a stationary left ventricular flow phantom design, 
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keeping in mind the ultimate goal of incorporating motion dynamics as well. In addi-
tion, a large part of the presented work (Chapter 3–5) has been dedicated to phan-
tom measurements in dynamic SPECT-MPI. The main reason for this has been the 
local accessibility and expertise regarding this clinical workflow. In Chapter 6, we 
then tested the refined phantom model on multimodal MPI workflows and obtained 
promising first results. The use of modular building blocks supports phantom itera-
tion and is therefore recommended in addition to the advice to build from a simple 
phantom to the desired phantom complexity. An example hereof is that the vari-
ous flow circuit components, such as the contrast inlet module, can be designed 
for multi-purpose (re)use. Another example is that the custom-built control unit can 
steer multiple pumps and can read and display multiple analog and digital signals 
(e.g., pressure and flow sensor outputs) simultaneously, which makes it widely appli-
cable. A general advantage of this modular approach is that optimization efforts can 
easily run in parallel. 

To underpin phantom realization, we utilized expertise from various disciplines in ad-
dition to biological and medical imaging expertise. In line with this, we believe that 
the use of 3D printing technology in combination with membrane and sorption tech-
nology are key in achieving our phantom requirements. The 3D printing technology 
has been used to construct a phantom with the physical and functional appearance 
of a general left ventricle. In Chapter 3 the created prototype consisted of separate, 
3D printed parts that were connected by additional connectors and silicone tubes. 
This somewhat cumbersome method sufficed in achieving our proof-of-concept goal. 
We achieved a phantom compatibility with a clinical MPI scanner and software pack-
age because of the incorporated left ventricular phantom shape. Our next phantom 
prototype, as described in Chapter 4, was specifically designed for manufacturing 
with 3D printing. This resulted in a leak-free, cardiac flow phantom containing inter-
nal left ventricular structures and connected volumes. In general, 3D printing tech-
nology is vastly suitable for fabrication of such complex 3D anatomical structures 
and volumes at a detailed level. An additional advantage of 3D printing comprises 
the ability for rapid prototyping, which is also apparent from the fact that more mod-
els have been printed than described in this thesis. Printed phantoms can consist 
of patient-specific or more general models and can vary in complexity depending 
on the intended goals. Partly because of these described advantages we observe a 
shift towards additional use of 3D printing technology in the development of diverse 
(cardiac) imaging phantoms.1–4 There are many further possibilities to explore in this 
field.5,6 For example, it might be interesting to study 3D printing of other materials or 
combinations of materials (e.g., in terms of stiffness). 

The added value of using membrane and sorption technology in phantom develop-
ment concerns the mimicking of contrast kinetics in tissue. Contemporary perfusion 
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phantoms are limited in mimicking advanced and tracer specific kinetic behavior, as 
is also the case in our proof-of-concept phantom in Chapter 3. The TAC results ob-
tained with this phantom showed a restricted comparability with patient TRFs (ab-
sence of tracer trapping, k3= 0). These limitations in tissue mimicking properties also 
resulted in an inverse relationship between phantom setup flow and estimated MBF, 
making the phantom unsuitable for ground truth evaluation of quantitative MPI. For 
these reasons, we have introduced a novel concept to mimic compartmental con-
trast kinetics in Chapter 4. This concept was demonstrated by filling the myocardial 
compartments in the phantom with various sorbent material compositions. Subse-
quent phantom measurements in dynamic SPECT-MPI showed that the type and 
amount of sorbent poured into the phantom compartment affected the kinetics of 
the passing contrast medium within this compartment. These results implicate that 
we can potentially mimic patient representative (temporary) trapping of a specific 
contrast agent locally. In this, sorption processes, including ion exchange and ad-
sorption, are of particular interest. These can essentially mimic freely diffusible con-
trast kinetics in tissue, reversible binding of contrast media, and irreversible binding 
of contrast media to cells. In Chapter 5 we have shown that this sorption-based con-
cept is, in a way, similar to (higher order) tracer kinetic modelling approaches. Sub-
sequently we showed in Chapter 6 that detailed tracer uptake and retention char-
acteristics can be pursued for dynamic PET-MPI as well. A different tissue-mimicking 
approach might be desirable for other types of contrast media. This might be the 
case for iodine containing CT contrast media, as these media hardly leave the mi-
crocirculation. We believe that the combination of membrane and sorption technol-
ogy could further improve the mimicking of myocardial perfusion dynamics in phan-
toms, potentially up to the level of ground truth MBF assessment in multimodal MPI. 
With the current setup the absolute mean error between phantom reference flow 
(1.5 mL/g/min) and software derived MBF was 0.4, 0.1 and 0.1 mL/g/min for the LAD, 
RCA, and LCX region, respectively. Further research into the presented tissue mim-
icking concept, together with phantom setup optimization and validation, could po-
tentially mimic such myocardial perfusion dynamics up to the level of ground truth 
MBF assessment in multimodal MPI. 

Outlook 
The long-term aim of this line of research is to enable ground truth flow and perfu-
sion measurement in quantitative, multimodal MPI. Below we describe some neces-
sary follow-up steps in phantom development to achieve this overall aim. In addition, 
we describe a few examples of foreseen phantom applications. The outlook con-
cludes with a future perspective for functional imaging phantoms in general. 
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Next steps in phantom development 
Based on the insights gained in this thesis we can make several recommendations 
for next steps in phantom development. Some of these recommendations, as illus-
trated in Figure 1, will be now explained in more detail. 

1. Phantom optimization
It seems a logical next step to adapt the current phantom design to an easily inter-
changeable module. In current prototype the trapping of tracer in the mimicked 
tissue causes undesirable buildup of background activity upon successive phantom 
measurements. These effects hamper reliable perfusion analysis and can be avoided 
in a next phantom-design iteration by replacing the tissue module (or entire phan-
tom) in between measurements. In addition, we recommend altering the current 
myocardial tissue model into a physical 17 heart segment tissue model.7 This does 
not necessarily have to comprise the full 17 segments, but a few segments or merg-
ing of some segments. We foresee significant benefits in standardized perfusion 
analysis with such model. Moreover, the flow supply to these 17 phantom segments 
will be more challenging to control (compared to three parallel flows in the current 
phantom) but will also be a more accurate and desirable representation of the cor-
onary territories. It could for instance facilitate adequate flow measurement in the 
apex region. Lastly, this modular, heart segment approach enables research onto 
the control over (radiolabeled) contrast kinetics in an isolated, well defined, small-
scale environment, i.e., in one single segment. Various combinations of membrane 

1. Phantom optimization:
 Interchangeable module
 Physical 17 segment model
 Control over contrast kinetics

2. Flow setup optimization:
 Improved flow control
 Modular setup 

3. Verification and validation:
 Adequate protocol
 Comparison with patient 

and model data

Figure 1  Next steps in phantom development.
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and (ad)sorption technology can be applied and studied within this standard module 
in order to achieve the desired contrast specific kinetics. By doing this on a relatively 
small scale, it becomes more practical to test and refine these tissue-mimicking mod-
ules in preclinical imaging systems. When satisfied, we can incorporate these tissue 
modules in overall cardiac phantom design and execute phantom testing and valida-
tion in the multimodal clinical setting. 

2. Flow setup optimization
In the current setup, the flow is regulated by tuning the pumping speed and man-
ual adjustment of resistances (taps). However, flow sensors combined with a mea-
surement system are required to regulate the desired flow settings on site. Once 
the resistances have been set, the flow sensors and flow sensor readouts become 
redundant as the settings remain constant during the phantom measurement and 
scan duration. It would therefore be more convenient to incorporate a number of 
pre-calibrated flow resistors (apertures) in a standardized setup. The aim hereof is to 
simplify the current setup, make it more user-friendly and reproducible to regulate 
flows. Such a setup is also easier to make MRI compatible, without the need for ex-
tended tubes. The required electronics then only concern the pump itself and these 
are available in MRI compatible types. In addition, a modular approach is key for re-
alization of this multi-deployable flow setup. An example hereof comprises the recir-
culation filters, which need further design optimization as well. The purpose of such 
filter is to extract passing contrast media in order to prevent undesired recirculation 
of contrast in the phantom (thereby enabling measurement of first-pass contrast ki-
netics). An adequate filter design is closely related to the molecular structure of the 
respective contrast medium that needs to be filtered out. Hence the filter should be 
easily exchangeable depending on the phantom application. 

3. Verification and validation
Initial verification steps were taken in Chapter 5. Due to this preliminary analysis, we 
realized even more how important it is to validate phantom results with represen-
tative patient data and physiological model data. We recommend using Sargent’s 
theory on model verification and validation8 in determining an adequate phantom 
verification and validation strategy. Van Meurs’ interpretation of this theory, includ-
ing a practical checklist, is also applicable to physical, biomedical models (in adjusted 
form).9 Moreover, it is advised to start already collecting relevant patient and model 
data for validation purposes in parallel to further expedite phantom development. 

Expected phantom applications
With this functional imaging phantom, we aim to realize ground truth myocardial 
perfusion assessment for dynamic, quantitative MPI. Such phantom model allows 
broadening of our understanding on aspects influencing perfusion measurement in 



119

7

General discussion

current and future clinical workflows. Some specific examples of foreseen phantom 
applications are listed below, thereby aiming to give an idea of its potential value. 

Example 1.  Clinical implementation of multimodal, quantitative MPI procedures 
varies widely.10,11 For example, centers can choose between a one-day stress and 
rest protocol, or a two-day stress and rest protocol. In a two-day SPECT-MPI protocol, 
the accumulated radiotracer in the body has decayed substantially before the sec-
ond scan is started. With a one-day protocol, the consecutive scan is started while 
residual radiotracer activity is still present in the myocardium. The amount of residu-
al activity at the start of the second scan is reflected by the amount of administered 
radiotracer activity, the half-life time of the particular radiotracer used, and the time 
interval between both scans. Often the choice is made to administer a higher radio-
active dosage for the second scan in a single-day MPI protocol. This in order to main-
tain a good SNR for further perfusion analysis. Using our phantom setup, it becomes 
feasible to study the effects of radiotracer protocol and scan interval on MBF mea-
surement accuracy and precision via comparison with a ground truth. In this way, 
clinical workflow validation and optimization can be studied, also in terms of dose 
reduction and logistic efficiency. 

Example 2.  Another effect that is interesting to mimic in a controlled and repre-
sentative environment is that of patient size on multimodality MBF measurement 
accuracy and precision. For example, for dynamic MPI with PET and SPECT it could 
be interesting to research the possibilities for patient specific dose protocols. The 
decreasing image quality in patients with a high body mass index can be compensat-
ed by administration of a relatively higher patient-specific dose, as has already been 
proposed for static MPI workflows.12,13 

Example 3.  A third example is to study the direct comparability between different 
scanner types and between different imaging modalities, since there are manufac-
turer-specific variations in imaging detector technology, and dynamic imaging and 
reconstruction protocols. Via phantom studies one can study the similarities and 
dissimilarities between these scanner hardware and software, which is a key aspect 
in harmonization. 

A future phantom perspective 
This phantom has many possible uses that merit further exploration. In our opinion, 
the application of functional imaging phantoms in general deserves further explo-
ration as well. Our conventional view of imaging phantoms might come across as a 
technology driven domain, with a strong focus on imaging technology validation and 
system quality assurance and control. Simply put, those imaging phantoms are phys-
ical models that are commonly used by (medical) physicists, engineers, and imaging 
technologists to verify, validate and/or guarantee image quality in today’s and to-
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morrow’s imaging systems. Clinicians understand the importance of such phantom 
research but are not likely to regard it as their own field of work, where the patient 
is central. The use of model and system thinking (as common in more fundamental 
sciences and engineering), on the other hand, is an elegant way to gain insight in 
and understanding of complex processes. By considering imaging phantoms more 
as physical models of comprehensive patient functioning, its extended application 
domain might become interesting for professionals with both a technical and med-
ical background. After all, both parties have a common main objective: to get a bet-
ter understanding and grip on how we can translate (innovation in) medical imaging 
diagnostics into added value for the individual patient in daily clinical practice. By 
broadening both disciplinary frameworks on validation, we can together strive for 
embedded phantom usage as part of clinical guidelines and in that way ensure the 
quality of entire imaging procedures. Perhaps these clinically dedicated models may 
be even characterized as next generation imaging phantoms because of their envi-
sioned added value in connecting technical and medical disciplines more effectively, 
thereby enriching the evolving medical imaging domain through synergy. 

Concluding remarks
In conclusion it is important to not lose sight of our overall research aim. Ultimate-
ly, patients with (suspected) CAD deserve to undergo the most adequate treatment 
based on the best possible personalized disease diagnostics. We aim to contribute 
to this endeavor by supporting on-site validation and harmonization of multimodal, 
quantitative MPI, which is essential in CAD diagnostics. In this thesis, the foundation 
has been laid for the development of a multimodality validation phantom for dynam-
ic and quantitative MPI procedures. Broad application of these functional imaging 
phantoms could provide valuable insight into (and hopefully some grip onto) the 
evolving MPI field in a controlled, clinical, and patient representative environment. 

Our final remark concerns something obvious that in our view is still worth men-
tioning and should not be underestimated. Namely, a fully accomplished validation 
phantom, like this one in development, owes its successful implementation to a mul-
tidisciplinary team effort. Many different students and experts in the field(s) have 
contributed to the realization of this functional imaging phantom. These inspiring 
people include clinicians, technical physicians, engineers (e.g., biomedical, mechan-
ical, and electrical), imaging technologists, technicians, chemists, and medical phys-
icists. Along the way we have seen unique opportunities arising from combining 
these different areas of expertise and consider it indispensable. 
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This thesis aims to improve current coronary artery disease diagnostics by contrib-
uting to on-site validation and standardization of quantitative, multimodality myo-
cardial perfusion imaging (MPI). For quantitative MPI it is necessary to record the 
kinetics of the administered (radiolabeled) contrast medium over time. The resulting 
dynamic image series allow for perfusion analysis by contrast kinetic modelling. Us-
ing these models, estimation of myocardial blood flow and myocardial flow reserve 
can improve assessment of myocardial ischemia in addition to visual evaluation. It 
can thereby improve diagnostics particular in patients with balanced ischemia and 
microvascular dysfunction. 

Nonetheless such innovations also come with challenges that need to be addressed 
to ensure safe and adequate embedding in clinical practice. Before a clinician can 
rely on quantitative (or even absolute) perfusion values, the measurement technique 
ought to be reliable and robust. Due to differences in MPI scanner and software 
technologies, it is challenging to realize validation and standardization by patient 
studies alone. The use of functional imaging phantoms could contribute to this clin-
ical need. Even though such phantom models will never fully mimic a patient’s rel-
evant anatomy and (patho-)physiology, it may facilitate ground truth flow/perfusion 
measurement for quantitative MPI in a controlled and representative environment. 
By obtaining a better understanding and control of the similarities and dissimilarities 
in the broad spectrum of quantitative MPI, the implementation of harmonized cut-
off values for treatment decision making comes within reach. 

Our first research objective involved studying the usability of contemporary flow 
phantom models for ground truth perfusion measurement in quantitative MPI. 
Therefore, a systematic review on existing perfusion phantom setups for quantita-
tive imaging is provided in Chapter 2. Results hereof show that phantom endeavors 
mainly focus on validating imaging technology and often involve custom-built analy-
sis software to evaluate perfusion measurements. The review also indicates that per-
fusion mimicking phantoms are represented by one or two physical compartment(s). 
Higher order models are absent. Control over the contrast uptake and retention 

Summary
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rates in tissue mimicking is restricted, narrowing phantom application possibilities. 
Based on these findings we can conclude that current phantoms are inadequate for 
ground truth perfusion measurement in quantitative, multimodal MPI. Nonetheless 
the review helped to gain insight in possible phantom design, fabrication, and evalu-
ation methods for developing a dedicated myocardial perfusion phantom. 

Research objective 2 is achieved as well, which comprised defining the set of require-
ments. This functional, multimodality imaging phantom requires: i) sufficient mim-
icking of the physical appearance of the heart, mainly the left ventricle, to enable 
phantom compatibility with MPI hardware and software, ii) adequate mimicking of 
arterial input flow to facilitate dynamic contrast measurement and derivation of ar-
terial input functions that fall within a standardized normal and pathological patient 
range, iii) advanced mimicking of myocardial perfusion to facilitate dynamic contrast 
measurement and derivation of tissue response functions that fall within a standard-
ized normal and pathological patient range. 

The final research objective, comprising multimodality phantom development, has 
been largely achieved. During this empirical and iterative phantom development 
process, the phantom requirements were translated into a proof-of-concept phan-
tom design, after which this design was realized, tested, and evaluated with dynamic 
SPECT-MPI (Chapter 3). Thereafter, we have refined the phantom model, followed 
by additional testing and evaluation (Chapter 4). This phantom design utilizes the 
benefits of 3D printing technology by incorporating the 3D physical and functional 
appearance of a generic left ventricle. Phantom results showed good compatibility 
with clinical MPI hardware and software because of this patient representative de-
sign. In addition, we introduced a novel concept to mimic compartmental contrast 
kinetics. The concept was demonstrated by filling the myocardial compartments in 
the phantom with various sorbent material compositions. Subsequent phantom 
measurements in dynamic SPECT-MPI showed that the type and amount of sorbent 
used, affected the kinetics of the passing contrast medium within this phantom com-
partment. Resulting time activity curves were in good agreement with patient data. 
These findings implicate that we can potentially mimic patient representative (tem-
porary) trapping of a specific contrast agent locally. Sorption processes, including ion 
exchange and adsorption, are of particular interest as these can essentially mimic 
freely diffusible contrast kinetics in tissue, reversible binding of contrast media, and 
irreversible binding of contrast media to cells. In Chapter 5 it is shown that this sorp-
tion-based concept is similar to (higher order) tracer kinetic modelling approaches. 
The thesis concludes with a feasibility study of the extended phantom setup for mul-
timodal use, including PET, CT, and MRI (Chapter 6). The results showed compati-
bility with these scanners and software packages, and highlighted possibilities for 
multimodal phantom use. We foresee that the combination of membrane and sorp-
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tion technology can further enhance the mimicking of tissue perfusion dynamics in 
multimodality perfusion phantoms, in MPI potentially up to the level of ground truth 
myocardial blood flow assessment. Currently, we have achieved an absolute mean 
error between ground truth phantom flow (1.5 mL/g/min) and software derived MBF 
of 0.4, 0.1 and 0.1 mL/g/min for the LAD, RCA and LCX region, respectively. This nov-
el tissue-mimicking approach needs to be further researched and validated for dif-
ferent contrast media. In addition, several recommendations have been made to 
further optimize the multimodality phantom setup. It is advised to already start col-
lecting relevant patient and model data for validation purposes in parallel to further 
expedite phantom development.

In conclusion, the foundation is paved for the development of a multimodality vali-
dation phantom for ground truth perfusion measurement in quantitative MPI. Broad 
application of this phantom can provide valuable insight into the evolving MPI field in 
a controlled, and patient representative environment. Functional imaging phantoms 
in general have many application possibilities that merit further exploration. We en-
courage a future perspective wherein the use of functional imaging phantoms be-
comes incorporated in clinical guidelines to ensure quality of quantitative perfusion 
imaging procedures. These clinically dedicated models may be even characterized 
as next generation imaging phantoms because of their envisioned added value in 
more effectively connecting technical and medical disciplines, thereby enriching the 
evolving medical imaging domain through synergy. 
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Het doel van dit proefschrift is een bijdrage te leveren aan de (lokale) validatie en 
standaardisatie van kwantitatieve beeldvorming van de bloeddoorstroming van de 
hartspier (myocard perfusie of MPI). MPI is essentieel voor het kunnen stellen van 
een adequate diagnose en prognose van patienten met (een verdenking op) krans-
slagaderlijden. De aanwezigheid van myocardiale ischemie is een belangrijke indica-
tie voor de te bepalen behandelstrategie. Bij kwantitatieve MPI is het noodzakelijk 
om de verdeling van een toegediend contrastmiddel (of radiofarmacon) af te beel-
den gedurende een bepaalde scantijd. Met behulp van een dergelijke dynamische 
afbeeldingsreeks van het contrastmiddel kan de regionale weefseldoorbloeding (in 
mL/g/min) worden bepaald met zogenaamde kinetische modellen. Deze waardes 
kunnen worden toegevoegd aan de huidige visuele beoordeling en kunnen leiden 
tot een verbeterde diagnostiek met name bij patiënten met gebalanceerde ische-
mie en microvasculair lijden. Tevens biedt kwantitatieve MPI de mogelijkheid tot een 
meer objectieve – te standaardiseren – vorm van evaluatie van de doorbloeding van 
de hartspier.

Er zijn echter nog de nodige uitdagingen om een dergelijke innovatie veilig en 
adequaat te kunnen integreren in de klinische praktijk. Voordat bijvoorbeeld een 
clinicus kan vertrouwen op kwantitatieve (of zelfs absolute) perfusie waardes, zal 
eerst aangetoond moeten worden dat de meettechniek betrouwbaar en robuust 
is. Vanwege de grote diversiteit in scanners en software technologie is validatie en 
standaardisatie erg lastig te realiseren, zeker met alleen patiëntstudies. Functionele 
fantomen voor beeldvorming zouden in deze klinische behoefte kunnen voorzien. 
Een dergelijk fantoom zal nooit de anatomie en (patho-)fysiologie van een patiënt 
volledig kunnen nabootsen, maar het zou wel referentiewaardes kunnen opleveren 
in een gecontroleerde klinische omgeving. Op deze manier kunnen we meer inzicht 
en grip krijgen op de verschillende kwantitatieve MPI procedures. De implementatie 
van geharmoniseerde drempelwaarden kunnen bijdragen tot een betere besluitvor-
ming voor eventuele behandeling van de patiënt: wel of niet invasief behandelen, of 
juist helemaal geen behandeling.  

Samenvatting
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Onze eerste onderzoeksdoelstelling betrof het bestuderen van de bruikbaarheid 
van hedendaagse flow / perfusie fantoom modellen voor referentie perfusiemetin-
gen in kwantitatieve MPI. Hoofdstuk 2 beschrijft daarom een systematisch review 
waarin bestaande perfusie fantoom opstellingen voor kwantitatieve beeldvorming 
worden beschreven. De resultaten laten zien dat de geïncludeerde fantoomstudies 
zich voornamelijk richten op het valideren van beeldvormende technologie, en re-
gelmatig gebruik maken van op maat gemaakte analyse software voor evaluatie van 
MPI. Bovendien wordt weefseldoorbloeding gesimuleerd door één of hoogstens 
twee fysieke compartimenten, waarbij uitgebreide fantoom modellen ontbreken. 
Omdat de controle over de contrastopname en -retentie zeer beperkt is in deze 
fantoom opstellingen, zijn de toepassingsmogelijkheden relatief klein. Op basis van 
deze bevindingen kunnen wij concluderen dat de huidige beschikbare fantomen 
ontoereikend zijn voor het doel dat wij voor ogen hebben. Desalniettemin heeft het 
review geholpen om inzicht te krijgen in mogelijk fantoom ontwerp, fabricage en 
evaluatie methoden voor de ontwikkeling van een specifiek fantoom voor myocard 
perfusie en geschikt voor meerdere modaliteiten.

Ook onderzoeksdoel 2 is behaald en bestaat uit het definiëren van het eisenpakket. 
Dit functionele, multimodale fantoom vereist: i) afdoende nabootsing van de fysie-
ke geometrie van het hart, voornamelijk van de linker hartkamer, om zo fantoom 
compatibiliteit te verkrijgen met MPI hardware en software, ii) adequate nabootsing 
van gestandaardiseerde arteriële flow om dynamische contrastmeting over tijd na 
te bootsen, en iii) geavanceerde nabootsing van gestandaardiseerde myocardiale 
perfusie om dynamische contrastmeting te realiseren, zowel binnen als buiten de 
normaalwaarden.  

Het overkoepelende onderzoeksdoel, namelijk fantoom ontwikkeling voor multi-
modaal gebruik, is grotendeels behaald. Tijdens dit empirische en iteratieve ont-
wikkelproces zijn de fantoomeisen vertaald naar een proof-of-concept fantoom ont-
werp, waarna dit ontwerp is gerealiseerd, getest en geëvalueerd met dynamische 
SPECT-MPI (hoofdstuk 3). Daarna hebben we het fantoom model verfijnd, gevolgd 
door aanvullende testen en evaluatie (hoofdstuk 4). Dit fantoom ontwerp maakt 
gebruik van de voordelen van 3D-print technologie om de geometrie van een ge-
neriek linker hartkamer te incorporeren. Vanwege dit ontwerp is het gelukt om de 
doorbloeding in het fantoom te meten met een SPECT scanner en te analyseren met 
klinische software. Daarnaast hebben we een nieuw concept geïntroduceerd om 
compartimentale contrast kinetiek na te bootsen, door de myocardiale comparti-
menten in het fantoom te vullen met verschillende samenstellingen van sorptie ma-
teriaal. Daaropvolgende fantoom metingen in dynamische SPECT-MPI toonden aan 
dat het type en de hoeveelheid gebruikte sorbent de kinetiek van het passerende 
contrastmiddel in dit fantoom compartiment beïnvloedde. De resulterende tijd-ac-
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tiviteits curves kwamen goed overeen met die van een patiënt. Deze bevindingen 
impliceren dat het mogelijk is om lokaal, patiënt representatieve contrast kinetiek na 
te bootsen. Sorptie processen, waaronder ionenuitwisseling en adsorptie, zijn van 
bijzonder belang omdat deze in essentie: i) vrij diffundeerbare contrast kinetiek in 
weefsel, ii) reversibele binding van contrast media, en iii) onomkeerbare binding van 
contrast media aan cellen kunnen nabootsen. In hoofdstuk 5 wordt aangetoond 
dat dit op sorptie gebaseerde concept vergelijkbaar is met (hogere orde) contrast 
kinetiek modellen. Dit proefschrift wordt afgesloten met een haalbaarheidsstudie 
van de fantoom opstelling voor multimodaal gebruik, inclusief metingen met PET, CT 
en MRI (hoofdstuk 6). De resultaten vertoonden compatibiliteit met deze scanners 
en softwarepakketten en benadrukten mogelijkheden voor multimodaal fantoom 
gebruik. We voorzien dat de combinatie van membraan- en sorptietechnologie het 
nabootsen van weefselperfusiedynamiek in multimodale perfusie fantomen verder 
kan verbeteren. In MPI wordt dit beoogd tot op het niveau van absolute referentie 
metingen voor myocardiale perfusie. Momenteel meten we met het fantoom een 
verschil tussen referentie perfusie (1.5 mL/g/min) en klinisch geschatte perfusie van 
respectievelijk 0.4, 0.1 en 0.1 mL/g/min voor de drie myocardiale fantoom comparti-
menten (die de drie kransslagader stroomgebieden voorstellen). Dit nieuwe concept 
van weefsel nabootsing dient verder onderzocht en gevalideerd te worden voor de 
verschillende contrastmiddelen. Tevens zijn er aanbevelingen gedaan om de multi-
modale fantoom opstelling verder te ontwikkelen. 

In deze thesis is de basis gelegd voor de (verdere) ontwikkeling van een multimodaal 
validatie fantoom voor referentie perfusiemetingen in kwantitatieve MPI. Brede toe-
passing hiervan kan waardevolle inzichten verschaffen in het innovatieve MPI werk-
veld in een gecontroleerde en patiënt representatieve omgeving. Wij voorzien een 
toekomst waarin het gebruik van dit soort functionele fantomen wordt opgenomen 
in klinische richtlijnen om zo de kwaliteit van kwantitatieve perfusie beeldvorming 
te waarborgen. Deze klinisch georiënteerde modellen kunnen zelfs worden geka-
rakteriseerd als de “volgende generatie” fantomen. Door de beoogde toegevoegde 
waarde in het effectiever verbinden van technische en medische disciplines vormen 
dergelijke fantomen een verrijking van het medische beeldvormingsdomein.
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Allereerst wil ik mijn promotoren en copromotor bedanken voor hun begeleiding. Ik 
ben jullie alledrie erkentelijk voor de vrijheid die jullie mij hebben gegeven om zelf 
sturing te geven aan dit onderzoek en het vertrouwen dat jullie daarbij uitstraalden. 
Riemer en Marcel, jullie input tijdens onze twee-wekelijkse meetings heb ik zeer 
gewaardeerd. Mijn last minute review deadlines waren nooit een issue, ik kon altijd 
rekenen op jullie feedback. Daarbij heb ik genoten van het uitvoeren van de fan-
toommetingen in het UMCG, want daar komt de relevantie van dit onderzoek pas 
echt tot leven! Bedankt hiervoor. Kees, wat heb ik veel van jou geleerd en dat besef 
groeit met de jaren. Ik heb bewondering voor jouw typerende begeleidingsstijl. Je 
geeft de ruimte om zelf te ontdekken en te groeien en stuurt (meestal) alleen door te 
vragen. Dat is precies de stimulans die ik nodig heb om het beste uit mijzelf te halen 
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hoop deze vaardigheid in het begeleiden ook ooit eigen te maken.   

Hoog op het bedank-lijstje staan ook alle technici en laboranten die mij veelvuldig 
hebben geholpen bij het ontwerpen, realiseren, testen en evalueren van de diverse 
fantoomopstellingen. Henny, bedankt voor je tomeloze inzet. Zonder jouw brede 
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geltechniek die daarbij komt kijken) waren we nooit zo ver gekomen. Je bent een 
fijne collega om mee samen te werken! Dat geldt tevens voor Johan, Sander en 
Wim. Jullie zijn zeer bereid mee te denken in oplossingen en jullie kritische, erva-
ren en praktische kijk op zaken is zeer waardevol. Bedankt voor jullie hulp en input 
bij de de nuttige en gezellige brainstorm sessies. Jacqueline, wat heb jij veel voor 
mij gedaan in het ZGT en wat ben ik je daar dankbaar voor. Jouw enthousiasme, 
behulpzaamheid en interesse voor onderzoek en innovatie maakt dat ik altijd met 
heel veel plezier in een volgeladen auto jullie kant op reed. Marloes, ook jij hebt mij 
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heel erg geholpen! Ik zal nooit vergeten hoe adequaat jij hebt gehandeld tijdens het 
eenmalige (ietwat radio-actieve) waterballet. Jullie samen zijn een super team in het 
praktisch meedenken en kunnen dit  onderzoek heel goed linken aan de klinische 
praktijk. Binnen TechMed heb ik ook hulp gehad van Jaap en Remco. Ondanks jullie 
voorliefde voor MRI, hebben jullie dikwijls geholpen met de fantoomtesten op de 
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tijkonderwijs, ben ik jullie ook heel erg gaan waarderen in de rol van onderzoekers. 
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die altijd paraat stonden met waardevolle adviezen. Willem van Meurs, ik heb onze 
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als zeer inspirerend ervaren. Klaus Schäfers, I really enjoyed our elaboration on how 
to incorporate tissue-mimicking properties in dynamic/stationary myocardial per-
fusion phantoms. Srirang Manohar, bedankt voor je interesse in mijn onderzoek. 
Mede door jouw sturing lukte het om een fijnere balans te vinden tussen onder-
zoek en onderwijs. Ook heb ik dankzij jou kennisgemaakt met alle hordes die komen 
kijken bij een patentaanvraag. Wiebe de Vos, bedankt voor onze gesprekken over 
membraan en sorptie technologie en alle extra hulp die je daarbij geboden hebt. 
Jutta Arens, I have really appreciated our regular lunch meetings and I look forward 
to continuing these in the future. You are like a mentor to me, whom I can always 
turn to for good advice. 

Natuurlijk wil ik ook iedereen bedanken van de afdeling Nucleaire Geneeskunde in 
het ZGT. Ik heb me altijd heel erg welkom gevoeld en jullie hebben mij van alles bij-
geleerd. Ik ken trouwens geen afdeling waarbij er zoveel lekkers met elkaar gedeeld 
wordt als bij jullie in de koffiekamer. Ali, Leo en Nils, bedankt voor jullie klinische 
input. Marjolein, onze gesprekken waren altijd interessant én gezellig. Het toppunt 
was voor mij toch wel het EANM congres in Barcelona waar we als delegatie naartoe 
gingen. Erg leerzaam natuurlijk, maar wat hebben we ook een lol gehad daar! Jullie 
enthousiasme en betrokkenheid destijds heeft mij enorm gemotiveerd.  

De afgelopen jaren heb ik het enorm naar mijn zin gehad bij verschillende groepen 
op de UT, zowel bij RaM, het ECTM, de opleidingen TG & BMT, als bij M3I. Het wordt 
wat veel om iedereen bij naam te noemen, maar dit neemt niet weg dat ik jullie 
allemaal heel erg waardeer als collega’s. Jolanda, bedankt voor alles. Anique, je bent 
een top collega en ik ben trots op wat jij neerzet. Frank, wie weet word jij ooit cool 
genoeg om je aan ioniserende straling te wagen en Erik GJ, ik vertrouw erop dat jij 
flowopstellingen ingebed houdt binnen de vakgroep. Eline, Lex, Jordy, Mathilde en 
Tim, jullie als mede WijTGers waren een fijn team om op te bouwen. Selma, Marleen, 
Esmeralda, Michelle, Sebastiaan, en Heleen, ik kijk terug op leuke en leerzame ge-
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sprekken met jullie. Erik K, Tim, Hadi, en Jaimy, betere kamergenoten had ik mij niet 
kunnen wensen! Astrid, Eliane en Melissa, bedankt voor de nuttige schrijfsessies en 
andere leuke dingen die we samen ondernamen. Ook wil ik alle studenten bedanken 
die hebben bijgedragen aan dit onderzoek en de PhD’s en postdocs bij RaM en M3I 
voor alle gezelligheid. Last but not least, Arthur, bedankt voor alles wat jij de afgelo-
pen jaren voor mij hebt gedaan. Ik waardeer jou heel erg als collega. De vormgeving 
van dit proefschrift is prachtig en dat komt door jou.

Eliane en Jaimy, fijn dat jullie mijn paranimfen wilden zijn. Jullie zijn super collega’s 
met wie je lief en leed kan delen. Het duurt niet lang meer en dan zijn jullie aan de 
beurt... Succes! Xenia, Joannet, Marit, Esther en Rayke, ik bof met vriendinnen zoals 
jullie. Naast het genieten van lekker eten, drinken en de nodige humor, kan ik ook 
altijd bij jullie terecht voor serieuzere zaken. Jullie zijn een luisterend oor en goede 
adviseurs. Lieve papa, mama, Gert-Jan en Evelien, ik houd ontzettend veel van jullie. 
Ook jullie hebben vaak genoeg mijn verhalen aangehoord en staan altijd voor mij 
klaar. Ik ben opgegroeid in een warm gezin en daar ben ik jullie dankbaar voor. Ook 
waardeer ik het hoe jullie als ouders mij gestimuleerd hebben om te leren en om 
doorzettingsvermogen te tonen. 

Jaap, hierbij een ode aan jou, want jij hebt het de laatste tijd niet gemakkelijk ge-
had. Jij staat al meer dan twaalf jaar voor mij klaar, vult mij goed aan en maakt mij 
gelukkig. Je bent rustig, evenwichtig en ook nog eens een fijne sparringspartner. Jij 
kan gemakkelijk hoofd- van bijzaken onderscheiden en mij op de nodige momenten 
aansporen om te relativeren. Met jouw humor en positieve blik weet je altijd een 
lach op mijn gezicht te toveren. Met de kleine man erbij kan ons geluk niet op. Lieve 
Ruben, je bent nu 1,5 jaar oud en het is een feestje om jou te zien opgroeien. Je bent 
een vrolijk kereltje, niet bang, vol energie en al een tikkeltje eigenwijs. Samen gaan 
we de toekomst met een lach tegemoet!
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