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Chapter 1

Since its introduction in the late 1940s, nuclear medicine has become essential in 

healthcare for diagnosis, staging, and treatment by providing unique insights into in 

vivo physiological and metabolic functions. Nuclear imaging makes use of radiotracers, 

small amounts of chemical compounds labelled with radioactive isotopes, to image the 

distribution of the radiotracer within the body [1]. Attributed to a variety of radiotracers 

that have been developed, multiple tissue functions can be visualized including perfusion, 

metabolism, receptor systems and hypoxia [2], o!ering insights across various medical 

disciplines. Single Photon Emission Computed Tomography (SPECT) is the most widely 

adopted camera using gamma-emitting radiotracers to generate three-dimensional 

(3D) images of the body. Another frequently used nuclear imaging technique is Positron 

Emission Tomography (PET) which detects pairs of annihilated gamma photons emitted 

by positron-emitting isotopes to compose a 3D image. Integrating SPECT or PET with 

Computed Tomography (CT) provides anatomical information and enables attenuation 

correction by compensating for photon absorption in di!erent tissues. [2, 3]

Qualitative image evaluation, which relies on the visual interpretation of radiotracer uptake 

and tissue density on CT, has been the primary approach in nuclear imaging since its 

introduction in healthcare. This method is essential for diagnosing diseases and assessing 

their presence and progression. The limitation of visual interpretation is that it might lead 

to observer variability, causing inconsistent and unreliable imaging data interpretations. 

Especially when we want to monitor the course of a disease or determine the response 

to therapy, we need to be able to measure whether there is an increase or decrease in 

tracer uptake. In such cases, in addition to visual inspection, accurate quantification tools 

are highly beneficial, and almost una!ected by inter-observer variability. Quantifying 

radioactivity concentration within a tissue volume supports personalized treatment 

through dosimetry calculations, optimizing therapeutic e"cacy, while also enabling early 

disease detection by identifying subtle metabolic changes before structural abnormalities 

become apparent on conventional imaging [4]. Recent developments in nuclear medicine 

have enabled (semi-)quantitative analysis as a complementary assessment to visual 

interpretation, enabling objective measurements of concentrations of radiotracers in 

tissues, metabolic rates, and functional activity of organs.

QUANTITATIVE PET/CT

PET is widely known as a quantitative imaging tool due to its ability to calibrate voxel 

values in reconstructed images to absolute units of radioactivity concentration with 

high accuracy and precision [5]. This facilitates accurate interpretation of PET images by 

representing underlying physiology in absolute units and enables tracer kinetic modelling 
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for quantifying physiological parameters. Various factors influence the accuracy of PET 

imaging. Count-rate losses, detector e"ciency variations, scattered coincidences, and 

signal dilution (partial volume e!ect), amongst others, significantly a!ect PET accuracy, 

necessitating precise corrections to preserve image quality [2]. Advances in radiotracer 

development, image reconstruction algorithms, and correction methods continue to 

enhance the capabilities of PET/CT. The implementation of quantitative PET/CT is slowly 

expanding within clinical practice.

Standardized Uptake Value (SUV) is commonly used for assessing radiotracer uptake 

in tumors and other tissues [6]. The SUV, measured in [g/mL], represents the ratio of 

the local activity concentration to the decay-corrected quantity of injected radiotracer 

predominantly per unit of body weight. This metric reflects the concentration of the 

radiotracer in a particular area relative to its uniform distribution across the body. SUV is 

useful for comparing measurements within an individual against standard values from a 

reference population. Additionally, it enables the longitudinal tracking of subtle changes 

in the body, whether due to disease progression, response to therapy, treatment related 

e!ects on (normal) tissues or physiological day-to-day variations in the human body.

A single static image can be captured at a specific moment after radiotracer injection, or 

the radioactivity can be continuously monitored over time. When the right radiotracer is 

chosen and suitable imaging conditions are applied, the activity values measured in a 

region of interest (ROI) in the image should primarily reflect the physiological characteristic 

of interest, such as blood flow, metabolism or receptor concentration. A kinetic model 

seeks to describe the relationship between these measurements and the parameters of 

interest. Essentially, an accurate tracer kinetic model can account for a proximity of the 

biological factors contributing to the tissue radioactivity signal. Kinetic tracer modelling, 

including dynamic PET analysis, are employed to measure absolute parameters such as 

blood flow, volume of distribution, metabolic rate and binding potential. [5]

Advancements in PET/CT technology have improved image quality and sensitivity, 

enhancing diagnostic accuracy and potentially improving patient outcomes [7]. The 

integration of precision deep learning-based image enhancement further sharpens 

features and accelerates convergence [8]. Increased sensitivity enables possibilities to 

reduce both scan duration and/or the administered activity of radiopharmaceuticals. 

Shorter scan durations may enhance patient comfort, increase patient throughput and 

decrease motion e!ects. [9]. However, limited literature exists on cutting-edge PET/

CT systems, making a thorough evaluation of their scan-time and administered activity 

reduction capabilities essential before widespread implementation.

1
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QUANTITATIVE SPECT/CT

Historically, gamma cameras assessed relative uptake of radiopharmaceuticals, while 

PET imaging provided absolute quantification with units like kBq/mL that can be used for 

detailed 3D disease assessment. Although, in a clinical setting, SPECT/CT was once seen 

as less advanced than PET/CT, recent advancements in iterative image reconstruction 

have improved its capabilities. These advancements allow (semi-)quantification of 

SPECT/CT by incorporating compensation for collimator–detector response, photon 

attenuation, and scatter, as well as resolution recovery into the reconstruction process, 

greatly enhancing its quantitative accuracy. [10] Consequently, SPECT/CT enables the 

measurement of (semi-)quantitative imaging features based on SUV, leading to more 

accurate measurements for various clinical applications.

However, quantitative SPECT presents more challenges compared to PET due to the 

increased number of variables involved, including radionuclides with di!ering photon 

energies, various collimators, the possibility of using multiple energy windows, and the 

potential for performance drifts given the greater number of moving parts in a SPECT 

system [11]. Despite these complexities, SPECT is evolving from a primarily qualitative 

modality to one that also incorporates (semi-)quantification for clinical evaluation.

AIM

Quantitative PET and SPECT have significantly advanced over the past decades and 

are integrated into clinical guidelines, particularly for oncology, neurology, cardiology, 

inflammation and infection. However, there is substantial potential for broader use of 

quantitative PET and SPECT across other indications and fields, suggesting that existing 

capabilities remain underutilized. A key barrier is the lack of robust evidence, underscoring 

the need for further research to validate their expanded applications, including in drug 

development. This would support the development of tailored treatment plans, ultimately 

improving outcomes across a wider range of diseases.

The general aim of this thesis is to deepen the understanding of quantitative PET and 

SPECT in clinical settings, explore their potential beyond current applications, and 

establish a foundation for their broader implementation in clinical practice.
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OUTLINE OF THESIS

This thesis consists of two parts. Part 1 explores two novel applications of quantitative 

PET/CT and focusses on a novel PET/CT scanner with precision deep learning for 

improved feature sharpness comparable to time-of-flight reconstruction.

Assessing renal perfusion in-vivo is challenging and quantitative information regarding 

renal hemodynamics is hardly incorporated in medical decision-making while abnormal 

renal hemodynamics might play a crucial role in the onset and progression of renal 

disease. Combining physiological stimuli with [⁸²Rb]Cl PET/CT o!ers opportunities to 

test the kidney perfusion under various conditions. Chapter 2 investigates the application 

of a one-tissue compartment model for measuring renal hemodynamics using dynamic 

[⁸²Rb]Cl PET/CT imaging, and whether dynamic PET/CT is sensitive to detect di!erences 

in renal hemodynamics in stress compared to rest.

Since the end of 2019, the coronavirus disease 2019 (COVID-19) virus has infected millions 

of people, of whom a significant group su!ers from sequelae from COVID-19, termed long 

COVID. Chapter 3 outlines the potential added value of non-metabolizable glucose analogue 

2-[18F]fluoro-2-deoxy-D-glucose ([18F]FDG)-PET/CT for this group of long COVID patients.

The enhanced sensitivity allows shorter scan durations, improving patient comfort, 

throughput, and reducing motion e!ects, or lowering the administered radiopharmaceutical 

activity to save costs and minimize radiation risks for sta! and patients. Furthermore, 

a lower dose and/or reduced costs could potentially open up new applications for 

(quantitative) PET. Chapter 4 assesses the lower [18F]FDG limit in administered activity 

and/or scan time reduction capabilities of a digital bismuth germanium oxide 32-cm axial 

field-of-view PET system while being compliant with current and updated EANM Research 

Ltd Fluorine-18 accreditation specifications (EARL 1 and EARL 2, respectively).

Part 2 presents two potential clinical applications of quantitative SPECT/CT. Chapter 5 

investigates the quantitative accuracy and precision of a novel iterative reconstruction 

technique for the potential application of response monitoring using [99mTc]Tc-tetrofosmin 

SPECT/CT in patients with coronary artery disease. Chapter 6 evaluates the semi-

quantitative SPECT parameters of prone SPECT using [99mTc]Tc-sestamibi and compares 

them with Molecular Breast Imaging (MBI)-derived semi-quantitative parameters for the 

potential use of response prediction in women with locally advanced breast cancer.

Chapter 7 provides a summary, general discussion and future perspectives in English 

and Chapter 8 a summary in Dutch.

1
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ABSTRACT

Background
Assessing renal perfusion in-vivo is challenging and quantitative information regarding 

renal hemodynamics is hardly incorporated in medical decision-making while 

abnormal renal hemodynamics might play a crucial role in the onset and progression 

of renal disease. Combining physiological stimuli with Rubidium-82 positron emission 

tomography/computed tomography (82Rb PET/CT) o!ers opportunities to test the 

kidney perfusion under various conditions.

Purpose
The aim of this study is: 1) to investigate the application of a one-tissue compartment 

model for measuring renal hemodynamics with dynamic 82Rb PET/CT imaging, and 

2) to evaluate whether dynamic PET/CT is sensitive to detect di!erences in renal 

hemodynamics in stress conditions compared to resting state.

Methods
A one-tissue compartment model for the kidney was applied to cardiac 82Rb PET/CT 

scans that were obtained for ischemia detection as part of clinical care. Retrospective 

data, collected from 17 patients undergoing dynamic myocardial 82Rb PET/CT imaging 

in rest, were used to evaluate various CT-based volumes of interest (VOIs) of the 

kidney. Subsequently, retrospective data, collected from 10 patients (5 impaired 

kidney function and 5 controls) undergoing dynamic myocardial 82Rb PET/CT imaging, 

were used to evaluate image-derived input functions (IDIFs), PET-based VOIs of the 

kidney, extraction fractions and whether dynamic 82Rb PET/CT can measure renal 

hemodynamics di!erences using the renal blood flow (RBF) values in rest and after 

exposure to adenosine pharmacological stress.

Results
The delivery rate (K1) values showed no significant (p=0.14) di!erence between the 

mean standard deviation (SD) K1 values using one CT-based VOI and the use of 

two, three and four CT-based VOIs, respectively 2.01(0.32), 1.90(0.40), 1.93(0.39) and 

1.94(0.40) mL/min/mL. The ratio between RBF in rest and RBF in pharmacological 

stress for the controls were overall significantly lower compared to the impaired 

kidney function group for both PET-based delineation methods (region growing and 

iso-contouring), with the smallest median interquartile range (IQR) of 0.40(0.28-0.66) 

and 0.96(0.62-1.15), respectively (p<0.05). The K1 of the impaired kidney function 

group were close to 1.0 mL/min/mL.
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Conclusions
This study demonstrated that obtaining renal K1 and RBF values using 82Rb PET/CT 

was feasible using a one-tissue compartment model. Applying iso-contouring as the 

PET-based VOI of the kidney and using AA as an IDIF is suggested for consideration 

in further studies. Dynamic 82Rb PET/CT imaging showed significant di!erences in 

renal hemodynamics in rest compared to when exposed to adenosine. This indicates 

that dynamic 82Rb PET/CT has potential to detect di!erences in renal hemodynamics 

in stress conditions compared to the resting state, and might be useful as a novel 

diagnostic tool for assessing renal perfusion.

Keywords
82Rb PET/CT, dynamic rubidium-82 PET/CT, one-tissue compartment model, renal 

blood flow, renal hemodynamics, renal perfusion

2
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INTRODUCTION

The prevalence of chronic kidney disease (CKD) is projected to substantially increase 

upcoming decades, requiring new strategies for earlier diagnosis [1, 2]. The human kidney 

receives ca. 20% of cardiac output and disturbances in renal blood flow might play a major 

role in CKD [3]. However, evaluation of renal macro- and microcirculation is currently 

unused, since validated non-invasive methods for assessing kidney perfusion are lacking.

Imaging has important benefits for determining renal perfusion compared to time-

honoured gold standard methods such as para-aminohippurate clearance; it is less 

invasive, faster and allows for regional comparison within the kidney and between the 

kidneys [3, 4, 5, 6]. [15O]H2O positron emission tomography/computed tomography (PET/

CT) is a widely used technique to assess renal perfusion [3]. However, Rubidium-82 

(82Rb) PET/CT might be an alternative technique, which is easy to implement as it does 

not require an on-site cyclotron.

82Rb PET/CT is increasingly being used for cardiac perfusion imaging. The flow tracer 82Rb 

accumulates in the cells, has a short physical half-life (75 s) and a high first-pass extraction 

in the kidneys that also enables renal perfusion quantification, but is not yet used for 

this application in clinical practice. From renal physiology studies it is known that kidney 

function increases after a stimulus such as an oral protein load or an intravenous infusion 

with amino acids, glucagon or dopamine[5]. Combining physiological stimuli with 82Rb PET/

CT o!ers unique opportunities to test the kidney under various conditions making dynamic 
82Rb PET/CT an interesting technique for dedicated renal stress testing [6-9].

One-tissue compartment models have been validated for myocardial blood flow 

quantification and are currently in routine clinical use [10, 11]. Previous work by Tahari 

et al. and Langaa et al. demonstrated the feasibility of 82Rb PET/CT with one-tissue 

compartment models for assessing renal perfusion [12, 13]. However, there is no uniform 

approach regarding kidney compartment modelling and hence further research is 

necessary to investigate the e!ect of various inputs, outputs and extraction fractions on 

the renal blood flows to enable evaluation of disease activity and treatment response 

monitoring. Therefore, the aim of this study is: 1) to investigate the application of a one-

tissue compartment model for measuring renal hemodynamics with dynamic 82Rb PET/

CT imaging, and 2) to evaluate whether dynamic PET/CT is sensitive to detect di!erences 

in renal hemodynamics in stress conditions compared to resting state.
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MATERIALS AND METHODS

Study design
This was a retrospective proof-of-concept study and a waiver was obtained by the medical 

ethical review board to perform this study. Written informed consent was obtained from 

all participants. Clinical characteristics were collected from patient records and the 82Rb 

PET/CT reports.

Population
Patients coming for a myocardial perfusion 82Rb PET/CT in the period between March 

2020 and November 2022 were retrospectively selected based on the amount of kidney 

tissue in the field of view (FoV). At least 5.7 cm (15 consecutive CT slices) of the most 

superior kidney on the CT data was required to perform the analysis.

Two di!erent patient datasets were used in this study: (A) dynamic rest myocardial 82Rb 

PET/CT data (N=17) were used to evaluate various manual CT-based volume of interest 

(VOIs) methods of the kidney with one-tissue compartment models to district between the 

cortex and the medulla. Subsequently, (B) dynamic myocardial rest and pharmacological 

stress 82Rb PET/CT data with adenosine were selected to illustrate the e!ects of various 

semi-automatic PET-based kidney delineations, image derived input functions (IDIFs) and 

extraction fractions to convert the delivery rate (K1) values to flow values, and to assess 

the resulting di!erences in renal hemodynamics in stress conditions compared to resting 

state with 82Rb PET/CT imaging (N=10, 5 impaired kidney function and 5 controls). The 5 

subjects with impaired kidney function were selected based on an eGFR < 60 mL/min/1.73 

m2 [14]. As comparison 5 subjects (considered as controls) without history of cardiovascular 

disease or interventions, calcium score 0, MFR >1.5, no cardiac perfusion defects, chronic 

obstructive pulmonary disease (COPD), lung emphysema, malignancies other than T1 

locally resected, diabetes mellitus type 1 (DM1) or type 2 (DM2) were selected.

Data collection
PET/CT images were obtained on a Discovery MI 5-Ring PET/CT (GE Healthcare, Chicago, 

Illinois, USA). A low dose CT (20 mAs, 120 kV) was acquired for attenuation correction 

purposes and reconstructed in a 512 by 512 matrix and a FoV of 70 cm (with a voxel size 

of 1.4 x 1.4 x 3.75 mm3).

PET data were acquired during a period of 6 min, starting 8 s after the automatic 

intravenous infusion of a bolus of approximately 750 MBq 82RbCl (82Sr/82Rb generator, 

Rubigen B.V., ‘s Hertogenbosch, the Netherlands) in a resting state (referred to rest 

2



22

Chapter 2

acquisition). Subsequently, a second acquisition was started following the same protocol 

with similar activity 2.5 min after an adenosine infusion (140 µg/kg/min over 6 min) 

(referred to as the stress acquisition).

PET data were acquired in list mode and reconstructed in multiple time frames using a 

time-of-flight ordered subset expectation maximization algorithm (VPFX TOF-OSEM; 2 

subsets, 17 iterations) on a 128 by 128 matrix (with a voxel size of 2.8 x 2.8 x 2.8 mm3) with 

a 5.0 mm full-width-at-half maximum (FWHM) Hanning filter. A total of 26 time frames 

were reconstructed per PET scan, i.e. 10x5s, 6x10s, 5x15s and finally 5x20s. Images were 

normalized and corrected for radioactive decay, attenuation and scatter.

Kinetic modelling
An existing one-tissue compartment model was used to calculate global K1 values based 

on renal one-tissue compartment models from previous studies [12, 13], as depicted in 

Figure 1.

PMOD software package (version 4.2; PMOD Technologies Ltd., Zurich, Switzerland) was 

used for kinetic modelling. Equation (1) shows the change in 82Rb concentration in the 

kidney compartment:

(1)

In this equation, the rate constant K1 denotes the perfusion-dependent component and 

has unit mL/min/mL. The rate constant k2 indicates the rate in which the 82Rb leaves the 

kidney parenchyma and has unit min-1. Furthermore, the functions CA and Ck represent the 

concentration (kBq/mL) per timepoint in the vascular input and the kidney parenchyma, 

respectively. For the input CA in equation (3) we used an IDIF, as no blood samples were 

drawn from patients during scanning. Equation (1) can be analytically solved, yielding:

(2)

Which can be expressed as a convolution:

(3)
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Finally, an operational model curve is fitted by PMOD, considering the blood volume 

fraction (vB):

(4)

A constant value of 0.10 for vB was used to account for activity from the fractional blood 

volume within the VOI, as previously used by Langaa et al. [13, 15]. The rate constants K1 

and k2 were estimated in PMOD by means of a least-squares method in an iterative manner, 

with a maximum of 20 random iterations. This was done by curve fitting which started 

with establishing a set of initial parameter values, from which the corresponding model 

curve was generated. Subsequently, the Chi-square criterion was computed, prompting 

adjustments to the model parameters with the goal of reducing Chi-square. Multiple fitting 

iterations were performed, and the result parameters were selected from the fit with 

the minimal chi-squared value. In this context, randomness entailed that fitting began 

with randomized sets of initial parameters, utilizing a uniform distribution within a ±100% 

range. This intentional introduction of randomness served the purpose of preventing 

convergence into local minima [16]. In preliminary experiments (data not shown), this 

number of iterations was found to be su"cient for PMOD to find a stable minimum.

Accurat e measurement of the time base of the input signal is crucial for flow tracers 

with high first-pass extraction as [15O]H2O and likely 82Rb. Therefore, in line with existing 

literature, correction for delay and dispersion in the blood signal is essential [17-19]. The 

operational equations 1 to 4 provided above require modification to accommodate these 

factors. Equation 5 represents the relationship between measured and actual arterial 

concentration time courses.

(5)

In this equation C*A represents the measured arterial concentration (kBq/mL) per timepoint 

in the vascular input and CA the true arterial concentration. The delay in units of time 

is represented as △ t and τd is the dispersion constant in units of min. Solving and 

substituting this equation into the prior operational equations 1 to 4 allows fitting for 

delay and dispersion. The correction of delay was performed in PMOD by fitting the 

delay together with the kinetic parameters of the tissue model [16]. The lower limit was 

fixed at 0, as kidney uptake cannot occur before the 82Rb bolus injection. The correction 

for dispersion could be incorporated into the one-tissue compartment model and solved 

using the Laplace transform to yield the equation 4, as described by E. Meyer [20].

2
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Figure 1. A visual representation of a one-tissue compartment model: CA, vascular compartment; 
Ck, tissue compartment; K1, uptake rate of Rubidium-82 from the vascular compartment to the 
tissue compartment; k2, fraction of Rubidium-82 from the tissue compartment to the vascular 
compartment.

Various kidney   VOI delineation methods
Manual delineations on CT
Using the rest dynamic 82Rb PET/CT scans from dataset A (N=17), various manual kidney 

VOI delineations on CT were evaluated to assess K1 values of a combination of di!erent 

parts of the kidney. VOIs were placed in the upper pole of the left kidney on an axial view 

of CT scan. CT-based delineation was applied with one fixed sphere (radius of 10 mm) 

for one VOI and two, three or four fixed cuboids (5 mm x 10 mm x 10 mm) between the 

medulla and the cortex for multiple VOIs. In case two, three or four cuboids were placed 

in the kidney, the first VOI was placed medial (two voxels from the right of the calyx). 

The second VOI was placed on the same CT slice, but two voxels from the lateral kidney 

boundary. Subsequently, the remainder third and fourth cuboids were set between the 

first and second cuboids. Finally, VOI translation from CT to PET data was executed, as 

depicted in Figure S-1.

E!ects of spill-over and partial volume were minimized by placement of the VOIs at least 

two voxels away from kidney boundary walls. The renal pelvis was not included in the 

VOI. The VOIs were not placed in the three most superior and inferior slides of the FoV, 

as these slides could have a slightly reduced spatial resolution as compared with more 

central slides of the FoV [21]. The position of the VOIs was checked for patient motion in 

every frame and slice.

Semi-automatic  PET-based delineations
Because CT contrast agents are not clinically used in myocardial 82Rb PET/CT imaging 

for the detection of ischemia, two other semi-automatic kidney delineation methods on 

PET were also explored using pharmacological stress data (dataset B, N=10), being (1) hot 

contouring with manual placement of a seed point and (2) an iso-contouring delineation 

method, only requiring the placement of a bounding box and a percentage. For the iso-

contouring delineation method, a kidney VOI was placed in the average of the rest scan 
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over time, as described in previous studies for VOI delineation of the left ventricle wall 

[11] and the carotid arteries [22]. In this study, a bounding box was placed around the 

kidney volume, after which the iso-contour was automatically generated representing 

40% of the maximum within the bounding box. The region growing method required 

the manual identification of a temporal frame showing high signal in the entire kidney 

volume and placing a seed point. These delineations were repeated in order to assess 

the intraobserver variability for establishing the renal blood flow in rest and stress.

Image-derived input functions
A 3D sphere with a radius of 10 mm was placed in the left ventricular blood pool (LVBP) 

and ascending thoracic aorta (ATA) and a 3D sphere with a radius of 5 mm was placed in 

the abdominal aorta (AA). VOIs were placed as centrally as possible in the vessels and 

the ventricle, avoiding delineation of the walls, to minimize partial volume e!ects and 

spill over, respectively. An overview of the IDIF delineations is depicted in Figure S-1.

After the placement of IDIFs and VOIs, time-activity curves (TACs) were generated 

depicting the mean activity concentrations in kBq/mL of 82Rb per region over time (s) 

(Figure 2).

Figure 2. Time activity Curves (TAC) after applying a volume of interest (VOI) of kidney tissue 
using the abdominal aorta as image derived input function. (A) Unfitted time-activity curves 
of three VOIs. (B) Fitted TAC of one of the kidney tissue VOIs. VOI delineations on CT were 
applied between the medulla and the cortex.

Renal blood flow and renovascular reserve
K1 is a product of flow (F) and the extraction factor (E) as calculated by equation (6):

(6)
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The e xtraction factor can either be a constant value or derived from a Renkin-Crone 

function [23, 24]. The latter is given in equation (7), and is thought to be flow-dependent 

for 82Rb:

(7)

To conv ert the K1 values to flow values, two approaches were evaluated:

(i) assuming a constant extraction fraction of 0.9 as determined in canine experiments [7],

(ii) using the values found by Gregg et al.[25] for the kidney: a = 0.94 and b = 1.86

All flow values were converted to mL/min/g by assuming a kidney density of 1.04 g/mL 

[26, 27].

Research suggests that a state of net vasodilation also occurs in kidney vasculature, but 

can be preceded by vasoconstriction of the a!erent arterioles [28, 29]. We assume that 

an increase in renal functioning when exposed to a stimulus (stress) is accompanied by an 

increase in renal blood flow (RBF), and that the ratio compared to when such a stimulus 

is not present (rest) can be used for the measurement of renal hemodynamics. In this 

study we refer to this ratio of RBF during exposure to adenosine (stress) compared to rest 

as the renovascular reserve (RVR). The RVR is calculated using equation (8). This new 

parameter is similar to the coronary flow reserve used in clinical practice for assessing 

conditions a!ecting the coronary arteries.

(8)

Statistical analysis
A Shapiro-Wilk test was performed to evaluate the (log)normality of the data. The 

statistical analyses of the non-paired data were performed with an independent T test 

or Mann-Whitney U depending on the (log)normality. Continuous data were expressed 

as mean standard deviation (SD) or median interquartile range (IQR) depending on (log)

normality. Paired data were statistically performed with the paired T-test or Wilcoxon 

Signed Rank test depending on the (log)normality. A one-way repeated measures ANOVA 

was performed to compare the total K1 values between the number of kidney VOIs. The 

RVRs and RBFs of both study arms were compared using the Wilcoxon rank-sum (Mann-

Whitney U) test. A P-value < 0.05 was deemed significant.
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Bland-Altman plots were composed to assess the intraobserver variability for establishing 

the RVR. Statistical analysis was performed using the statistics module SciPy (version 

1.9.2) of Python (version 3.11) and Graphpad Prism (version 9.3.1; GraphPad Software, San 

Diego, California USA) [30].

RESULTS

Evaluation of various kidney VOI delineation methods on CT
K1 values were composed for various kidney VOIs using AA as IDIF (dataset A, N=17), as 

depicted in Figure 3. The K1 values showed no significant (p=0.14) di!erence between the 

mean(SD) K1 values applying one VOI and the use of two, three and four VOIs, respectively 

2.01(0.32), 1.90(0.40), 1.93(0.39) and 1.94(0.40) mL/min/mL. When two VOIs were applied, 

no significant di!erence (p=0.10) was found between the two VOIs in mean(SD) K1 values, 

respectively 1.81(0.39) and 1.98(0.50) mL/min/mL. Furthermore, significant di!erences 

(p<0.05) were identified between the VOIs of the three and four VOIs placements 

with mean(SD) K1 values, respectively 1.73(0.35), 2.12(0.52), 1.94(0.45) mL/min/mL and 

1.65(0.36), 2.04(0.50), 2.12(0.56), 1.94(0.45) mL/min/mL. However, the deviation between 

the mean K1 values of applying one VOI is significantly smaller (p<0.05) compared to the 

SD applying two, three or four VOIs (max SD of one VOI; 0.32 versus four VOIs 0.56 mL/

min/mL).

Evaluation of renal hemodynamics
For the remainder of the study, dataset B was used for the evaluation of renal 

hemodynamics (Table S-1). The obtained K1 values are depicted in Figure 4 per IDIF (AA, 

ATA and LVBP) and per kidney delineation method (iso-contouring and region growing). 

The data showed a decrease in K1 values in stress compared to rest for controls and 

patients with median impaired kidney function of 20.6% and 7.9%, respectively, when 

iso-contouring and AA as IDIF were applied. The K1 values of this impaired kidney function 

group were close to 1.0. The numeric K1 values, k2 values and blood delay time per patient 

were reported in Table S-2.
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Figure 3. Visualization of K1 values in mL/min/mL applying one or more volume of interest 
(VOI) of kidney tissue using the abdominal aorta as image derived input function (N=17). CT-
delineation was applied with one fixed sphere (radius of 10 mm) for one VOI and two, three or 
four fixed cuboids (5 mm x 10 mm x 10 mm) between the medulla and the cortex for multiple 
VOIs. In case two, three or four cuboids were placed in the kidney, the first VOI was placed 
medial (two voxels from the right of the calyx). The second VOI was placed on the same CT 
slice, but two voxels from the lateral kidney boundary. Subsequently, the remainder third and 
fourth cuboids were set between the first and second cuboids. Every dot represents a K1 
value of a subject (N=17).
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Figure 4. K1 values from a one-tissue compartment model for the abdominal aorta (AA), 
ascending thoracic aorta (ATA) and left ventricular blood pool (LVBP) as vascular input 
functions. The figures A, B and C denote the models obtained by delineation the kidney using 
iso-contouring and D, E and F using region growing (dataset B, N=10)

RBF and RVR
RBF data (mL/min/g) are provided in Table S-3 (rest) and Table S-4 (stress). No significant 

di!erences in RBF between the control and impaired kidney group were found in stress 

state and in rest state (p>0.05). Furthermore, no significant di!erences between the two 

kidney delineations methods for both the rest and stress were found with regards to 

flow values (p>0.05). For the rest phase, no significant di!erences were found between 

the di!erent IDIFs (p>0.05). In the stress phase, significant di!erences were identified 

between the LVBP and the ATA for all three flow methods, within the iso-contouring 

delineation method (p<0.05).

RVR data are presented in Table 1. The control group showed a larger range of values 

compared to the impaired kidney function group, the latter having median RVR values 

close to 1.0. The highest median RVR value in the control group was 0.81 (IQR: 0.75-0.82) 

when a constant extraction combined was applied with iso-contouring and the LVBP as 

input. The smallest median RVR values were found with flows calculated with Gregg’s 

extraction and the ATA input and were 0.40 (IQR: 0.28-0.66) and 0.40 (IQR: 0.23-0.70) 

for iso-contouring and region growing, respectively. For the impaired kidney function 

group, the smallest median RVR value was 0.96 (IQR: 0.62-1.15), calculated with Gregg’s 

2



30

Chapter 2

extraction fraction. The ATA IDIF yielded significant di!erences between the control 

and the impaired kidney function group for both extraction methods and both kidney 

delineation methods (p<0.05). RVR calculated using Gregg’s method resulted in significant 

di!erences in all VOIs except for the AA obtained using region growing.

Table 1. Renovascular reserve (RVR) values as the ratio of renal blood flow in during adenosine 
(stress) compared to RBF in rest. RVR values were obtained of dataset B (N=10) with various 
IDIFs derived from abdominal aorta (AA), ascending thoracic aorta (ATA) and left ventricular 
blood pool (LVBP), two kidney volume of interest methods (Iso-contouring (ISO) and region 
growing (RG)) and two extraction methods (constant and Gregg). Values are displayed as 
median (interquartile range).

Adenosine renovascular reserve values

Flow method VOIs Control Impaired kidney function P

Constant

AA

ISO 0.79 (0.75-0.83) 0.99 (0.79-1.04) 0.251

RG 0.75 (0.70-0.84) 0.98 (0.85-1.08) 0.076

ATA

ISO 0.74 (0.62-0.86) 1.02 (0.96-1.05) 0.028

RG 0.75 (0.55-0.88) 1.06 (0.95-1.07) 0.028

LVBP

ISO 0.81 (0.75-0.82) 0.99 (0.97-1.06) 0.047

RG 0.75 (0.71-0.83) 1.00 (0.96-1.11) 0.028

Gregg

AA

ISO 0.48 (0.43-0.55) 0.98 (0.57-1.09) 0.076

RG 0.44 (0.33-0.58) 0.96 (0.62-1.15) 0.028

ATA

ISO 0.40 (0.28-0.66) 1.04 (0.95-1.08) 0.009

RG 0.40 (0.23-0.70) 1.10 (0.92-1.15) 0.009

LVBP

ISO 0.53 (0.41-0.57) 0.98 (0.94-1.14) 0.009

RG 0.41 (0.35-0.57) 1.00 (0.92-1.33) 0.009

Intraobserver variability
Repeated intraobserver measurement data are illustrated in Figure 5. Bland-Altman 

analysis of the repeated measurements showed smaller agreement intervals for the iso-

contouring delineation method, irrespectively of the extraction method. The smallest 

95% agreement interval was found for the constant extraction fraction and region 
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growing delineation (-0.2011–0.1857), while the largest interval was found for Gregg’s 

extraction fraction in combination with the region growing delineation method (-0.6254–

0.5945). Bias and agreement intervals from the Bland-Altman analysis of RVR values 

measurements are demonstrated in Supplementary Table S-5.

Figure 5. Bland-Altman plots of the repeated measurements of the renovascular reserve 
values: the ratio of renal blood flow during adenosine infusion (stress) compared to renal 
blood flow in rest. a) upper row denotes iso-contouring method and b) lower row denotes 
region growing. AA: abdominal aorta, ATA: ascending thoracic aorta and LVBP: left ventricular 
blood pool.

DISCUSSION

This study represents a unique exploration into the potential utilization of dynamic 82Rb 

PET/CT for assessing renal perfusion. Various inputs, outputs and extraction fractions 

on the RBFs of an existing one-tissue compartment model were evaluated to explore the 

potential clinical application of 82Rb PET/CT for assessing renal perfusion. First, K1 values 

were generated with various CT-based kidney VOIs between the medulla and the cortex 
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(dataset A). Subsequently, myocardial perfusion data were analyzed retrospectively to 

obtain renal perfusion measurements in rest and when exposed to adenosine (stress) 

using various PET-based delineation methods, IDIFS and extraction fractions (dataset 

B). The RVR for the controls were overall significantly lower (p<0.05) compared to the 

impaired kidney function group indicating the possibility of measuring di!erences in 

kidney hemodynamics with 82Rb PET/CT.

For practical reasons in subsequent analysis one single large VOI was used, even though 

composing K1 values for various numbers of CT-based kidney VOI delineations seemed 

feasible. Literature on kinetic modelling from other fields suggest that larger VOI reduces 

variation, which supports the use of one kidney VOI to illustrate the clinical applicability 

[31, 32]. Furthermore, VOI delineation was performed on unenhanced CT data obtained 

for attenuation purposes only (as part of the myocardial perfusion protocol for ischemia 

detection), limiting the ability to distinguish renal cortex and medulla. Therefore, two 

other PET-based kidney delineation methods were explored in the remainder of the 

study using dataset B.

Applying manual CT-based kidney delineations on dataset A, no significant di!erences 

were found between the total mean K1 values of one, two, three and four kidney VOI 

placements, indicating that the mean K1 values were independent of the number of VOI 

placements. However, significant di!erences in K1 values between the VOIs were found 

applying three and four VOIs, which might indicate that distinction between the medulla 

and cortex was possible. Preclinical studies have shown that the medullary blood flow can 

be maintained when the cortical blood flow is severely decreased [3, 33]. In future studies, 

it might be worthwhile to incorporate a gradient of more layers between the medulla and 

cortex (as previously performed in MRI kidney studies [34-36]) that is adjusted to the 

spatial resolution of PET/CT [3]. However, applying three and four VOIs resulted in a larger 

SD of the mean K1 values and outliers compared to the application of one VOI (Figure 3). 

This K1 deviation might be a result of partial volume e!ects or manual VOI CT-delineations, 

but might also be explained by the heterogeneous retrospective dataset A with potentially 

diverse physiological renal K1 values. Hypothetically, smaller VOIs are more a!ected by 

the spill-out e!ect of neighboring tissues, showing less 82Rb uptake of surrounded lower 

vascularized structures. Therefore, the optimal number of VOI delineations should be 

further explored in future studies that are dedicated to applying 82Rb PET/CT to the kidney.

Another possible explanation for the significant di!erences observed with three and four 

VOI placements may be attributed to the fixed vB applied in this study. The value of 0.1 was 

estimated using the entire kidney of healthy subjects [13, 15], but di!erent VOIs within the 

kidney might potentially have varying vB values. However, the objective of our study was 
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to assess the applicability of various kidney VOIs, IDIFs and extraction fractions of a one-

tissue compartment model. To achieve this, we extensively reviewed available literature 

and applied that in our study. Unfortunately, literature regarding vB of the kidney and renal 

perfusion using imaging is currently hardly available. Consequently, further research is 

necessary to investigate the e!ects of vB in patients with impaired kidney function and 

di!erent parts of the kidney in a larger prospective study.

Reproducibility analysis of two PET-based delineation methods showed smaller 

agreement interval limits for iso-contouring compared to region growing kidney 

delineation, indicating that iso-contouring is less sensitive for repetition errors. Possible 

explanations are manual temporal frame selection and manual VOI adjustments, making 

region growing more prone for errors compared to iso-contouring (which only requires 

bounding box around the averaged kidney volume).

No significant di!erence between the region growing and iso-contouring delineations 

within the same vascular input was found. The LVBP and AA as IDIFs showed the least 

spread in the Bland-Altman plots, while the IDIF ATA showed the most outliers. Moreover, 

no significant di!erences between the IDIFs AA and LVBP with regards to RBF calculation 

were observed. The IDIF AA is especially interesting for measuring renovascular reserve, 

as this vessel would be in the scan FoV. Therefore, previous renal studies considered it 

as a suitable alternative to the LVBP, which we confirm in our study [12, 13]. Additionally, 

a high correlation was found between arterial sampling and AA as IDIF in renal studies 

[37]. This study supports the feasibility of the use of the AA as IDIF, possibly combined 

with an iso-contouring kidney delineation method.

Obtained renal K1 values in five individuals without cardiovascular or renal disease were in 

line with previous reported renal K1 values [12, 13]. However, to the best of our knowledge, 

the function describing the extraction of 82Rb in the kidney and the conversion of K1 to 

flow is currently unknown. Literature suggests, with a high first pass extraction, a non-

linear relationship between the flow and K1 due to the retention of 82Rb in tissue and the 

active transport into cells [38, 39]. Gregg et al. reported the relation between K1 and flow 

in kidney tissue, showing that the extraction function by Gregg deflects more strongly 

with increasing flow [25]. Future studies comparing K1 values obtained using 82Rb as flow 

tracer with a gold standard reference radiopharmaceutical with a linear extraction such 

as [15O]H2O, is therefore crucial in order to establish a more robust relationship between 

K1 values and flow of 82Rb in renal tissue. Moreover, it is essential to further investigate 

the extraction of 82Rb in the kidney and the conversion of K1 to flow before the clinical 

implementation of 82Rb PET/CT measurements can take place.
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Changes in RBF between rest and during exposure to adenosine (stress) led to 

renovascular reserves below 1.0 for the group consisting of individuals without 

cardiovascular or renal disease, while the renovascular reserves in the group of kidney 

patients were around 1.0. This might be a direct consequence of our pragmatic choice 

to use adenosine and retrospective cardiac data. Adenosine is considered a systemic 

vasodilatant while the spleen is also known to exhibit vasoconstriction after adenosine 

administration [40]. Previous research showed that adenosine has various e!ects on the 

renal perfusion [25, 28, 41-43]. Ultimately, we need a well-established renal stressor that 

can also be e!ectively combined with imaging from logistical and technical perspectives.

This study contains some limitations. First, the limited number of subjects constitutes a 

major limitation and hence our results should be interpreted carefully. However, little is 

known about the consequences of the changes in RBF, and 82Rb PET/CT data for renal 

perfusion imaging are scarce. Moreover, non-invasive imaging techniques for assessing 

renal are not incorporated in clinical practice guidelines due to the lack of evidence. 

Although our retrospective proof-of-concept study concerns only a small study population, 

we believe that our findings exhibit the complexity of assessing RBF and contribute to 

the knowledge of the application of 82Rb PET/CT for kidney perfusion imaging. Second, 

the study is retrospective in design and used cardiac 82Rb PET/CT data to evaluate the 

feasibility to assess renal perfusion. As such, the used scan data in the present study 

was obtained focused on myocardial ischemia detection, with the heart in the center of 

the FoV, yielding the highest sensitivity [44]. As a result, some parts of the kidney were 

imaged at the edge of the FoV with lower sensitivity, leading to poorer image quality for 

the kidney. In addition, adenosine was used as a pharmacological stress agent, however 

this is not the ideal ‘stress agent’ for the kidney compared to infusion of amino acids, 

dopamine or an acute protein. Langaa et al. has pioneered the use combining 82Rb PET/

CT with infusion of amino acids, demonstrating an increase in RBF in healthy volunteers 

[6]. Future prospective studies should focus on developing a dedicated kidney protocol 

for 82Rb PET/CT, where both kidneys are centered in the FoV to evaluate various parts 

of the kidney, applying a renal stress agent, and further explore kinetic modelling with 

its inputs, outputs and extraction fractions to evaluate disease activity and treatment 

response for CKD.

CKD is recognized as one of the leading causes of death worldwide [45-47]. In early-

stage CKD, patients are often asymptomatic, leading to a diagnosis in later stages when 

substantial and irreversible kidney damage has already occurred. Given the asymptomatic 

nature of early-stage CKD, there is a need for a novel diagnostic tool or biomarker to 

enable early treatment, potentially slowing progression, while being cost e!ective [48, 

49]. Current clinically available non-invasive imaging techniques for assessing the kidney 
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function or hemodynamics as renal scintigraphy, CT, magnetic resonance imaging (MRI) 

and ultrasound have drawbacks including limited resolution, observer dependency, scan 

duration, limited quantification possibilities and the use of contrast agents that may induce 

nephrotoxicity and allergic reactions [50-52].

The scarcity of evidence demonstrating heightened renal hypoxia in humans is mainly 

attributed to the absence of non-invasive (imaging) techniques for assessing renal 

oxygenation and fibrosis [53]. However, changes in renal microcirculation are crucial 

in the pathophysiological processes of renal disease [54]. Given the limited availability 

of literature in the field of kidney perfusion and various physiological and anatomical 

similarities among the perfusion of the heart and the kidneys, we found it worthwhile 

to investigate whether dynamic 82Rb PET/CT was able to detect di!erences in renal 

hemodynamics in stress conditions compared to resting state (RVR). Moreover, the 

coronary flow reserve has been proven to be of added value and has been used in a 

routine clinical setting for the detection of myocardial ischemia [10, 55]. Therefore, 82Rb 

PET/CT holds potential relevance as an accessible novel diagnostic tool for the early 

detection of CKD by assessing renal hemodynamics.

CONCLUSION

In this study, it was demonstrated that obtaining renal K1 and RBF values using 82Rb PET/

CT was feasible using a one-tissue compartment model applying either CT- or PET-based 

kidney VOI delineation methods (region growing and iso-contouring), IDIFs (AA, ATA and 

LVBP) and Gregg’s [25] and constant [7] extraction fractions. Applying iso-contouring as 

the PET-based VOI of the kidney and using AA as an IDIF is suggested for consideration 

in further studies. Moreover, it is crucial to further investigate the extraction of 82Rb in 

the kidney and the conversion of K1 to flow before the clinical implementation of 82Rb 

PET/CT measurements can take place. Dynamic 82Rb PET/CT imaging showed significant 

di!erences in renal hemodynamics in rest compared to when exposed to adenosine. 

This indicates that dynamic 82Rb PET/CT has potential to detect di!erences in renal 

hemodynamics in stress conditions compared to the resting state, and might be useful 

as a novel diagnostic tool for assessing renal perfusion.
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ABSTRACT

Objective
Since the end of 2019, the SARS-CoV-2 virus has infected millions of people, of 

whom a significant group su!ers from sequelae from coronavirus disease (COVID-19), 

termed long COVID. As more and more patients emerge with long COVID who have 

symptoms of fatigue, myalgia and joint pain, we must examine potential biomarkers 

to find quantifiable parameters to define the underlying mechanisms and enable 

response monitoring. The aim of this study is to investigate the potential added value 

of [18F]FDG-PET/CT for this group of long COVID patients.

Methods
For this proof of concept study, we evaluated [18F]FDG-PET/CT scans of long COVID 

patients and controls. Two analyses were performed: semi-quantitative analysis 

using target-to-background ratios (TBR) in 24 targets and total vascular score (TVS) 

assessed by two independent nuclear medicine physicians. Mann-Whitney U-test 

was performed to find significant di!erences between the two groups.

Results
13 patients were included in the long COVID group and 25 patients were included in 

the control group. No significant di!erences (p < 0.05) were found between the long 

COVID group and the control group in the TBR or TVS assessment.

Conclusion
As we found no quantitative di!erence in the TBR or TVS between long COVID 

patients and controls, we are unable to prove that [18F]FDG is of added value for long 

COVID patients with symptoms of myalgia or joint pain. Prospective cohort studies 

are necessary to understand the underlying mechanisms of long COVID.

Keywords
inflammation, infection, vasculitis, SARS-CoV-2, imaging
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INTRODUCTION

Since the end of 2019, the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 

virus has been disrupting lives globally despite extensive e!orts to contain the virus [1]. 

The most common symptoms of acute coronavirus disease 2019 (COVID-19) are fever, dry 

cough and fatigue, albeit the disease expression is highly heterogeneous [1–4]. About 

80% of the patients experience mild to moderate disease, whilst 5% develop critical illness 

[5,6]. Moreover, the majority of patients develop sequelae after recovering from the acute 

SARS-CoV-2 infection that lasts for weeks to months [7]. This is called long COVID, or post-

COVID syndrome [6,8,9]. Symptoms associated with long COVID include fatigue, dyspnea, 

poor memory, hair loss, joint pain, attention disorder and myalgia, although this disease 

expression is also heterogeneous [4,10]. The onset of arthritis and vasculitis has also been 

reported in long COVID patients, and there is a growing recognition that COVID-19 is a 

vascular disease that leads to an escalating cascade of inflammatory pathways [11–14].

Long COVID patients are often PCR-negative and show no radiological or biochemical 

abnormalities. The lag of clinical recovery can be exasperating, which causes mental 

problems on top of the physical problems [6]. As the primary focus of the pandemic was 

to investigate the optimal treatment for acute COVID-19 patients and deal with the latest 

mutations of SARS-CoV-2, optimizing the rehabilitation of long COVID patients lagged. As 

a result, clear guidelines on the optimal treatment for long COVID patients are lacking [4].

As more and more patients with COVID in the medical history are emerging with vague 

symptoms, e.g. fatigue, joint pain and myalgia similar to vasculitis, sarcoidosis and 

polymyalgia rheumatica (PMR), there is a need for (imaging) biomarkers to find quantifiable 

parameters in order to define the underlying mechanisms. As a result, this would enable 

evaluation of disease activity and treatment response monitoring. 18-F-2-fluoro-2-

deoxyglucose ([18F]FDG) positron emission tomography/computed tomography (PET/CT) 

can potentially be of added value in this process, as [18F]FDG-PET/CT is able to determine 

localized metabolic activity, including infection, inflammation and malignancies [15]. 

Abnormal [18F]FDG-PET/CT scans in long COVID patients have been observed in earlier 

studies, albeit no study has been able to discern a typical visual [18F]FDG-uptake pattern 

in long COVID patients yet, which shows the need for further investigation [16–18]. This 

study aims to investigate the potential added value of [18F]FDG-PET/CT for long COVID 

patients with persistent symptoms such as myalgia, joint pain and fatigue, reminiscent 

of vasculitis, sarcoidosis and PMR.
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METHODS

Study design and population
To investigate the potential added value of [18F]FDG-PET/CT for long COVID patients with 

persistent symptoms, we performed a retrospective proof of concept study to qualitatively 

and quantitatively compare [18F]FDG-PET/CT scans of long COVID patients and controls.

For the long COVID patient group, we included patients from our long COVID outpatient 

clinic who presented with symptoms of myalgia or joint pain, reminiscent of vasculitis, 

PMR or sarcoidosis, for whom an [18F]FDG-PET/CT scan was performed between May 

2021 and October 2021. This study was retrospective and approval by the medical ethics 

committee was therefore not required according to the Dutch law. Nevertheless, written 

informed consent was obtained from all participants.

For the control group, we included patients who either i) had a malignancy in the past 

for which they were exclusively surgically curatively treated and for whom a routine [18F]

FDG-PET/CT follow-up scan was performed, excluding recurrent/residual disease; or ii) 

received an [18F]FDG-PET/CT scan for a suspected malignancy or etiology of unknown 

origin, which did not show any disease. Moreover, we exclusively included [18F]FDG-PET/

CT scans from June 2019 until October 2021, as the hospital acquired a new PET/CT 

scanner in June 2019. We did not include patients in the control group who had received 

systemic oncological treatment or radiotherapy in the past or had inflammatory diseases 

such as sarcoidosis, vasculitis, rheumatic diseases or COVID-19 in their medical history.

Baseline information was gathered from the electronic health records consisting of sex, 

age, BMI, pre-PET glycaemia, administered [18F]FDG activity, interval time between [18F]FDG 

administration and scan acquisition, and medicine use. Di!erences in age, BMI, pre-PET 

glycaemia, administered [18F]FDG activity and interval time between [18F]FDG administration 

and scan acquisition were investigated with an unpaired two-tailed Student’s t-test and 

di!erences in sex using a Chi-squared test. We considered p < 0.05 to be significant.

Data collection
We anonymized patient data and recorded these in a database. Whole-body [18F]FDG-

PET/CT was performed for long COVID patients on the 5-Ring Discovery MI PET/CT 

(GE Healthcare, Chicago, IL, USA) [19]. Control [18F]FDG-PET/CT scans were acquired 

as whole-body images if available and as torso (mid-thigh to skull base) images if no 

whole-body images were available. Data acquisition was performed approximately 60 min 

after intravenous [18F]FDG administration (1.5 MBq per kilogram bodyweight if BMI < 30, 

2.1 MBq per kilogram bodyweight if BMI > 30). Of note, due to use of a highly sensitive 
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PET/CT system this dose is lower than the standard 3.0 MBq per kilogram bodyweight. 

An emission scan was obtained using multiple bed positions (50% overlap between 

bed positions, 75 sec per bed position) [19]. Time-of-flight PET data were reconstructed 

using the point spread function and CT-based attenuation correction (120 kV, smart mA 

modulations with a noise index of 49.5 and an mA ranging from 15 to 550, 0.5 sec rotation 

time). Body-weighted standardized uptake values (SUV) were obtained using Sectra IDS7 

(Sectra AB, Linköping, Sweden) (PACS).

Data analysis
To compare long COVID patients with controls, a semi-quantitative analysis was 

performed by determining the target-to-background ratio (TBR) according to the nine 

research targets described in the European Association for Nuclear Medicine (EANM) 

recommendations for [18F]FDG-PET/CT imaging in large vessel vasculitis (LVV) and PMR 

to account for the variability of SUV values: the carotid, subclavian, axillary, vertebral, and 

pulmonary arteries, the ascending, descending, and abdominal aorta, and the aortic arch 

[20–23]. Additional targets consisted of the parotid glands, external iliac arteries, femoral 

arteries, tibial arteries, the liver and the brachioradialis muscle. The background was 

calculated as the average SUV in the vena cava inferior and vena cava superior (figure 1).

Figure 1. Examples of three long COVID patients with persistent symptoms of fatigue, myalgia 
or joint pain. (A) High to moderate [18F]FDG-uptake in the m. brachioradialis and parotid glands 
(red arrows). (B and C) Low to moderate [18F]FDG-uptake in joints and vessels in the lower 
extremities (red arrows).

In order to assess the di!erence in overall [18F]FDG-uptake between the long COVID group 

and control group, we used the total vascular score (TVS), as this takes heterogeneity 

within groups into account. The TVS was determined using the seven clinical targets 
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described in the EANM recommendations for [18F]FDG-PET/CT imaging in LVV and PMR: 

thoracic aorta, abdominal aorta, subclavian arteries, axillary arteries, carotid arteries, 

iliac arteries and femoral arteries [22]. Additional targets consisted of the parotid 

glands, shoulder girdle, and hip girdle (analysis of 10 targets, performed on all patients). 

Additionally, the tibial arteries, lower arm muscles and hands were assessed if visible 

on the scan (analysis of 13 targets, performed on patients with total body scans). A 

standardized 0-to-3 grading system was used to assess all targets, and was defined as 

follows: 0 = physiological [18F]FDG-uptake; 1 = minimally heightened [18F]FDG-uptake (< 

mediastinum), 2 = clearly increased [18F]FDG-uptake (% mediastinum and < liver), 3 = very 

marked [18F]FDG-uptake (% liver). The ten or thirteen targets per patient were assessed 

independently by two experienced nuclear medicine physicians (SB, RA) who were 

blinded. The TVS was calculated as the sum of all target scores. 

Statistical analysis
For the semi-quantitative analysis, the mean, median, standard deviation and range were 

calculated for every TBR and subject (Supplementary table A). We performed the Mann-

Whitney U-test to assess the di!erence between the long COVID group and control group 

for each target and applied Bonferroni correction for multiple testing [24]. We considered 

a p-value < 0.05 to be statistically significant.

For the TVS analysis, the interclass correlation (ICC) was determined to assess intra-

observer similarity. A threshold of ICC < 0.75 was agreed upon to analyze the two 

observers separately. A separate Mann-Whitney U test was performed for all subjects 

using ten targets (maximum number of subjects) and subjects with thirteen targets 

(maximum number of targets). We considered a p-value < 0.05 to be statistically significant. 

We used Excel (Version 2109; Microsoft, Albuquerque, NM, USA) for data collection and 

Matlab (version R2019b; MathWorks, Natick, MA, USA) to perform the statistical tests.

RESULTS

Patient characteristics
13 patients were included in the long COVID group and 25 patients were included in the 

control group (follow-up after melanoma n = 10, disproved suspicion of malignancy n = 8, 

follow-up after mammary carcinoma n = 2, follow-up after colon carcinoma n = 2, other 

indications n = 3). The long COVID group was on average significantly younger than the 

control group (47.2 ± 13.09 versus 58 ± 15.62, respectively, p = 0.017) and consisted of 

less males (38.5% versus 46.2%, respectively, p = 0.010). Table 1 summarizes the baseline 

characteristics of both groups.
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 [18F]FDG PET/CT parameters
We found no significant di!erences between the long COVID and control group 

with regards to pre-PET glycaemia (5.33 ± 1.31 versus 5.96 ± 1.91 mmol/L, p = 0.23), 

administered [18F]FDG activity (123.87 ± 34.35 versus 132.93 ± 38.46 MBq, p = 0.58) and 

interval time between [18F]FDG injection and image acquisition (51.38 ± 8.49 [range 41-74] 

versus 48.52 ± 5.96 [range 40-68] minutes, p = 0.44) (Table 1).

Clinical data
Long COVID patients in this study reported symptoms of fatigue, dyspnea, concentration 

problems, myalgia, asthenia, and low mood. The severity of the COVID-19 infection ranged 

from mild to severe. Symptoms during infection included fatigue, dyspnea, cough, fever, 

myalgia, and loss of taste or smell. The time interval between COVID-19 infection and 

[18F]FDG-PET/CT scan was 9.0 ± 4.4 months. None of the 13 long COVID patients were 

admitted to the hospital for the COVID-19 infection.

TBR [18F]FDG-PET/CT analysis
Table 2 shows the results of the semi-quantitative analysis of all targets. No targets 

di!ered significantly between the long COVID group compared to the control group. 

Increased [18F]FDG-uptake of the parotid glands was observed in 6/13 long COVID patients 

and 6/26 control patients (TBRparotid gland left = 1.34 versus 1.02, respectively, p = 5.52 

and TBRparotid gland right = 1.37 versus 1.01, respectively, p = 3.35). We also observed a 

higher [18F]FDG-uptake in the liver in the long COVID group than in the control group 

(TBRliver = 1.47 versus 1.34, respectively, p = 0.18).

Table 1. Baseline subject characteristics.

Long COVID (n=13) Controls (n=25) p-value

Gender (male, %) 5 (38.5%) 11 (44%) 0.016

Age (mean, std, yr) 47.2 (13.09) 57.3 (15.5) 0.024

BMI status (mean, std, kg/m2) 24.11 (4.09) 24.62 (3.89) 0.89

Pre-PET glycaemia (mmol/L) 5.33 (1.31) 5.96 (1.91) 0.23

Administered [18F]FDG activity (MBq) 123.87 (34.35) 132.93 (38.46) 0.58

interval time between [18F]FDG injection and 
image acquisition (min)

51.38 (8.49) 48.52 (5.96) 0.44

Symptoms

Fatigue 13 0

Pain 6 0

Dyspnoea 4 0

Loss of strength 3 0
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Table 1. Baseline subject characteristics. (continued)

Long COVID (n=13) Controls (n=25) p-value

Comorbidities (n)

No 2 4

Diabetes 1 5

Hypertension 2 2

Chronic respiratory disease 3 4

Concomitant medications (n)

None 5 9

Beta-blockers 0 4

Calcium antagonists 0 3

Sartans 0 1

ACE inhibitors 1 2

Diuretics 0 1

Oral anticoagulants 1 2

Antiplatelet drugs 0 1

Hypoglycaemic drugs 1 3

Corticosteroids 2 3

Statins 1 4

NSAIDs 3 3

Benzodiazepines 1 2

Proton pump inhibitors 4 5

Bronchodilators 2 2

BMI = body mass index; ACE = angiotensin-converting enzyme; NSAIDs = non-steroidal anti-
inflammatory drugs.
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Table 2. Results of semi-quantitative analysis in the long COVID group and control group. 

TBR mean (std)

Long COVID (n=13) Controls (n=25) p-value

a. carotis communis sinistra (mean, std) 1.06 (0.16) 0.99 (0.25) 4.97

a. carotis communis dextra 1.04 (0.18) 1.03 (0.18) 21.07

a. subclavia sinistra 0.91 (0.16) 0.94 (0.15) 11.50

a. subclavia dextra 0.92 (0.18) 0.98 (0.22) 5.24

a. axillaris sinistra 0.88 (0.29) 0.92 (0.12) 16.00

a. axillaris dextra 0.79 (0.30) 0.94 (0.15) 0.87

a. vertebralis sinistra 0.90 (0.17) 0.85 (0.15) 8.54

a. vertebralis dextra 0.86 (0.18) 0.87 (0.23) 24.00

Ascending aorta 1.10 (0.08) 1.06 (0.06) 8.35

Aortic arch 1.07 (0.08) 1.06 (0.11) 17.09

Pulmonary arteries 1.09 (0.11) 1.08 (0.08) 6.76

Descending aorta 1.06 (0.07) 1.07 (0.09) 23.12

Abdominal aorta 1.10 (0.19) 1.09 (0.12) 16.00

Glandula parotis sinistra 1.34 (0.75) 1.02 (0.41) 5.52

Glandula parotis dextra 1.37 (0.78) 1.01 (0.43) 3.35

a. iliaca externa sinistra 1.03 (0.24) 1.04 (0.19) 13.41

a. iliaca externa dextra 0.95 (0.22) 1.05 (0.16) 3.35

a. femoralis sinistra 1.04 (0.25) 0.93 (0.19) 9.75

a. femoralis dextra 1.00 (0.20) 0.98 (0.26) 18.20

a. tibialis sinistra 1.02 (0.29) 0.93 (0.15) 13.50

a. tibialis dextra 0.99 (0.29) 0.96 (0.18) 11.69

Liver 1.47 (0.12) 1.34 (0.11) 0.18

m. brachioradialis sinistra 0.49 (0.14) 0.48 (0.23) 14.59

m. brachioradialis dextra 0.49 (0.16) 0.47 (0.11) 18.20

TBR = target to background ratio. 

TVS [18F]FDG-PET/CT analysis
Moderate agreement was obtained between the two observers (ICC = 0.65, p < 0.001), 

meaning we performed separate analyses for the two observers (figure 2). We found a mean 

TVS of 3.00 ± 2.42 (observer 1) and 4.46 ± 2.07 (observer 2) in the long COVID group versus 

3.60 ± 2.45 (observer 1) and 5.12 ± 2.62 (observer 2) in the control group in the analysis of ten 

targets (long COVID group n = 13, control group n = 25), as is shown in table 3. No observer 
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reported a significant di!erence between the two groups (p=0.53 and p=0.52, respectively). 

We found a mean TVS of 8 ± 4.42 (observer 1) and 7.08 ± 3.66 (observer 2) in the long COVID 

group versus 9.56 ± 2.24 (observer 1) and 6.78 ± 3.35 (observer 2) in the control group in 

the analysis of thirteen targets (long COVID group n = 13, control group n = 9), as is shown 

in table 4. This yielded no significant di!erences for both observers (p = 0.37 and p = 0.92).

Figure 2. Scatterplot of TVS between the two observers. TVS = total vascular score, ICC = intraclass 
correlation coe"cient.

Table 3. Total Vascular Score (TVS) in the long COVID group (n = 13) and control group (n = 26), 
10 targets.

TVS mean (std)

Observer 1 Observer 2

TVS long COVID group 3 (2.42) 4.46 (2.07)

TVS control group 3.60 (2.45) 5.12 (2.62)

p-value 0.53 0.52

Table 4. Total Vascular Score (TVS) in the long COVID group (n = 13) and control group (n = 9), 
13 targets.

TVS mean (std)

Observer 1 Observer 2

TVS long COVID 8.00 (4.42) 7.08 (3.66)

TVS control group 9.56 (2.24) 6.78 (3.35)

p-value 0.37 0.47
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DISCUSSION

In this proof of concept study, we investigated the potential added value of [18F]FDG-

PET/CT for long COVID patients with persistent symptoms. No significant di!erences 

were found between the long COVID group and the control group in the semi-qualitative 

analysis and TVS. However,  although several long COVID patients showed higher uptake 

in one or more of these targets, we were unable to identify a general pattern.

In a similar study performed by Sollini et al., a significant di!erence was found between 

the long COVID group and the control group in several targets, including the right femoral 

artery, the ascending aorta, aortic arch and the descending aorta [16]. However, no 

correction for multiple testing was performed and if applied, no significant di!erences 

would have been found. In the current study, the Bonferroni correction for multiple testing 

was used to prevent false positive findings [25]. If no Bonferroni correction had been 

applied, we would have found significant di!erences in the liver and the right axillary 

arteries between the long COVID group and control group (Supplementary table A), which 

illustrates the similarity of results between Sollini et al. and the current study.

However, it should be noted that long COVID presentation could be heterogeneous in 

nature, as other rheumatic diseases such as PMR also show high heterogeneity across 

patients on [18F]FDG-PET/CT scans [26,27]. Furthermore, similar studies also found 

heterogeneous di!erences between long COVID patients and controls [28,29].

The liver has been reported as COVID-19 target organ [30,31] and recent studies suggest 

that the liver might be still inflamed in long COVID [29,32]. This possibly explains the 

higher liver uptake in the long COVID group compared to the control group.

The results of this study should be considered alongside certain limitations. Firstly, the 

study population consisted of 13 long COVID patients, limiting the power of the study. 

The control group could not be matched for age and sex to the long COVID group due 

to limitations in our database. Due to the large heterogeneity of [18F]FDG-uptake within 

both groups, the TBR distributions overlapped between the two groups. This was an 

important cause for the high p-values we found in the semi-qualitative and TVS analyses.

Another limitation is that the image reconstruction was not EARL compliant since EARL 

specifications were not yet applied at the time of acquisition, which might have resulted 

in increased SUV variability [33]. Moreover, the time interval between [18F]FDG injection 

and image acquisition was lower than 60 minutes in both groups due to logistic reasons, 

which deviates from the EANM recommendation for LVV and PMR, which Sollini et al. did 
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adhere to [16,22]. This may have had an impact on the results, although no guidelines 

on the recommended time interval between [18F]FDG injection and image acquisition 

have been published for long COVID patients and there were no significant di!erences 

in interval time between the two groups.

Moreover, the scanning window (whole-body imaging versus torso imaging) should be 

consistent for all subjects in order to be able to assess all locations [34]. Future studies 

should also consider specifying and quantifying the location of pain per patient.

It should also be noted that all measurements were manually performed and thus prone 

to errors [33]. Nonetheless, the nuclear medicine physicians (SB and RA) had a minimum 

of 5 years of experience and measurements were performed carefully, minimizing the 

number of random errors.

Little is known about long COVID and patients’ management is still inconsistent due to 

lack of clinical practice guidelines. Furthermore, [18F]FDG-PET/CT data in long COVID 

patients was limited. Although our retrospective proof of concept study concerns only a 

small study population, we believe that our findings exhibit the complexity of the disease 

and add to the knowledge of the application of [18F]FDG-PET/CT in long COVID.

In summary, we found no quantitative di!erence in the TBR or TVS between long COVID 

patients and controls. Based on our results, we are unable to prove that [18F]FDG-PET/CT 

scans are of added value for long COVID patients with symptoms of myalgia or joint pain, 

reminiscent of vasculitis and PMR. To gain more insight in the underlying mechanisms of 

long COVID, prospective cohort studies are necessary.

3
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ABSTRACT

Purpose
To assess the lower [18F]FDG limit in administered activity and/or scan time reduction 

capabilities of a digital-BGO 32-cm axial field-of-view PET system while being 

compliant with current and updated EANM Research Ltd Fluorine-18 accreditation 

specifications (EARL1 and EARL2).

Methods
EARL1 and EARL2 compliance of the digital-BGO system (Omni Legend 32 cm) was 

tested for several reconstructions, including those that apply precision deep learning-

based image enhancement (PDL) as postprocessing, using the calibration QC and 

NEMA IEC phantom measurements. The image quality QC scan was repeated every 

hour for 7 hours, with each subsequent hour representing a lower administered 

activity, and reconstructed for various times per bed position, i.e. 30, 60, 120, 180, 

and 300 seconds. For each of the image quality QC images, coe"cient of variation 

(COV) of the background compartment, and mean, maximum and peak activity 

concentration recovery coe"cients (RCmean, RCmax and RCpeak) of di!erently-sized 

spheres were calculated and compared to current and updated EARL accreditation 

specifications.

Results
When we apply 1 min per bed position for PET acquisition, [18F]FDG administration 

can be reduced by a factor of ~4 for EARL1, by a factor of ~8 for EARL2 (2 mm voxels) 

and by a factor of ~4 for EARL2 (4 mm voxels) using both standard reconstructions 

and PDL post-processing compared to current EANM recommendations for [18F]FDG 

administration (7 MBq&min&bed-¹&kg-¹).

Conclusions
 Reduction in [18F]FDG administered activity is possible by at least a factor 4 for 1 

min/bed with the Omni Legend 32 cm PET/CT while maintaining EARL1 and EARL2 

compliance.

Keywords
Administered activity reduction; scan time reduction; PET/CT; EARL 18F accreditation; 

phantom study; [18F]FDG
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INTRODUCTION

Positron emission tomography/computed tomography (PET/CT) imaging is a powerful 

tool that enables whole body non-invasive visualization and quantification of biological 

processes at the molecular level [1]. Continuous advancements in PET/CT technology have 

led to improved image quality and increased sensitivity, thereby potentially enhancing 

diagnostic accuracy which may lead to better patient outcomes [2]. Recently, a digital PET/

CT with bismuth germanium oxide scintillating crystals coupled to silicon photomultipliers 

(SiPM) over an extended 32 cm axial field-of-view (FOV) was introduced (Omni Legend; GE 

HealthCare, Milwaukee, USA). This novel non-time-of-flight PET/CT system demonstrates 

high count rates (peak noise-equivalent count rates: ~500 kcps) and a superior sensitivity 

(45-49 cps/kBq) according to the National Electric Manufacturer’s Association (NEMA) 

NU2-2018 standard [3], while maintaining a spatial resolution comparable to other current 

SiPM-based time-of-flight PET/CT systems [4-6]. Moreover, it incorporates precision 

deep learning-based image enhancement (PDL) that aims to provide improved feature 

sharpness and convergence comparable to hardware-based time-of-flight reconstruction 

[7]. The enhanced sensitivity of the system provides possibilities to reduce both scan 

duration and/or the administered activity of radiopharmaceuticals. Shorter scan durations 

may enhance patient comfort, increase patient throughput and decrease the risk of 

patient motion. Lowering the administered activity o!ers opportunities for cost savings 

and reduces the risks associated with radiation exposure for both sta! and patients [5]. 

Kennedy et al. briefly highlighted the potential to reduce administered activity and scan 

time of the Omni legend PET/CT system for various radiotracers and injected activities 

[5], but a thorough investigation into the administered activity and/or scan time reduction 

capabilities of this new system has not yet been conducted. This study aims to assess 

the lower limit in administered activity of 2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG) and/

or scan time reduction capabilities for the Omni Legend PET/CT while being compliant 

with current and updated European Association of Nuclear Medicine (EANM) Research 

Ltd Fluorine-18 accreditation specifications (EARL1 and EARL2).
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MATERIAL AND METHODS

EARL1 and EARL2 compliance of the Omni Legend system was tested using calibration 

QC and NEMA IEC phantom measurements [8-11].

Phantom studies
All PET acquisitions covered two bed positions with a 47% bed overlap and were 

performed on an EARL 18F standards 1 and 2 accredited PET/CT system (Omni Legend 32 

cm, GE Healthcare, Milwaukee, USA) [8, 9]. Prior to each PET scan, a low-dose CT scan (120 

kVp, 52 mAs, with dose modulation) was acquired for attenuation correction purposes.

For the calibration QC scan, a cylindrical uniformity phantom with a diameter of 20 cm and 

a length of 30 cm was filled with distilled water and 82.2 MBq of [18F]FDG, and placed in 

the centre of the FOV. A PET scan was acquired in list-mode for 5 min per bed position.

For assessing the system-specific patient [18F]FDG activity using image quality QC scans, 

a NEMA IEC body phantom, equipped with six fillable spheres varying in diameter (10, 13, 

17, 22, 28, and 37 mm) and a lung insert, was filled with distilled water, and 2.39 kBq/mL 

(uniform background compartment) and 22.6 kBq/mL (spheres) of [18F]FDG, simulating a 

sphere to background ratio of ~10:1. The spheres of the phantom were positioned in the 

centre of the FOV. A PET scan was acquired in list-mode for 10 min per bed position (T0), and 

repeated every hour for 7 hours (T0+1h to T0+7h), with each subsequent hour representing a 

lower activity. Boellaard et al described the entire procedure for assessing system-specific 

patient [18F]FDG activity preparations for quantitative [18F]FDG PET/CT studies [10].

More details for preparation and acquisition requirements of EARL fluor-18 accreditation 

can be found in the EARL standard operating procedures [11].

PET reconstructions
The list-mode data of the PET scan of the calibration QC were histogrammed into 

sinograms of 300 seconds per bed position, while the list-mode data of each PET scan 

(T0 till T0+7h) of the image quality QC were histogrammed into sinograms of 30, 60, 120, 

180, and 300 seconds per bed position. The 300 seconds per bed position of T0 was 

used to validate the image quality of the reconstructions to be EARL1 or EARL2 compliant. 

The following five reconstructions were performed:

 • EARL1 images were reconstructed using a 3D maximum likelihood ordered subset 

expectation maximization reconstruction (3D OSEM) (VUEPointHD (VPHD)) with 4 

iterations and 12 subsets, followed by a 7 mm full-width-at-half-maximum (FWHM) 

4
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Gaussian filter and a 192x192 matrix, resulting in a voxel size of 3.65 x 3.65 x 2.07 

mm3 (1).

 • EARL2 2 mm images were reconstructed using a Bayesian penalised likelihood 

reconstruction (BPL; Q.Clear) with a ( parameter of 1500 and a 384x384 matrix, 

resulting in 1.82 x 1.82 x 2.07 mm3 voxels (2), and repeated with PDL post-

processing using a ‘low’ level of contrast-enhancement (3).

 • EARL2 4 mm images were reconstructed using BPL with a ( parameter of 1200 

and a 192 x 192 matrix, resulting in 3.65 x 3.65 x 2.07 mm3 voxels (4), and repeated 

with the ‘low’ level of PDL post-processing (5).

All reconstructions were performed with corrections for attenuation, scatter, normalization, 

decay, and dead time. For each of the image quality QC images, coe"cient of variation (COV) 

of the background compartment, and mean, maximum and peak activity concentration 

recovery coe"cients (RCmean, RCmax and RCpeak) of di!erently-sized spheres were calculated 

and compared to current and updated EARL accreditation specifications [8, 10, 12].

Data analysis
For each PET image of the calibration QC, the average volumetric standardized uptake 

value (SUV) bias, which cannot exceed 10%, is calculated by:

SU Vbias(%) = (
Cmeasured

Ccalculated 
−  1)  ×  100% (1)

In this equation Cmeasured represents the activity concentration measured from images 

and Ccalculated is the true activity concentration calculated from injection data. The SUVbias 

was generated using the manual tool implemented in IDL (version 8.4; Harris Geospatial 

Solutions, Bloomfield, USA) by Boellaard et al [8, 12]. Maximum, peak and mean SUV 

recovery coe"cients (RCmax, RCmean and RCpeak) were computed for all spheres on each 

reconstructed PET image quality QC images using an in-house-developed algorithm 

in MATLAB (version 2018b; MathWorks, Massachusetts, USA), cross-validated with 

the aforementioned manual tool implemented in IDL by Boellaard et al [8, 12], with a 

deviation of <1%. In   short, this in-house-developed algorithm in MATLAB, using the known 

geometry of the NEMA IEC body phantom, locates the centroids of the spheres from the 

PET image and draws volumes of interest (VOIs) on the six spheres together with 3 cm 

rectangular VOIs (n=9) at predetermined locations (relative to the sphere location and 

depending on the sphere orientation and position) in the background compartment of 

the phantom (Figure 1), onto each reconstructed PET image. To limit the e!ects of partial 

voxels, using the known sphere diameter, a raster of sample points is created every 0.1 

mm and the values are interpolate in these 0.1 locations, thereby creating a finer sampling 

than the original voxels. For each sphere, the max and peak values are obtained (for 



65

[18F]FDG administered activity reduction capabilities

the calculation of RCmax and RCpeak) from the original PET images, and a VOI is created 

by a 50% background-corrected isocontour method to derive the mean value for the 

calculation of RCmean. The RC values are calculated by:

RC =
Smeasured

Scalculated 
(2)

In this equation Smeasured represents the max, peak or mean activity concentration measured 

from the VOIs of each sphere and Scalculated is the true activity concentration calculated from 

injection data for the spheres. The obtained RC values should comply to the EARL1 (RCmax 

and RCmean) and EARL2 (also includes RCpeak) accreditation specifications [11]. In addition, 

the coe"cient of variation (COV), determined by dividing the standard deviation by the 

mean of the pixel values within a VOI, was initially computed for each individual 3 cm 

rectangular VOIs placed in the background compartment (n=9). Subsequently, the final 

COV parameter was obtained by averaging these 9 COV values. It was essential that the 

resulting average COV remained below 15% [10].

Figure 1. Visualization of the template of the NEMA IEC body phantom geometry used by 
the in-house-developed algorithm, showing the volumes-of-interest (VOIs) of the six spheres 
identified on the PET image (red circles) and the rectangular background VOIs (3 cm, n=9, 
green squares) in axial view.

RESULTS

EARL1 and EARL2 compliance
The calibration QC revealed a median SUV bias of 1.16% (range: 0.40—1.55%). RCmax, RCmean 

and (when applicable) RCpeak of all tested reconstructions were EARL1 or EARL2 compliant 

(Figure 2 and Supplemental file S1).

4
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Figure 2. Max (A), mean (B) and peak (C; only EARL2) recovery coe"cients (RC) as a function 
of volume (mL), derived from the image quality QC scan acquired at T0, using 300 seconds 
per bed position. PDL: precision deep learning image enhancement.

Administered activity and/or scan time reduction capabilities
When we apply 1 min per bed position for PET acquisition, [18F]FDG administration can 

be reduced by a factor of ~4 for EARL1, by a factor of ~8 for EARL2 (2 mm) and by a 

factor of ~4 for EARL2 (4 mm) using both standard reconstructions (Figure 3A) and PDL 

post-processing (Figure 3B) compared to current EANM recommendations for FDG 

administration (7 MBq&min&bed-¹&kg-¹ of [18F]FDG for a 75 kg patient [9]). This indicates a 

decrease in MBq/kg for the used reconstructions to 1.75 MBq/kg, 0.88MBq/kg and 1.75 

MBq/kg, respectively. EARL2 reconstructions (2 mm and 4 mm voxels) both with and 

without PDL allowed similar reductions in administered activity, with lower COV values 

for with PDL (maximum COV di!erence: 5.2% for 2 mm and 16.5% for 4 mm). Due to the 

higher beta value applied for EARL2 2 mm, EARL2 4 mm voxel size has generally higher 

COVs than 2 mm, contrary to the expectation of smaller voxels exhibiting higher noise 

and COV (maximum COV di!erence: 32.4% with PDL and 45.5% without PDL).
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Figure 3. EARL1 and EARL2 (2 mm and 4 mm) compliance illustrating coe"cient of variation 
(COV) at various [18F]FDG activity dosages and scan durations for reconstructions without (A) 
and with (B) precision deep learning image enhancement (PDL). SUV: standardized uptake 
value.

DISCUSSION

This phantom study provides an initial insight into the applicable lower limit in [18F]FDG 

administered activity and/or scan time reduction while being EARL1 and EARL2 Fluorine-18 

compliant for the Omni Legend PET/CT system. Despite the larger voxel size, EARL2 (4 mm) 

COV data were higher overall than EARL2 (2 mm), which may be attributed to the higher 

beta value used in the 2 mm BPL reconstruction. Moreover, using the same method to 

assess reduction in administered activity, van Sluis et al. reported factors of reductions 

in administered activity at 1 min/bed of ~8 (EARL1), ~4 (EARL2, 4 mm) and 1 (EARL2, 2 mm), 

where our results gave factors ~4, ~8 and ~4, respectively [13]. This di!erence can be 

4
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explained by their use of a di!erent scanner and reconstruction algorithms. Furthermore, 

our data show comparable findings for EARL2 2 mm on the Omni Legend system compared 

to Kennedy et al. (0.88 for our study compared to 1 MBq&min&bed-¹&kg-¹ for Kennedy et 

al), yet scan times and reduction in administered activity are less thoroughly covered in 

their study [5]. Note that each institution is advised to explore di!erent reconstruction 

parameters of their scanner to ensure EARL compliance with our indicated reductions 

in administered activity.

Our study has limitations. First, the NEMA IEC body phantom only simulates a 75 kg 

patient. Preferably, the validation should be replicated using phantoms simulating various 

patient sizes [14]. Second, we used one strategy to assess the reduction in administered 

activity, however, alternative methods are available to assess reduction in administered 

activity [15-18]. Third, this phantom does not reflect real-world conditions. Ideally, for future 

work we recommend that a clinical study should be performed to validate the image 

quality, the potential role of deep learning-enhanced post-processing and quantitative 

accuracy using [18F]FDG PET data of patients scanned at the chosen lower regime in 

administered activity and/or reduced scan times. Note that the identified lower limits of 

[18F]FDG administered activity only apply to the Omni Legend 32 cm PET/CT and that 

new studies should be performed to investigate the lower limits of [18F]FDG administered 

activity for other PET systems.

In conclusion, we demonstrate in this phantom study that a reduction in [18F]FDG 

administered activity is possible by at least a factor 4 for 1 min/bed with the Omni Legend 

32 cm PET/CT while maintaining EARL1 and EARL2 compliance. A clinical study should be 

performed to validate these findings.
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ABSTRACT

Background
Quantitative SPECT enables absolute quantification of uptake in perfusion defects. 

The aim of this experimental study is to assess quantitative accuracy and precision of 

a novel iterative reconstruction technique (Evolution; GE Healthcare) for the potential 

application of response monitoring using 99mTc-tetrofosmin SPECT/CT in patients with 

coronary artery disease (CAD).

Methods
Acquisitions of an anthropomorphic torso phantom with cardiac insert containing 

defects (with varying sizes), filled with 99mTc-pertechnetate, were performed on a 

SPECT/CT (Discovery 670 Pro, GE Healthcare). Subsequently, volumes-of-interest 

of the defects were manually drawn on CT to assess the recovery coe"cient (RC). 

Bull’s eye plots were composed to evaluate the uptake per segment. Finally, 99mTc-

tetrofosmin SPECT/CT scans of 10 CAD patients were used to illustrate clinical 

application.

Results
The phantom study indicated that Evolution showed convergence after 7 iterations 

and 10 subsets. The average repeatability deviation of all configurations was 2.91% 

and 3.15% (%SD mean) for filtered (Butterworth) and unfiltered data, respectively. 

The accuracy after post-filtering was lower compared to the unfiltered data with 

a mean(SD) RC of 0.63(0.05) and 0.70(0.07), respectively (p<0.05). More artificial 

defects were found on Bull’s eye plots created with the unfiltered data compared to 

filtered data. Eight out of ten patients showed significant changes in uptake before 

and after treatment (p<0.05).

Conclusion
Quantification of 99mTc-tetrofosmin SPECT/CT seems feasible for CAD patients when 

7 iterations (10 subsets), Butterworth post-filtering (cut o! frequency 0.52)in cycles/

cm, order of 5) and manual CT-delineation are applied. However, future prospective 

patient studies are required for clinical application.

Keywords
99mTc-tetrofosmin, SPECT/CT, experimental validation, quantitative SPECT, coronary 

artery disease, phantom study
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INTRODUCTION

Myocardial perfusion imaging is used to evaluate the presence and severity of coronary 

artery disease (CAD) [1, 2]. Myocardial perfusion scintigraphy (MPS) using single photon 

emission computed tomography (SPECT), typically obtained on a CZT camera, is the 

most extensively validated imaging modality for this purpose [3] and is routinely used to 

manage treatment strategies [2, 4]. Moreover, monitoring the response of CAD treatments 

with MPS may guide treatment decision making.

MPS is based on visual interpretation of relative myocardial perfusion and might 

underestimate the severity of ischemia due to global hypoperfusion [5]. Hence,  it is worth 

investigating how quantitative SPECT may enable measurement of uptake in perfusion 

defects to improve evaluation of response to anti-ischemic therapies using myocardial 

perfusion scans.

Recent  developments in iterative imaging reconstruction, such as Evolution (Q.Metrix 

package, GE Healthcare, Milwaukee, USA) available on a Xeleris workstation (version 

4.0) [6], allows SPECT to provide absolute quantification. Evolution is an ordered subset 

expectation maximization algorithm that includes compensation for collimator–detector 

response, attenuation and scatter correction, and resolution recovery. Evolution has 

been validated for oncological trials using phantom studies for assessing early response 

to treatment in locally advanced breast cancer patients [7] and for the di!erentiation 

of normal bone and bone disease [8]. Nonetheless, to the best of our knowledge, no 

validation has been performed for cardiac studies.

Therefore, the aim of this experimental study is to assess quantitative accuracy and 

precision of Evolution, making use of phantom studies, supplemented with illustrative 

patient cases, for potential clinical application of response monitoring using 99mTc-

tetrofosmin SPECT/CT in patients with CAD.

MATERIALS AND METHODOLOGY

Phantom studies
In an anthropomorphic torso phantom (model ECT/TOR/P, DATA Spectrum, Hillsborough, 

NC, USA) a static cardiac insert was used (Data spectrum cardiac phantom model ECT/

CAR/UM, DATA Spectrum, Hillsborough, NC, USA; Figure 1), consisting of a left ventricle 

with separate compartments for blood pool (with a volume of 61 mL) and myocardium 

(with wall thickness of 10 mm and volume of 100 mL). The insert compartments were filled 



79

Experimental validation of absolute SPECT/CT quantification for response monitoring

with a solution of water and 99mTc-pertechnetate. Three fillable defects (small, 2.6 mL; 

medium, 5.6 mL; and large, 11.8 mL) were evaluated to simulate a myocardial perfusion 

defect. The defects were positioned in the anterior or inferior wall of the myocardium, or 

a combination of both. The cardiac insert was positioned in an anthropomorphic torso 

phantom containing lung, liver and spine inserts. The myocardium was filled with 64 kBq/

mL. Moreover, the liver was filled with 15.9 kBq/mL according to a myocardium-to-liver 

ratio of 4:1. The myocardium-to-background ratio was approximately 12:1. In addition, the 

myocardium-to-blood pool ratio was 10:1 and the defect-to-myocardium ratio was 1:2, 

based on literature [9-11]. The lungs were filled with polystyrene spheres and water to 

achieve a representative physiologic tissue density.

A total of 36 measurements were acquired and evaluated: six configurations with six 

acquisitions. The first three single configurations are the described fillable defects 

measured separately on the mid anterior part of the myocardium, further referred to as 

small (S-configuration), medium (M-configuration) and large (L-configuration). The fourth 

and fifth configuration are two combinations of two defects and were positioned on the 

mid-inferior and mid-anterior part of the myocardium. These double defect configurations 

consist of two small defects (SS-configuration) and a combination of a small and medium 

defect (SM-configuration). Finally, the phantom was also scanned without defects, further 

referred to as the ground truth (GT-configuration). The measurements were repeated 

six times with a time per view that was adjusted per repetition to compensate for the 

radioactive decay and to have similar count statistics as the first experiment.

Data acquisition and reconstruction were based on the clinical protocol using one bed 

position according to the EANM guidelines [12]. All studies were performed with a SPECT/

CT dual head system (Discovery NM/CT 670 Pro, GE Healthcare, Milwaukee, Wisconsin, 

USA). The SPECT measurements are acquired using a low-ene rgy, high-resolution (LEHR) 

collimator that was positioned in L mode, noncircular orbit, step-and shoot mode and 60 

(2*30) views. The technetium energy window (photopeak) was set on 140.5 keV (window: 

±10%) for emission and on 120 keV (window: ±5%) for scatter. The camera sensitivity was 

determined as recommended by the vendor [6] as described in more detail in Collarino 

et al. [7]. After the SPECT acquisition, a low-dose CT scan (120 kV, 20 mAs, pitch: 0.938, 

collimation: 16 * 1.25) was acquired for attenuation correction purposes.

All SPECT data were reconstructed using Evolution with compensation for collimator-

detector response, resolution recovery, attenuation and scatter on a matrix of 64*64 

voxels with 1.5 zoom, resulting in a voxel size of 5.89 * 5.89 * 5.89 mm3. Moreover, the 

CT data were reconstructed using adaptive statistical iterative reconstruction (ASIR, GE 

healthcare) with a voxel size of 0.98 * 0.98 * 5.00 mm3.

5
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Based on the recommendations of the vendor no post-reconstruction filter should 

be applied for quantification [6]. However, a Butterworth filter (cut-o! frequency of 

0.52)cycles/cm and an order of 5) was recommended by the vendor for clinical SPECT/

CT cardiac studies without quantification. Therefore, SPECT data were reconstructed 

both with and without a Butterworth filter to investigate the impact of post-filtering on 

quantification. After reconstruction, the Q.Metrix package resampled both the CT and 

SPECT images to an equivalent and isotropic voxel size (1.47 * 1.47 * 1.47 mm3) that was 

used for delineation.

Figure 1. Axial view of an anthropomorphic torso phantom containing a cardiac insert, spine, 
lungs and liver (a). Positioning of the phantom on the SPECT/CT scanner (b). Three defects 
with various sizes and scale in cm (c).

Data Analysis
All SPECT/CT images were converted from counts to Bq/mL using Q.Metrix as detailed in 

the paper of Collarino et al. [7]. To determine the number of iterations that are required 

for Evolution to converge, volumes of interest (VOI) were drawn on CT images for the 

background, liver, small defect and myocardium compartments. Evolution was considered 
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to have converged when for each VOI the relative di!erence in the activity concentration 

of the iteration was less than 1% with respect to the previous iteration. In order to determine 

the noise level, the coe"cient of variation (COV) in the background compartment was 

calculated by the standard deviation divided by the mean activity concentration.

Interobserver reliability of delineation on CT images was assessed by three physicians 

that draw VOIs on the small defect and the myocardium for the S-configuration. The 

interobserver reliability was computed by an intraclass correlation coe"cient using a 

two-way mixed e!ects model for absolute agreement (ICCA) (SPSS statistics; version 

25; IBM Statistics, Armonk, USA). ICC scores range from 0 to 1, representing a level of 

agreement: +0.40 poor to fair, 0.41–0.60 moderate, 0.61–0.80 substantial, 0.81–1.00 

almost perfect [13].

Subsequently, recovery coe"cients (RC), representing the ratio between the reconstructed 

activity concentration (in Bq/mL) and the true activity concentration as measured with a 

dose calibrator (VIK-202, Comecer, the Netherlands), were computed for VOIs drawn on 

CT images for the myocardium and defect compartments for all configurations. Here an 

RC of 1 indicates that injected activity concentration was in accordance with the measured 

activity concentration. Furthermore, for all six configurations separately, the precision was 

expressed in average repeatability deviation (RD) calculated by the standard deviation 

(SD) of the myocardium RCs as a percentage of the mean myocardium RC. Moreover, 

Bull’s eye plots with 17 segments were generated using 4DM (INVIA-Ann Arbor, MI, USA) 

for the S- and GT-configurations.

Patient cases
Patient cases were evaluated retrospectively to illustrate the clinical applicability of the 

phantom study. For patients with CAD and ischemia without long-term treatment options, 

intramyocardial injection of autologous bone marrow cells (BMC) has emerged as an 

alternative treatment strategy at Leiden University Medical Center (LUMC) [14]. SPECT/

CT data were composed before and after BMC injection. The collected patient data were 

anonymized and recorded in a database. Performance of this retrospective study was 

approved by the medical ethical review board and the requirement to obtain informed 

consent was waived.

Comparing the MPS at rest and after stress, areas of under-perfusion and resultant stress-

induced ischemia were identified. According to a two-day protocol, as described in the 

EANM guidelines, patients under and over 100 kg received 500 and 750 MBq 99mTc-

tetrofosmin, respectively, for both the stress and the rest examination [12]. All patients 
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underwent a pharmacologic adenosine stress examination. SPE CT/CT was acquired 

30-45 minutes post-injection after stress and 45-60 minutes post-injection during rest.

All stress and rest studies were converted into lean-body mass standardized uptake 

values (SUVLBM) in g/mL and calculated as described in Kim et al. [15]. Reversibility Bull’s 

eye plots were composed for the studies before and after BMC injection as used in 

clinical practice [12]. Subsequently, the di!erence in tracer uptake (SUVLBM) prior to and 

after BMC injection was calculated by the reversibility Bull’s eye plots after BMC injection 

minus before BMC injection.

Statistical Analysis
Statistical analysis was performed using SPSS statistics software and Excel (version 2017; 

Microsoft, Redmond, USA). A Shapiro-Wilk test was performed in order to evaluate the 

(log)normality of the data. Paired data for both the phantom and the patient study were 

statistically performed with the paired T-test or Wilcoxon Signed Rank test depending on 

the (log)normality. The statistical analyses of the non-paired data were performed with 

an independent T-test or Mann-Whitney U depending on the (log)normality. Continuous 

data were expressed as mean(SD).

RESULTS

Phantom study
Camera sensitivity, convergence and noise level
The camera sensitivity was 74.0 cps/sec/MBq. Evolution showed convergence for 

all investigated VOIs when at least 7 iterations (and 10 subsets) were applied (Figure 

2). Moreover, an increasing noise level (COV) was shown with increasing number of 

iterations. With 7 or more iterations the filtered data showed a lower noise level compared 

to the unfiltered data. At 7 iterations the COV was 44.3% and 44.5%, with and without 

Butterworth post-filtering, respectively. For the remainder of the study, all data were 

reconstructed using 7 iterations and 10 subsets.

Interobserver variability
Almost perfect agreement between the observers was obtained when the small defect 

and myocardium were delineated manually on CT images (ICCA: %0.863 and %0.839, 

respectively).
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Figure 2. E!ects of increasing the number of iterations for Evolution on the reconstructed 
activity concentrations of background, myocardium, small defect and liver compartments, 
obtained with (a) and without (b) Butterworth post-filtering, and on (c) COV derived from the 
background compartment.

Recovery coe"cients for myocardium compartment
RC for the filtered data was significantly lower compared to the unfiltered data (p<0.05, 

Table 1). All mean RC were significantly smaller (up to 0.3 in mean RC) for the filtered 

data compared to the unfiltered data. However, SD values were similar with and without 

filtering in all configurations. No significant di!erence was shown between filtered RD 

and unfiltered RD (p>0.05). The largest RD (5.53 and 5.41 with and without Butterworth 

filtering, respectively) was depicted for the GT configuration and the smallest RD (1.18 

and 1.53 with and without Butterworth filtering, respectively) for the configuration with 

the two small defects.

Table 1. Mean recovery coe"cient (RC), SD and repeatability (RD), obtained with and 
without Butterworth post-filtering, derived from the myocardium compartment for various 
configurations.

No filter Butterworth

Configuration RC SD RD RC SD RD

S 0.67 0.02 3.51 0.64 0.02 2.72

M 0.63 0.01 1.59 0.61 0.01 1.41

L 0.62 0.03 4.91 0.59 0.03 4.35

SS 0.60 0.01 1.53 0.58 0.01 1.18

SM 0.63 0.01 1.96 0.61 0.01 2.26

GT 0.63 0.03 5.41 0.61 0.03 5.53

Mean 3.15 2.91
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Recovery coe"cients for defects
Filtered data showed a significantly lower mean(SD) RC over all defect volumes compared 

to the unfiltered data with 0.63(0.05) and 0.70(0.07), respectively (p<0.05; Figure 3). 

The variability between the acquisitions with the same configuration was, however, 

significantly (p<0.05) larger in the unfiltered data (maximum RD di!erence of 2.74% 

between filtered and unfiltered data). In addition, various similar patterns were seen in 

both graphs. First, the mean RC values in smaller defect volumes were lower compared 

to larger defect volumes with 0.65 and 0.72 for the unfiltered data and 0.64 and 0.71 for 

the filtered data, respectively (p<0.05). Second, smaller defect volumes yielded larger 

variations between the repetition measurements with maximum RD values of 12,4% and 

10,4% for unfiltered and filtered data, respectively. Third, the apical defects showed 

significantly (p<0.05) lower RC values compared to the basal defects, with RC values of 

0.32 and 0.60 for the unfiltered data and 0.32 and 0.53 for the filtered data. Finally, a 

large variation between the two small defects was found.

Bull’s eye plots variability
There was significant di!erence (p<0.05) between the filtered and unfiltered uptake per 

segment for both the GT- and small SS-configuration (Figure 4). However, the filtered 

data showed more homogenous uptake in the myocardium. The unfiltered data showed 

a more heterogeneous pattern and showed more areas of less uptake that do not contain 

defects, and therefore the filtering was applied to the images in the remainder of this 

study. For the S-configuration, the smallest uptake (kBq/mL) was observed in the mid 

anterior segment, which contained the defect. Mean activity concentration per segment 

for this configuration with and without post-filtering is depicted in Supplemental Fig. S1.

Patient cases
As a result of the phantom study, 7 iterations (and 10 subsets) and Butterworth post-

filtering was applied for the image reconstruction of ten patient cases recruited for BMC 

injection between February 2017 and May 2019. Patient characteristics are summarized 

in Table 2.  The average global tracer uptake in the myocardium (in kBq/mL), depicted in 

Table 2, was within the same range as the average global tracer uptake applied to the 

myocardium in the phantom study (Figure 4; range: 14.9-43.1 and 35.0-38.5, respectively). 

Furthermore, the minimum segmental tracer uptake was in the same range as the tracer 

uptake applied to the defect in the phantom study (Table 2; range 6.5-33.5 kBq/mL and 

Figure 4; 25 kBq/mL, respectively). The median time between the SPECT/CT scans before 

and after BMC injection was 9 months. Association between the reversibility Bull’s eye 

plots in SUVLBM before and after BMC injection is provided in Table 3. Eight patients 

showed significant di!erence (p<0.05) in SUVLBM between before and after the injection 

with a maximal improvement of 2.22 g/mL (patient no.7).
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Figure 3. Recovery coe"cients (RC) of single and two defects: small (S), 2.6 mL; medium (M), 
5.6 mL; and large (L), 11.8 mL. The defect RC of Evolution with (blue) and without Butterworth 
post-filtering (red). Moreover, RC mean of the defect was illustrated separately for the SS and 
SM-configurations.

Figure 4. Bull’s eye plots of Butterworth filtered data (left panel) and unfiltered data (right 
panel). The values are in kBq/mL and depict one acquisition of the S-configuration with the 
defect in the mid-anterior segment (top) and ground truth (bottom). The number right below 
the Bull’s eye plot concerns the average global tracer uptake in kBq/mL.
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Table 2. Patient characteristics (n=10). Table shows median and range.

Characteristic Value

Gender

Male 9

Female 1

Age (y) 69 (53-82)

Weight (kg) 82 (46-124)

Height (cm) 176 (160-187)

Time delay between BMC injection and imaging (mo.) 3 (1-13)

Activity received for MPS

~500 MBq 8

~750 MBq 2

Average global tracer Uptake (kBq/mL)

Before BMC injection rest 25.7 (14.9-33.1)

Before BMC injection stress 27.3 (19.3-37.5)

After BMC injection rest 25.5 (18.6-43.1)

After BMC injection stress 30.1 (19.5-41.2)

Minimum segmental tracer Uptake (kBq/mL)

Before BMC injection rest 20.4 (7.2-27.8)

Before BMC injection stress 17.8 (6.5-29.1)

After BMC injection rest 19.3 (8.1-33.5)

After BMC injection stress 21.0 (8.4-27.8)

Medical History

CABG 10

PCI 6

MI 4

ICD 1

BMC injection 2

PM 0

Medication

Diuretics 3

Beta-blockers 10

Scanned Bed position

Prone position 7

Supine position 3
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Table 2. Patient characteristics (n=10). Table shows median and range. (continued)

Characteristic Value

Ejection fraction (%)

Rest Before BMC 55 (24->60)

Stress Before BMC 52 (21->60)

Rest After BMC 55 (25->60)

Stress After BMC 52 (21->60)

BMC: bone marrow cell; SPECT/CT single photon emission computed tomography/computed 
tomography; MPS: myocardial perfusion scintigraphy; CABG: coronary artery bypass grafting: 
PCI: percutaneous coronary intervention; MI: myocardial infarction; ICD: implantable cardioverter 
defibrillator; PM: pacemaker.

Table 3. Association between the relative mean di!erence (range), derived from reversibility 
Bull’s eye plots, in SUVLBM (g/mL) before and after BMC injection.

Patient 
no.

SUVLBM (g/mL)

Pre treatment Post treatment p-value

1  0.60(0.10 – 1.25)  0.19(-0.26 – 0.64) 0.001

2 -0.55(-1.30 – 0.19)  0.19(-0.89 – 1.10) 0.001

3 -0.74(-1.52 – 0.12)  0.32(-0.70 – 0.91) <0.001

4  0.75(0.04 – 1.59) -0.42(-1.07 - 0.23) <0.001

5 -1.11(-1.62- -0.67) -0.03(-0.68 – 0.45) <0.001

6  0.48(-0.09 - 1.16)  0.17(-0.55 – 0.98) 0.093

7 -0.55(-1.13 – 0.14)  1.67(0.62 – 2.39) <0.001

8 -0.44(-1.03 – 0.08) -0.38(-0.67 –0.14) 0.586

9 -1.13(-1.69 - -0.66) -0.30(-0.82 –0.38) <0.001

10  2.06(0.98 – 2.53) -0.54(-1.63 - 0.68) <0.001

DISCUSSION

  To the best of our knowledge, this is the first study that evaluated Evolution for cardiac 

applications. The experimental part of this study evaluated the accuracy and precision of 

Evolution by utilizing various phantom experiments. To illustrate the feasibility of clinical 

application, ten patients, before and after BMC treatment, were included retrospectively. 

7 iterations (10 subsets) and Butterworth post-filtering (cut o! frequency 0.52)in cycles/

cm, order of 5) were considered optimal for reconstruction based on convergence and 

noise level. Applying these settings, the average repeatability deviation (or precision) of all 
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acquisitions was 2.91%. Moreover, the accuracy of Evolution using larger defects resulted 

in higher RC values (ranging from 0.64 to 0.75) compared to smaller defects (RC ranging 

from 0.52 to 0.74). Bull’s eye plots were generated to evaluate the uptake per segment.

RC values determined for both myocardium and defect were in general underestimated (i.e. 

<1), except for the SS-configuration (Table 1 and Figure 3). This underestimation is likely a 

result of partial volume e!ects. The spatial resolution of the system with a LEHR collimator 

is 7.4 mm full-width-at-half-maximum (FWHM) [16]. The resolution-modelling in Evolution has 

a positive e!ect on resolution, which resulted in an increment from 7.4 mm FWHM to 5.1-6.4 

mm FWHM[16]. However, our results might di!er since the resolution-modelling in Evolution 

is based on bone applications performed with LEHR collimators in H-mode and hence 

this provides only an indication of the improved spatial resolution for cardiac applications. 

Hypothetically, smaller defects are more a!ected by the spill-in e!ect of neighboring tissues, 

like the myocardium, resulting in higher recovery. However, the thickness of the myocardial 

wall (~10 mm), producing the spill out e!ect, might explain the lower RC values. Similar 

results were reported in a cardiac phantom study [17] and a bone phantom study using the 

same SPECT/CT camera [8]. In addition, modelling the collimator detector response might 

also clarify the decrease in quantitative accuracy, since this is acknowledged to introduce 

blurring in the final reconstruction of SPECT data [18]. Furthermore, the findings showed 

higher accuracy in larger defects (11.8 mL) compared to smaller defects (2.6 mL), possibly 

explained by these partial volume e!ects. However, both defect size and SUVLBM uptake 

(relative and absolute) are of clinical interest for accurately assessing response to treatment 

in patients with CAD. Therefore, the investigation of the spill-in and spill-out due to partial 

volume e!ects remains of interest for future cardiac SPECT studies.

The observed inhomogeneity (artefacts) in the Bull’s Eye plot might lead to di"culties in 

interpretation and may a!ect the quantitative treatment evaluation of MPS. Butterworth 

filtered data demonstrated a more homogeneous uptake compared to unfiltered data 

(Figure 4), despite the comparable noise levels (Figure 2C), and is therefore preferred. 

However, the recent quantification with Evolution was developed for the quantification 

of ‘’hot spots’’ in mainly bone, lung and liver applications, while uniformity and contrast 

are more important to quantify defects (cold spots) for cardiac applications. A previously 

designed Evolution for (non-quantitative) cardiac applications combines the maximum a 

posteriori (MAP) algorithm [19] with the one-step-late (OSL) algorithm using a Green prior 

and median root prior (last iteration only) [20] to suppress formation of hot spots due to 

noise in the acquired projections. Therefore, it would be worthwhile to investigate a new 

variant of Evolution that combines quantification (compensation for collimator–detector 

response, attenuation and scatter correction, and resolution recovery) with MAP and OSL 

for quantitative cardiac applications.
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This study contains some limitations. First, no dedicated dynamic cardiac phantom was 

used in this experimental study. Therefore, the e!ects of cardiac motion, a challenge 

among cardiac scanning, causing artefacts and distortions in image datasets, could not 

be investigated [21]. Second, only Evolution was used for quantitative SPECT, hence no 

performance comparison could be made with other quantification software packages 

such as SUV SPECT (Hermes Medical Solutions, Stockholm, Sweden). Third, the reported 

results are specific to one vendor and one implementation of iterative reconstruction.

Finally, the goal of the patient cases was to illustrate the clinical applicability of quantitative 

SPECT in the current MPS clinical workflow for response monitoring. This feasibility study 

showed that it was possible to apply the phantom settings to clinical patient data and 

generate Bull’s eye plots in SUVLBM. Significant di!erences in SUVLBM on the scan prior to 

and after BMC injection were found in eight patients, indicating that BMC injection has 

had an e!ect that led to a change in tracer uptake. The other two patients showed no 

significant di!erence. This implies that no change in uptake occurred after BMC injection. 

However, larger sized prospective clinical trials should be executed for validation and 

implementation of this technique and in order to investigate the accuracy, clinical 

applicability and clinical value of quantitative SPECT for therapy response monitoring 

in patients with CAD.

CONCLUSION

Quantification of 99mTc related SPECT/CT for response monitoring in patients with CAD 

seems feasible when 7 iterations (10 subsets), Butterworth post-filtering and manual 

delineation on CT images are used. To show su"cient evidence for the use of Evolution 

in clinical practice for treatment response monitoring, validation should take place in 

a future prospective clinical trial, studying a large patient cohort. Quantitative SPECT, 

however, is promising and might extend the diagnostic potential of standard MPI.
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ABSTRACT

Purpose
This study evaluates the semi-quantitative single-photon emission computed 

tomography (SPECT) parameters of prone SPECT using [99mTc]Tc-sestamibi and 

compares them with Molecular Breast Imaging (MBI)-derived semi-quantitative 

parameters for the potential use of response prediction in women with locally 

advanced breast cancer (LABC).

Procedures
Patients with proven LABC with a tumor % 2 cm on mammography and an indication for 

MBI using [99mTc]Tc-sestamibi were prospectively enrolled. All patients underwent a prone 

SPECT/CT at 5 min (early exam) and an additional scan at 90 min (delayed exam) after 

injection of 600 MBq [99mTc]Tc-sestamibi to compose wash-out rates (WOR). All patients 

underwent MBI after early SPECT/CT. Volumes of interest of the primary tumor were 

drawn semi-automatically on early and delayed SPECT images. Semi-quantitative analysis 

included maximum and mean standardized uptake values (SUVmax, SUVmean,), functional 

tumor volume (FTVSPECT), total lesion mitochondrial uptake (TLMU), tumor-to-background 

ratios (TBRmax and TBRmean), WOR and coe"cient of variation (COVSPECT). Subsequently, 

the FTVSPECT, TBRSPECT and COVSPECT were compared to FTVMBI, TBRMBI and COVMBI.

Results
Eighteen patients were included. Early SUVmax, and TBRmax showed significantly higher 

interquartile range (IQR) compared to SUVmean and TBRmean, respectively 2.22 (2.33) g/mL, 

6.86 (8.69), 1.29 (1.39) g/mL and 3.99 (5.07) (median (IQR), p<0.05). WOR showed a large 

IQR (62.28), indicating that there is WOR variation among the LABC patients. FTV showed 

no di!erence between MBI and early SPECT semi-quantitative parameter (p=0.46).

Conclusions
In LABC patients it is feasible to obtain semi-quantitative parameters from prone 

SPECT/CT. The FTV derived from early prone SPECT/CT is comparable with MBI-

based FTV. Studies with comprehensive clinical parameters are needed to establish 

the clinical relevance of these semi-quantitative parameters, including WOR, for 

response prediction before its use in clinical routine.

Keywords
[99mTc]Tc-sestamibi; Locally advanced breast cancer; Response prediction; 

Quantitative SPECT; SPECT/CT; Molecular Breast Imaging
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INTRODUCTION

Molecular Breast Imaging (MBI), also previously referred to as breast specific gamma 

imaging (BSGI), provides a non-invasive in vivo characterization of breast lesions 

and is proven valuable for breast cancer detection, with sensitivity comparable to 

Magnetic Resonance Imaging (MRI) [1]. MBI holds a fundamental position when there 

is a contraindication for MRI or in situations when mammography and ultrasound have 

limited accuracy, such as in dense breasts, with free silicone (after silicone mastopathy) [2].

The radiopharmaceutical used for MBI is [99mTc]Tc-methoxyisobutylisonitrile [99mTc]Tc-

sestamibi), which has been used in nuclear breast imaging for diagnosing breast cancer 

for over 20 years [3, 4]. [99mTc]Tc-sestamibi has special characteristics, since it is a 

transport substrate for P-glycoprotein (Pgp) [5], encoded by the multidrug resistance gene 

that functions as energy-dependent e,ux-pump for many drugs [6]. Therefore, reduced 

[99mTc]Tc-sestamibi uptake in tumor cells might indicate Pgp over-expression, enabling 

upfront prediction of chemosensitivity. Determination of [99mTc]Tc-sestamibi uptake during 

neoadjuvant chemotherapy (NAC) seems helpful in predicting non-responsiveness to NAC 

[7]. Therefore, quantification of [99mTc]Tc-sestamibi accumulation might facilitate early in-

vivo assessment of tumor chemoresistance and may guide treatment decision making.

Intra-tumor heterogeneity holds potential implications for tumor progression, treatment 

response, and therapeutic resistance [8]. Semi-quantitative [99mTc]Tc-sestamibi parameters, 

as coe"cient of variation (COV) and wash-out rates (WOR) [7, 9], are associated with 

this intra-tumoral heterogeneity [10, 11]. However, recent studies on semi-quantitative 

[99mTc]Tc-sestamibi parameters revealed drawbacks in accurately assessing tumor uptake 

with planar MBI [12-14]. Single-photon emission computed tomography combined with 

computed tomography (SPECT/CT) might be helpful to overcome these drawbacks. It 

combines three-dimensional (3D) (whole-body) imaging with functional and anatomical 

information, compensating for tissue attenuation and scattering using low-dose CT and 

provides semi-quantification using [99mTc]Tc-sestamibi [7, 15, 16]. To our knowledge, there 

are no clinical studies investigating the use of semi-quantitative SPECT parameters using 

[99mTc]Tc-sestamibi in locally advanced breast cancer (LABC) patients. This prospective 

feasibility study aimed to evaluate the semi-quantitative parameters of prone SPECT/

CT using [99mTc]Tc-sestamibi and to compare them with MBI-derived semi-quantitative 

parameters for the potential use of response prediction in LABC patients.
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METHODS

Study design and Patients
The Institutional Review Board approved this prospective monocenter study (trial code: 

NL60403.058.17). Between August 2017 and April 2019, all consecutive patients with 

pathologically proven LABC with a tumor % 2 cm on mammography and ultrasound [16] 

and a clinical indication for local staging with MBI using [99mTc]Tc-sestamibi [2] were 

included according to standard clinical procedures for pre-operative staging and to rule 

out multifocality. Although the SNMMI/EANM guideline [2] was published after our data 

collection, our study adhered to this. Patients who were pregnant or had undergone prior 

breast surgery, chemotherapy, or radiation therapy were excluded.

Data collection
SPECT/CT acquisition
Camera sensitivity was determined according to the vendor’s recommendations [15] 

as detailed in Collarino et al. [16]. Five minutes after injection with 600 MBq [99mTc]Tc-

sestamibi an early SPECT/CT was acquired. A second (delayed) SPECT/CT was acquired 

90 min p.i. to compose the WOR [7]. The SPECT/CT scans were performed with a dual-

head SPECT/CT gamma camera (Discovery NM/CT 670 Pro, GE Healthcare, Milwaukee, 

Wisconsin, USA). The patient was positioned in prone position (face down and arms up) 

using a supporting device for hanging breasts (hanging breasts mode) utilizing a single 

bed position. SPECT measurements were obtained with a low-energy, high-resolution 

(LEHR) collimator in noncircular orbit using step-and-shoot mode, over 360° (180° per 

head) and a 3° angular step with an acquisition time per frame/angle of 20 s (25 min in 

total). A 128 x128 matrix size without zoom was applied and resulting in a voxel size of 

4.42 *)4.42 *)4.42)mm3. The technetium energy window (photopeak) was set at 140.5 keV 

(window ±10%) for emission and 120 keV (window ±5%) for scatter. Consecutively, a low-

dose CT was acquired for attenuation correction purposes with the patient breathing 

normally. The acquisition parameters include a tube voltage of 100 kV, a pitch of 1.375, a 

collimation of 20 mm and auto tube current modulation of 100 mA (30-150 mA).

All SPECT data underwent reconstruction using Evolution with Q.Metrix available on 

a Xeleris workstation version 4.DR (GE Healthcare, Milwaukee, USA) with an ordered 

subset expectation maximization (OSEM) algorithm that incorporates compensation 

for collimator-detector response, resolution recovery, attenuation, and scatter, using 9 

iterations and 10 subsets [16]. The reconstructed voxel size of the SPECT images was 2.21 

* 2.21 * 2.21 mm-. Additionally, CT data were reconstructed using an adaptive statistical 

iterative reconstruction (ASIR, GE Healthcare) algorithm with a voxel size of 2.21 * 2.21 

* 2.21 mm-.
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MBI acquisition
MBI was acquired directly after the early SPECT/CT scan according to standard procedure 

of our center [17]. Patients, while being seated, underwent five MBI (Dilon Diagnostics 

6800, Pittsburgh, PA, USA) acquisitions (craniocaudal and mediolateral oblique of both 

breasts and lateral of the breast with tumor) of one frame with an acquisition time of 480 

seconds (8 minutes) and a matrix size of 80 x 80, resulting in planer images with pixels 

of 3.20 x 3.20 mm.

Image analysis
SPECT/CT semi-quantitative parameters
SPECT/CT images were converted from counts to Bq/mL using Q.Metrix as previously 

detailed [16]. Volume of interest (VOI) of the primary tumors were semi-automatically 

delineated using a 42% threshold iso-contour method, followed by manual assessment 

by researcher (AB) to ascertain visual conformity [16]. Furthermore, approximately 3 

cm diameter VOIs were manually drawn in the contralateral healthy breast and were 

used to estimate background activity. These VOIs were automatically projected to the 

co-registered SPECT images. Subsequently, the body-weighted mean, minimum and 

maximum standardized uptake values (SUVmean, SUVmax; in g/mL), standard deviation (SD) 

of the mean SUV (in g/mL) and functional tumor volume (FTV; in mL) were measured. 

Furthermore, the total lesion mitochondrial uptake (TLMU = FTV × SUVmean, tumor), tumor-to-

background ratio’s (TBRmax =  
SUVmax, tumor

SUVmean, background
 

 

and  TBRmean =  
SUVmean, tumor

SUVmean, background
) and the wash-

out rate (WOR =
TBRearly − TBRlate

TBRearly
× 100%) were composed [16, 18]. Next to these parameters, the 

coe"cient of variation ( 

 

) within the tumor was calculated to 

quantify a degree of tumor heterogeneity.

MBI semi-quantitative parameters
Quantification of [99mTc]Tc-sestamibi uptake on MBI images was performed in Picture 

Archiving and Communication System (PACS; Sectra IDS7, Linköping, Sweden). Manual 

tumor delineations were performed on the MBI data by an experienced nuclear 

medicine physician (LP). An estimation of the FTVMBI was acquired by performing 

manual tumor diameter delineations in three perpendicular axes (a,b,c) yielding: FTVMBI = 
4
3 × π × a × 1

2 × b × 1
2 × c × 1

2 . The number of counts was obtained in three directions (cranial-

caudal, mediolaterale-oblique and lateral) and the average was calculated. The counts in 

the background were determined by drawing a 3 cm diameter circle in the contralateral 

breast on the craniocaudal and mediolateral oblique projections.

The TBR on MBI was calculated in two ways. First, the TBR (TBRmax) was calculated by 

dividing the maximum pixel value in the tumor by the highest mean pixel value of the 

background, in line with the SPECT TBR calculations. Secondly, the TBR (TBRave) was 
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calculated by dividing the average maximum pixel value of the tumor by the average 

pixel value of the background [9].

There are currently no standardized clinical protocols for calculating COVMBI. Therefore, 

COVMBI was calculated in three ways in line with literature. The COVmax was calculated by 

dividing the highest SD in the tumor by the highest mean value in the tumor, multiplied 

by 100%. Secondly the COVave was calculated by dividing the average SD in the tumor 

(SDave) by the average of the mean value in the tumor multiplied by 100%. Moreover, the 

COVnorm was calculated based on literature by (SDave)/[(mean pixel value of tumor)/(average 

value of the background)] [10, 11].

Statistical analysis
A Shapiro-Wilk test was performed to evaluate the normality of the data. Non-paired 

data were analyzed with either an independent T test or Mann-Whitney U test, and 

continuous data were presented as mean (SD) or median (interquartile range), depending 

on normality. Paired data analysis used either the paired T-test or Wilcoxon Signed Rank 

test, also depending on normality. Box plots were used to visualize the distribution of 

the SPECT-based semi-quantitative parameters and the MBI-based semi-quantitative 

parameters. Scatter plots and the Spearman’s Rank correlation coe"cient were used 

to explore their relation ranging from strong negative consistent relationship (-1), no 

consistent relationship (0) to strong positive consistent relationship (+1). Statistical analysis 

was conducted using GraphPad Prism (version 9.3.1; GraphPad Software, San Diego, 

California, USA) and Excel (version 2023; Microsoft, Redmond, USA).

RESULTS

Patient characteristics
This observational prospective study initially included 18 patients. Written informed 

consent was obtained from all participants. Patients’ characteristics are shown in Table 1.

Semi-quantitative parameters
SPECT
The semi-quantitative parameters of early and delayed SPECT acquisitions were 

calculated to assess the wash-out of [99mTc]Tc-sestamibi (Figure 1 and Supplementary 

Table S1). The delayed acquisition was not performed for one patient due to technical 

di"culties. Early SUVmax, and TBRmax showed significantly higher interquartile range (IQR) 

compared to SUVmean and TBRmean, respectively 2.33(2.33) g/mL, 6.86(8.69), 1.29(1.39) g/

mL and 3.99 (5.07) (median(IQR), p<0.05). Note that WOR showed a large IQR (62.28), 
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indicating that there is WOR variation among the LABC patients, see Figure 1 and 

Supplementary Figure S1.

MBI
The MBI semi-quantitative parameters are presented in Figure 1 and Supplementary 

Table S2. The FTVMBI calculation was not possible for four patients because either the 

tumor was not completely within the field-of-view (located close to the chest wall) or 

the tumor had di!use growth, making realistic volume dilations unfeasible. There was 

no significant di!erence between TBRmax and TBRmean (p%0.05). The COVave showed the 

smallest IQR of 7.39% compared to COVmax and COVnorm, respectively, 7.60% and 8.28% 

and was compared with COVSPECT in the remainder of the study.

Table 1. Patients’ characteristics

Variable N=18

Age (Y) 56.2 (10.3)

Tumor type

NST 12

Lobular 6

Grade

1 1

2 14

3 3

Size (mm) 24.8 (8.3)

Hormone receptor

ER 16

PR 15

HER-2 0

TN 2

Age and size are presented in Mean (SD). NST= no special type; ER=estrogen receptor; PR=progesterone 
receptor; HER-2 =human epidermal growth factor receptor 2; TN=triple negative
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Figure 1. Semi-quantitative parameters SPECT and molecular breast imaging (MBI). The 
boxplots display the median (central line), 25th and 75th interquartile range (edges of the 
box), and the whiskers extending to the smallest and largest value for each semi-quantitative 
parameter. All patients underwent a prone SPECT/CT at 5 min (N=18, early exam) and an 
additional scan at 90 min (N=17*, delayed exam) after injection of 600 MBq [99mTc]Tc-sestamibi 
to compose wash-out rates (WOR). MBI was acquired directly after the early SPECT/CT to 
directly compare the semi-quantitative parameters of both modalities. WOR varied significantly 
among patients as reflected by the large interquartile range. SPECT=single photon emission 
computed tomography; SUV=standardized uptake value; FTV=functional tumor volume; 
TLMU=total lesion mitochondrial uptake; TBR=tumor to background ratio. COV=coe"cient of 
variation within the tumor.

*The delayed acquisition was not performed for one patient due to technical di!culties.
**FTVMBI data of four patients were excluded because the tumor was not completely within the 
field-of-view (located close to the chest wall) or the tumor showed di"use growth, making realistic 
volume dilations unfeasible.
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Comparison SPECT and MBI
Figure 2 shows comparable high focal [99mTc]Tc-sestamibi tumor uptake in MBI and SPECT/

CT images of two LABC patients. The two cases illustrate one patient with a positive WOR 

and one patient with a negative WOR, demonstrating a visual decrease and increase in 

uptake over time, respectively.

Various semi-quantitative parameters of the SPECT (early acquisition) and MBI are 

illustrated in Figure 3. FTVMBI data of four patients were excluded as explained previously. 

The TBRmax and TBRmean revealed a significant di!erence (p<0.05) between MBI and 

SPECT. TBRmean showed a smaller median di!erence compared to TBRmax, respectively 

1.34 and 4.12. The whiskers of the box plots for TBRSPECT (mean and max) were significantly 

larger (p<0.05) than those for TBRMBI, indicating greater variability of measurements 

for SPECT compared to MBI (Figure 1). Spearsman’s correlation coe"cient revealed a 

significant positive (r=0.7, p<0.05) consistent relation between MBI and SPECT, indicating 

that TBRSPECT values were consistently higher compared to TBRMBI (Figure 3). FTVSPECT did 

not show a significant (p=0.46) di!erence compared to FTVMBI. The median di!erence 

between FTVSPECT and FTVMBI was 2.80 mL and the scatter plot indicated a diagonal 

trend, suggesting that the two methods provide comparable measurements. One patient 

showed a FTV higher than 10 mL compared to the others (approximately 5 mL). COVSPECT 

were significantly larger (p<0.05) compared to COVMBI,ave and the variability in COV was 

significantly higher (p<0.05) for MBI compared to SPECT (Figures 1 and 3). However, 

visually, the values are comparable between the two techniques (Figure 3). Spearman’s 

rank correlation from FTV and COV between MBI and SPECT was not significant (p%0.05).
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Figure 2. Molecular breast imaging (MBI) and single-photon emission computed tomography 
combined with computed tomography (SPECT/CT) images of two patients The first patient (A to 
G) is a 45-year-old woman with invasive ductal carcinoma grade 3, estrogen receptor-negative, 
progesterone receptor-negative, and HER2-negative (triple-negative), MBI and SPECT/CT show 
high focal [99mTc]Tc-sestamibi uptake of a 2 cm in diameter tumor located in the lateral upper 
quadrant of the right breast (red arrow) with visual lower uptake on delayed SPECT/CT and 
wash-out rate (WOR) of 18. The second patient (K to T) is a 43-year-old woman with invasive 
ductal carcinoma grade 3, estrogen receptor-positive, progesterone receptor-positive, and 
HER2-negative, MBI and SPECT/CT show moderate focal [99mTc]Tc-sestamibi uptake of a 2 
cm in diameter tumor located in the lateral upper quadrant of the right breast (red arrow) and 
visual increased uptake on the delayed images (WOR -33). MBI right craniocaudal view (A 
and K), MBI right lateral oblique view (B and L), MBI right mediolateral view (C and M), SPECT 
maximum intensity projection (MIP) right craniocaudal view (D and N), SPECT MIP right lateral 
oblique view (E and O), SPECT MIP right mediolateral view (F and P), axial SPECT of early (G 
and Q), and delayed (H and R) acquisition, fused axial SPECT/CT images of early (I and S) and 
delayed (J and T) acquisition.
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Figure 3. Scatter plots of SPECT versus MBI semi-quantitative parameters (N=18). 
FTV=functional tumor volume; MBI=molecular breast imaging; SPECT=single photon emission 
computed tomography; COV=covariant of variation within the tumor; TBR=tumor to background 
ratio. Note that FTVMBI data of four patients were excluded because the tumor was not 
completely within the field-of-view (located close to the chest wall) or the tumor showed 
di!use growth, making realistic volume dilations unfeasible.
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DISCUSSION

To our knowledge, this is the first feasibility study evaluating the semi-quantitative 

parameters of prone SPECT/CT using [99mTc]Tc-sestamibi and comparing them with MBI-

based semi-quantitative parameters in 18 patients with LABC. This study presents the first 

step towards a possible application of semi-quantitative parameters of prone SPECT/CT 

in LABC patients for prediction of response to NAC. Various semi-quantitative parameters 

were composed for early and delayed SPECT acquisitions (5 min p.i and 90 min p.i.) and MBI. 

No significant di!erence was observed between MBI and early SPECT semi-quantitative 

parameter FTV (p=0.46). TBRmean and TBRmax were significantly higher for SPECT compared 

to MBI and showed greater variability between the measurements (p<0.05).

Early SUV and TBRSPECT values were higher compared to late SUV and TBRSPECT, which 

probably is related to the clearance of [[99mTc]Tc-sestamibi via transmembrane transporter 

proteins (like P-gp and the multidrug resistance protein (MRP)). In this regard, [99mTc]Tc-

sestamibi WOR is a promising predictive parameter for tumor non-responsiveness to 

NAC, as it reflects tumor multidrug resistance. Sciuto et al. reported high sensitivity and 

specificity for prediction of chemoresistance when applying a cut o! WOR of 45% [19]. 

We were able to compose WOR derived from early and delayed SPECT/CT for potential 

future use in therapy response prediction.

The di!erence between FTVSPECT and FTVMBI might be explained by the FTVMBI calculations 

assuming a spherical tumor, while in clinical practice, tumors exhibit various shapes. 

FTVMBI data of four patients were excluded because the tumor was not completely within 

the field-of-view (located close to the chest wall) or the tumor showed di!use growth, 

making realistic volume dilations unfeasible. These encountered limitations of MBI confirm 

the existence of challenges in achieving accurate tumor volume measurements when 

using MBI [12-14]. The increased variation between MBI and SPECT in tumors with higher 

average TBRmax and TBRmean values might be attributed to the absence of attenuation 

and scatter correction in MBI compared to SPECT. Photon counts within tumor’s VOI 

are a!ected by surrounding tissue (axilla e.g.), tumor specifications, breast properties, 

and imaging settings [14]. Consequently, the same tumor may appear di!erently across 

di!erent views or detectors, resulting in variations in VOI measurements, which might 

a!ect the TBR calculations. Moreover, the lower TBRMBI values are likely due to the 

higher septal penetration occurring by virtue of the ‘near’ contact imaging of the breast 

compared to the SPECT imaging. Therefore, the strengths of SPECT over MBI lie in its 

capacity for 3D imaging, especially for tumors located close to the chest wall and the 

clinical available SPECT attenuation and scatter correction, potentially composing more 

precise semi-quantitative parameters.
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This study contains limitations. First, the limited number of subjects constitutes a major 

limitation and hence our results should be interpreted carefully. Although our study 

concerns only a small study population, we believe that our findings exhibit the complexity 

of assessing semi-quantitative SPECT/CT parameters and contribute to the knowledge of 

the application of [99mTc]Tc-sestamibi for response prediction in LABC. A dynamic study 

should be conducted to evaluate which model best suits [99mTc]Tc-sestamibi quantification 

and to relate the obtained pharmacokinetic measures to semi-quantitative measures 

obtained at di!erent time intervals, hence examining their validity in this context. Second, 

the 42% threshold iso-contouring was utilized for the SPECT measurements based 

on a phantom study [16] since no protocols were available specifying the settings for 

quantitative SPECT with [99mTc]Tc-sestamibi for LABC. Visual evaluation was conducted 

for the contouring, with manual adjustments if necessary, making delineations observer-

dependent and thus a!ecting their reproducibility. Although Collarino et al showed in a 

phantom study that absolute SPECT/CT quantification of breast studies using [99mTc]Tc-

sestamibi seems feasible (<17% deviation) when 42% threshold iso-contouring is used for 

delineation of tumors (%17 mm diameter) for various TBRmax (ranging from 9.6 to 3.3) [16], 

it is not clear how this 42% threshold iso-contouring would a!ect other semi-quantitative 

parameters in patients, such as FTV. Therefore, further investigation is necessary to 

determine which iso-contouring methods are most relevant and reproducible for clinically 

relevant semi-quantitative parameters in patients before applying quantitative SPECT 

for LABC in clinical settings. Third, outcome measures, such as pathologically confirmed 

therapy response, were not incorporated in this study. Before implementing response 

monitoring based on semi-quantitative SPECT with [99mTc]Tc-sestamibi in clinical practice, 

the clinical relevance of SPECT-derived semi-quantitative parameters needs to be 

assessed in a future large prospective clinical trial, including histopathological response 

to NAC as primary outcome measure and gold standard. For this, the practice SPECT 

quantification guidelines [20], which were not available during our data collection but 

which overall principles align with our study, could be considered. Furthermore, before 

classifying a change in a semi-quantitative parameter as a response, it is crucial to 

assess its test-retest variability. Additionally, it is worthwhile investigating for which tumor 

molecular subtypes these parameters are more consistent.
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CONCLUSION

Obtaining semi-quantitative parameters of prone SPECT/CT using [99mTc]Tc-sestamibi 

in women with LABC was feasible using 42% iso-contouring. No significant di!erence 

was observed between MBI and early SPECT semi-quantitative parameter FTV (p=0.46). 

TBRmean and TBRmax were significantly higher for SPECT compared to MBI and showed 

greater variability between the measurements (p<0.05). Studies with comprehensive 

clinical outcome parameters are needed to establish the clinical relevance of these 

semi-quantitative parameters, including WOR, for response prediction, before it can be 

implemented in standard clinical care.

6
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SUMMARY

Quantitative positron emission tomography (PET) and Single Photon Emission Computed 

Tomography (SPECT) have made significant advancements in recent decades and are 

now incorporated into several clinical guidelines. However, there is considerable potential 

for their broader application across other indications, indicating that current capabilities 

are underutilized. A key barrier is the lack of robust evidence, underscoring the need for 

further research to validate their expanded applications, which could enable personalized 

treatment plans and improve outcomes across a broader range of diseases.

The aim of this thesis was to deepen the understanding of quantitative PET and SPECT 

in clinical settings, explore their potential beyond current applications, and establish a 

foundation for their broader implementation in clinical practice.

Part 1: Novel clinical applications of quantitative PET/CT
Rubidium-82 PET/computed tomography ([⁸²Rb]Cl PET/CT) is increasingly being used 

for cardiac perfusion imaging. The flow tracer 82Rb accumulates in the myocardial cells, 

has a short physical half-life (75 s) and a high first-pass extraction in the kidneys that 

also enables renal perfusion quantification, but is not yet used for this application in 

clinical practice. Chapter 2 investigated the application of a one-tissue compartment 

model for measuring renal hemodynamics using dynamic [⁸²Rb]Cl PET/CT imaging, and 

whether dynamic PET/CT is sensitive to detect di!erences in renal hemodynamics in 

stress compared to rest. Our study demonstrated that obtaining renal K1 and renal blood 

flow (RBF) values using [⁸²Rb]Cl PET/CT was feasible using a one-tissue compartment 

model. Applying iso-contouring as the PET-based volumes of interest (VOI) of the kidney 

and using abdominal aorta (AA) as an image-derived input functions (IDIFs) is suggested 

for consideration in further studies. Dynamic [⁸²Rb]Cl PET/CT imaging showed significant 

di!erences in renal hemodynamics in rest compared to pharmacological stress using 

adenosine. This indicates that dynamic [⁸²Rb]Cl PET/CT has potential to detect di!erences 

in renal hemodynamics in stress conditions compared to the resting state, and might be 

useful as a novel diagnostic tool for assessing renal perfusion.

Since the end of 2019, the coronavirus disease 2019 (COVID-19) virus has infected millions 

of people, of whom a significant group su!ers from sequelae from COVID-19, termed long 

COVID. As more and more patients emerge with long COVID who have symptoms of fatigue, 

myalgia and joint pain, we must examine potential biomarkers to find quantifiable parameters 

to define the underlying mechanisms and enable response monitoring. Chapter 3 assessed 

the potential added value of non-metabolizable glucose analogue 2-[18F]fluoro-2-deoxy-D-

glucose ([18F]FDG)-PET/CT for long COVID patients. Two analyses were performed: semi-
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quantitative analysis using target-to-background ratios (TBRs) in 24 targets and total vascular 

score (TVS) assessed by two independent nuclear medicine physicians. The targets included 

nine research targets described in the European Association for Nuclear Medicine (EANM) 

recommendations for [18F]FDG-PET/CT imaging in large vessel vasculitis and polymyalgia 

rheumatica: the carotid, subclavia, axillary, vertebral, and pulmonary arteries, the ascending, 

descending, and abdominal aorta, and the aortic arch. Additional targets consisted of the 

parotid glands, external iliac arteries, femoral arteries, tibial arteries, the liver and the 

brachioradialis muscle. Thirteen patients were included in the long COVID group and 25 

patients were included in the control group. No significant di!erences (P < 0.05) were found 

between the long COVID group and the control group in the TBR or TVS assessment. As 

we found no quantitative di!erence in the TBR or TVS between long COVID patients and 

controls, we are unable to prove that [18F]FDG is of added value for long COVID patients with 

symptoms of myalgia or joint pain. Given that a similar study showed contradicting results, 

this suggests that more research is needed to understand the underlying mechanisms 

of long COVID. Nevertheless, these studies, even with negative results, contribute to the 

growing knowledge of [18F]FDG-PET/CT’s application in long COVID.

Chapter 4 assessed the lower [18F]FDG limit in administered activity and/or scan time 

reduction capabilities of a digital bismuth germanium oxide 32-cm axial field-of-view PET 

system while being compliant with current and updated EANM Research Ltd Fluorine-18 

accreditation specifications (EARL1 and EARL2, respectively). EARL1 and EARL2 compliance 

of the digital-BGO system (Omni Legend 32 cm) was tested for several reconstructions, 

including those that apply precision deep learning-based image enhancement (PDL) as 

postprocessing, using the calibration QC and National Electric Manufacturer’s Association 

(NEMA) IEC phantom measurements. When we applied 1 min per bed position for PET 

acquisition, [18F]FDG administration can be reduced by a factor of ~4 for EARL1, by a 

factor of ~8 for EARL2 (2 mm voxels) and by a factor of ~4 for EARL2 (4 mm voxels) using 

both standard reconstructions and PDL post-processing compared to current EANM 

recommendations for [18F]FDG administration (7 MBq.min.bed-1.kg-1). With this study we 

provided an initial insight into the applicable lower limit in [18F]FDG administered activity 

and/or scan time reduction while being EARL1 and EARL2 Fluorine-18 compliant for the 

Omni Legend PET/CT system. This might allow for a higher patient throughput and/

or lower radiopharmaceutical activity, reducing costs and radiation exposure for both 

patients and sta!, while potentially expanding the applications of (quantitative) PET.

Part 2: Novel clinical applications of quantitative SPECT/CT
Myocardial perfusion scintigraphy is based on visual interpretation of relative myocardial 

perfusion and might underestimate the severity of ischemia due to global hypoperfusion 

(triple vessel disease). Hence, quantitative SPECT may enable measurement of myocardial 

7



114

Chapter 7

uptake to improve evaluation of response to anti-ischemic therapies using myocardial 

perfusion scans. Chapter 5 investigated the quantitative accuracy and precision of a novel 

iterative reconstruction technique (Evolution; GE Healthcare) for the potential application 

of response monitoring using [99mTc]Tc-tetrofosmin SPECT/CT in patients with coronary 

artery disease (CAD). Our phantom study showed that seven iterations (10 subsets) and 

Butterworth post-filtering (cut o! frequency 0.52)in cycles/cm, order of 5) were considered 

optimal for reconstruction based on convergence and noise level. Applying these settings, 

the average repeatability deviation (or precision) of all acquisitions was 2.91%. Moreover, 

the accuracy of Evolution using larger defects resulted in higher recovery coe"cients 

(ranging from 0.64 to 0.75) compared to smaller defects (recovery coe"cients ranging 

from 0.52 to 0.74). To illustrate the feasibility of clinical application, ten patients, before 

and after intramyocardial injection of autologous bone marrow cells, were included 

retrospectively. Eight out of ten patients showed significant changes in uptake before 

and after treatment (p < 0.05). This was the first study to evaluate Evolution for cardiac 

applications demonstrating promising results for the application of quantitative SPECT 

in patients with CAD.

Molecular Breast Imaging (MBI) is a non-invasive technique for in vivo characterization 

of breast lesions. It uses the radiopharmaceutical [99mTc]Tc-sestamibi, a P-glycoprotein 

(Pgp) substrate, enabling potential prediction of chemoresistance based on uptake levels. 

Reduced uptake may indicate Pgp overexpression, aiding in prediction of response 

to neoadjuvant chemotherapy (NAC). Hence, quantification of [99mTc]Tc-sestamibi 

accumulation might help guiding treatment decisions. However, recent studies highlight 

limitations of planar MBI in accurately quantifying tumor uptake, suggesting that SPECT/

CT may help overcome these shortcomings. Moreover, prone hanging breast SPECT 

is a technique in which the patient is positioned face-down (prone) during image 

acquisition to reduce attenuation and motion artifacts. Chapter 6 evaluated the semi-

quantitative SPECT parameters of prone hanging breast SPECT using [99mTc]Tc-sestamibi 

and compared them with MBI-derived semi-quantitative parameters for the potential 

use of response prediction in women with locally advanced breast cancer (LABC). 

Eighteen patients with proven LABC with a tumor)%)2 cm diameter on mammography 

and an indication for MBI using [99mTc]Tc-sestamibi were prospectively enrolled. Various 

semi-quantitative parameters were composed for early and delayed SPECT acquisitions 

(5 min p.i and 90 min p.i.) and MBI. No significant di!erence was observed between MBI 

and early SPECT semi-quantitative parameter functional tumor volume (FTV) (p = 0.46). 

TBRmean and TBRmax were significantly higher for SPECT compared to MBI and showed 

greater variability between the measurements (p)<)0.05). Moreover, wash-out rates (WOR) 

showed a large interquartile range (IQR) (62.28), indicating that there is WOR variation 

among the LABC patients. Also, the FTV derived from early prone hanging breast SPECT/
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CT is comparable with MBI-based FTV (p = 0.46). This was the first feasibility study 

evaluating the semi-quantitative parameters of prone hanging breast SPECT/CT using 

[99mTc]Tc-sestamibi and comparing them with MBI-based semi-quantitative parameters in 

18 patients with LABC. This study presented the first step towards a possible application 

of semi-quantitative parameters of prone hanging breast SPECT/CT in LABC patients for 

prediction of response to NAC.

In conclusion, while extensive technological capabilities for quantitative PET and SPECT 

exist, their broader clinical implementation is hindered by the slow accumulation of 

su"cient clinical evidence for new clinical applications. Although e!ective in established 

areas (e.g. quantification of myocardial perfusion, patient stratification (theranostics), 

therapy response prediction), further research is essential to validate their expanded 

clinical use. Closing the evidence gap will enable these technologies to guide more 

personalized treatments and improve clinical outcomes. This thesis contributes by 

exploring novel quantitative PET and SPECT applications in the fields of infectiology, 

nephrology, oncology and cardiology, but much work remains. Further research is 

required to optimize quantitative SPECT and PET, thereby enabling a broader patient 

population to benefit from their full clinical potential.

7
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GENERAL DISCUSSION AND FUTURE PERSPECTIVES

The shift towards quantitative evaluation in nuclear medicine represents a significant 

advancement in diagnostic imaging, o!ering objective and reproducible data that enhance 

diagnostic accuracy and might improve patient management. Quantitative PET and SPECT 

imaging provide valuable insights into physiological and metabolic processes, including 

the monitoring of disease progression or the determination of therapeutic response. 

Rapid improvements in nuclear medicine innovations, as advancements in hardware 

and software, are paving the way for broader adoption of quantitative imaging in routine 

clinical practice. Moreover, improved temporal resolution in dynamic acquisition makes 

quantification possible and helps facilitate its adoption in clinical practice. The existing 

capabilities of quantitative PET and SPECT remain underutilized, as they have not been 

widely implemented beyond standard fields due to insu"cient or inadequate evidence.

This thesis investigates the potential of quantitative PET and SPECT beyond their current 

applications, focusing on indications where they are not yet applied in clinical practice. This 

may serve as a foundation for broader integration of quantitative PET and SPECT into clinical 

practice and eventually contribute to improved patient outcomes through more objective, 

standardized and less observer dependent diagnostic and therapeutic strategies.

Quantitative dynamic PET for assessing renal perfusion
Chapter 2 applies kinetic modeling to explore the potential use of dynamic [⁸²Rb]Cl 

PET/CT for assessing renal perfusion. While these techniques are well-established for 

myocardial perfusion, their application to renal studies remains largely uninvestigated. 

Despite available software for cardiac imaging, adapting it for renal imaging requires 

special modifications related to anatomical and physiological di!erences that are specific 

for the kidney. In Chapter 2, we demonstrated the feasibility of using dynamic [⁸²Rb]Cl 

PET/CT for determining renal hemodynamics during di!erent physiological conditions 

(e.g. rest and exposure to vasodilatation by adenosine). Future, larger studies are needed 

to refine renal dynamic PET protocols including acquisition and processing methods (e.g. 

VOI delineation), as well as to determine reference values and values in specific patient 

groups (e.g. high stage chronic kidney disease (CKD), renal artery stenosis). Despite their 

vital role in overall health, the kidneys are often overlooked in research. As a result, renal 

diseases are frequently diagnosed at a relatively late stage, contributing to significant 

morbidity, mortality, and substantial healthcare and societal costs. This underscores the 

urgent need for greater awareness and further development of diagnostic imaging tools, 

such as quantitative dynamic PET/CT, that can support earlier detection and intervention 

in renal disease.
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Dynamic PET quantifies renal perfusion by tracking radiotracer distribution over time, 

enabling the assessment of tracer kinetics in di!erent renal compartments. Among 

available PET tracers, [¹/O]H0O, [¹-N]ammonia and [18F]Flurpiridaz enable measurement 

of tissue perfusion due to their high extraction fractions and favorable kinetics. However, 

[¹/O]H0O and [¹-N]ammonia require an on-site cyclotron for production and their use 

remains largely preclinical with limited clinical validation to date [1, 2]. [18F]Flurpiridaz is a 

novel [18F]-labeled PET tracer for myocardial perfusion imaging (MPI), recently approved 

by the FDA for clinical use. Its relatively long half-life allows production as a unit dose 

at a regional cyclotron. To the best of our knowledge, no studies have reported its use 

in renal perfusion imaging [3, 4]. The generator-produced tracer [⁸²Rb]Cl o!ers greater 

accessibility and logistical advantages, making it a practical option for renal perfusion 

imaging, although its lower extraction and short half-life may limit quantitative accuracy.

Other imaging modalities have notable limitations. Ultrasound Doppler provides only 

qualitative or semi-quantitative flow data, while contrast-enhanced CT and Magnetic 

Resonance Imaging (MRI) may be limited by nephrotoxicity or low temporal resolution. 

In contrast, dynamic PET yields absolute perfusion values in milliliters per minute per 

gram of tissue. This might be advantageous in complex clinical areas such as high stage 

CKD, renovascular stenosis and monitoring transplant viability. Nonetheless, its ability 

to provide reproducible quantification across renal compartments positions dynamic 

PET as a promising tool, potentially bridging the gap between functional imaging and 

personalized nephrological care.

(Semi)quantitative PET in long COVID
The emergence of new diseases like COVID in 2019 highlights the need for (imaging) 

biomarkers to identify quantifiable parameters that define underlying mechanisms, assess 

disease activity, and monitor treatment response. We were unable to demonstrate that 

[18F]FDG o!ers added value for long COVID patients with symptoms of myalgia or joint 

pain (Chapter 3). However, no guidelines for interpretation, acquisition and processing 

exist for [18F]FDG-PET/CT in long COVID patients, aside from the recommendations that 

come closest to addressing this issue, as outlined in Chapter 3.

Long COVID is a complex post-viral condition involving persistent symptoms, inflammation, 

and immune dysregulation. [¹⁸F]FDG-PET/CT o!ers significant value in early detection of 

infection and inflammation by identifying subtle metabolic abnormalities, with superior 

sensitivity to anatomical imaging techniques like chest X-ray, CT, and MRI. Furthermore, 

[¹⁸F]FDG-PET/CT allows semi-quantitative assessment of inflammation and recovery, using 

standardized uptake values [5]. In long COVID, quantitative PET holds significant potential 

to substantially improve patient stratification, reveal key pathophysiological mechanisms, 

7
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such as neuroinflammation or pulmonary inflammation, and enable e!ective monitoring of 

treatment [5, 6]. However, several challenges remain, including the lack of validated disease-

specific thresholds and the considerable clinical and biological heterogeneity of long COVID. 

Patients show a wide spectrum of symptoms a!ecting multiple organ systems, with underlying 

mechanisms varying from persistent inflammation and immune dysregulation to microvascular 

injury and autonomic dysfunction. This variability complicates the interpretation of medical 

imaging (also PET) findings and underscores the need for tailored (quantitative) imaging 

protocols to accurately capture the pathological variations within the long COVID population.

Moreover, emerging evidence suggests that brain [¹⁸F]FDG-PET provides valuable 

insights into the neurological e!ects of long COVID, since it has revealed a characteristic 

hypometabolic pattern in the brain in a substantial proportion of individuals with long 

COVID, suggesting the involvement of specific neural networks. As such, it may serve 

to objectively confirm brain involvement and support di!erential diagnosis against 

neurodegenerative, inflammatory, or psychiatric conditions [6]. (Semi)quantitative analysis 

enhances visual assessment, especially for less experienced readers, by utilizing an 

age-matched control database and a PET system with comparable (i.e. harmonized) 

performance characteristics, thus providing more reliable and objective results [7].

Further research and standardization are needed before PET/CT becomes part of routine 

clinical use in long COVID patients. Furthermore, the standardization of (semi)quantitative 

analysis and the application of VOI delineation methods (e.g. semi-automatic, manual, or 

CT-based) are essential. To ensure the successful implementation of quantitative nuclear 

imaging in new applications and indications, it is essential for researchers and clinicians 

to collaborate multidisciplinary in identifying appropriate methodologies. Establishing 

and sharing standardized approaches through publications and guidelines will be crucial 

in advancing the field and improving the comparability and reliability of future studies.

Other clinical quantitative PET applications
In PET imaging, quantification methods can be broadly categorized into semi-quantitative 

and absolute quantification. Semi-quantitative analysis involves comparing relative 

metabolic activity between regions of interest, often using SUVs, whereas absolute 

quantification measures the exact concentration of a radiotracer in a specific tissue. A 

commonly used example of semi-quantitative analysis in clinical practice is the Deauville 

scoring system for assessing treatment response in Hodgkin lymphoma and certain types of 

non-Hodgkin lymphoma [6]. This method involves visually comparing the [18F]FDG uptake in 

residual tumor lesions to that in reference regions such as the mediastinum and liver on PET 

scans. The score is based on relative uptake rather than absolute quantitative values like the 

SUV, making it a practical and reproducible tool for clinicians to monitor treatment response.
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In addition to the chapters in this thesis addressing two novel applications of (semi)

quantitative PET, various other directions are currently discussed in the literature, holding 

significant potential for further exploration. For instance, (semi)quantitative evaluation may 

aid in di!erentiating between physiological and pathological uptake [8-12], distinguishing 

benign from malignant diseases [12-15], enhancing therapy response monitoring in 

oncology [16-20], and sarcoidosis [21, 22], and improving radiotherapy planning by refining 

target delineation [23]. Its utility extends beyond the current scope of this thesis, o!ering 

opportunities in diagnostics and treatment across various medical disciplines.

Reduction tracer administration in PET
Recent advancements in nuclear medicine, particularly in hardware (e.g. digital detectors), 

and software (post-processing and reconstruction algorithms, e.g. including those that use 

artificial intelligence (AI)), have created opportunities for optimizing tracer administration 

in clinical PET/CT imaging. These innovations ensure the necessity of finding a balance 

between high-quality imaging and minimizing radiation exposure. However, literature on 

tracer reduction strategies for new scanners is limited, necessitating further evaluation by 

each institution to identify and validate the options available for their specific scanners. 

Chapter 4 describes the possibilities in tracer administration reduction per bed position 

at our institution, allowing for the selection of the protocol/dosing schedule to be adopted 

in clinical practice.

Frequent scanning may be necessary for recurrence detection and therapy response 

monitoring. In these situations, it is essential to minimize the radiation dose as much as 

possible. Furthermore, reducing tracer administration and/or scan time could enable 

new applications for (quantitative) PET. This includes achieving a low enough dose to 

facilitate imaging in pregnant women [24, 25], and in the pediatric population [26], as 

well as enabling faster imaging for intensive care patients [27]. In addition to the potential 

indications, [¹⁸F]FDG-PET is used to non-invasively assess the metabolic activity of brown 

adipose tissue [28, 29], providing insight into its role in thermogenesis and energy 

expenditure, relevant for metabolic disorders like obesity and diabetes. This is typically 

done in healthy volunteers, where the level of radiation exposure deemed acceptable by a 

Medical Ethics Review Committee is limited, which makes the use of a lower administered 

activity particularly advantageous.

E!orts in recent years have focused on optimizing attenuation correction (AC) in nuclear 

medicine to reduce radiation exposure. AI reconstruction can be applied to convert a low-

dose CT scan into improved image quality or by using ultra-low-dose CT with tin filters for 

AC [30]. Additionally, innovations that eliminate the need for CT, such as utilizing the low-

level inherent radiation from PET crystals [31, 32], employing synthetic CT data [33], and 

7
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reconstructing AC images from the PET emission data using Maximum Likelihood Attenuation 

and Activity [34], are currently being investigated. These AC innovations, combined with the 

high sensitivity of modern scanners, allow for rapid imaging at doses low enough to support 

PET screening in high-risk populations (e.g. cancer, Alzheimer’s disease) [35].

Clinical applications for quantitative SPECT
Quantitative SPECT is an emerging imaging technology, however, as with any new 

technology, its success depends on whether routine clinical applications can be identified. 

Key opportunities include the potential use of quantitative SPECT for response prediction 

in oncology (e.g. breast cancer, chapter 6), pre- and post-treatment dosimetry [36-38], 

improving personalized radiopharmaceutical therapy. Furthermore, in cardiac imaging, 

quantitative SPECT holds potential for perfusion analysis (chapter 5) and amyloidosis [39]. 

While there is a growing trend towards using PET over SPECT for MPI, SPECT remains a 

cost-e!ective and widely accessible option, as most healthcare facilities are equipped 

with SPECT rather than PET. This widespread availability, coupled with lower operational 

costs, makes SPECT a practical choice in many clinical settings, particularly in resource-

limited environments.

As highlighted in the literature, quantitative SPECT is expected to play a significant role 

in several routine clinical applications, such as assessing liver remnant function [40-42] 

and diagnosing neurodegenerative disorders [43, 44]. It also enhances lesion assessment 

for osteoarthritis and arthroplasty using bone-seeking tracers [45, 46]. Moreover, 

(quantitative) SPECT can use dual-isotope imaging where two tracers are injected at the 

same time and acquired simultaneously by the SPECT system. This allows clinicians to 

assess multiple physiological processes, such as myocardial perfusion and imaging of 

cardiac sympathetic innervation, in a single scan, rather than requiring separate imaging 

sessions. This consolidation into one hospital visit minimizes patient discomfort and 

accelerates clinical decision-making, ultimately leading to faster initiation of appropriate 

treatment strategies [47].

Recent advancements, including the development of digital multi-detector cadmium-

zinc-telluride (CZT) ring-shaped SPECT/CT systems, have eliminated the need for camera 

rotation, thereby improving both imaging speed and resolution. These innovations enable 

dynamic three-dimensional (3D) assessments, the generation of time-activity curves, and 

the quantification of coronary flows, similar to the capabilities traditionally associated 

with cardiac PET [48]. Moreover, the extraction of quantitative parameters in additional 

applications, such as dynamic 3D renography [49], has also become feasible. These 

advancements hold the potential to provide comprehensive quantitative SPECT imaging 

in settings where PET technology and the necessary infrastructure are not available.
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FUTURE PERSPECTIVES

Standardization of quantitative PET and SPECT
There is substantial diversity in scanners and regional preferences globally, which 

complicates direct comparisons between studies. As a result, data often di!er across 

institutions, making validation and implementation more challenging. Standardization and 

harmonization of quantification protocols are critical to ensure consistent and reproducible 

results across di!erent institutions.

Quantitative parameters in PET and SPECT are significantly influenced by various 

technical factors, such as di!erences in equipment, acquisition protocols, reconstruction 

settings, and processing software. These variations make it challenging to establish 

standardized threshold values for discriminating between true and false positives or 

distinguishing between healthy and diseased states. In response to this challenge, the 

European Association of Nuclear Medicine (EANM) launched the EANM Research Ltd. 

(EARL) initiative (also used in chapter 4), aiming to harmonize quantification in nuclear 

medicine imaging. Currently, EARL primarily focuses on oncology PET studies. To support 

the standardization of both PET and SPECT, EARL has already published guidelines 

for acquisition protocols, interpretation, and reporting of quantitative imaging. Future 

accreditation programs, such as those o!ered by EARL, may play a crucial role in further 

standardizing quantitative PET and SPECT across di!erent medical centers, thereby 

enhancing the reliability of future research and facilitating multicenter studies.

Long-axis field-of-view PET: Advancements in Imaging Technology
Long-axis field-of-view (LAFOV) PET scanners allow whole-body imaging with high 

sensitivity, providing high resolution temporal and spatial information across multiple 

organ systems simultaneously. The LAFOV PET provides advantages such as reduced 

radiation exposure, enhanced image quality, shorter acquisition times, and the ability to 

e!ectively image tracers with low radioactivity.

Earlier in this chapter, the possibilities for reducing tracer administration in PET with 

standard oncology tracers, such as [18F]FDG, for sensitive scanners were discussed, and 

this also applies to the “ultra-sensitive” LAFOV PET/CT. However, for tracers like [89Zr]-

labelled monoclonal antibodies used in immunoPET, short-axis FOV (SAFOV) systems 

face challenges due to the long half-life (78.4 h) and non-usable emissions, limiting 

injected activity for radiation dosimetry. LAFOV systems overcome these limitations with 

higher sensitivity, enabling faster acquisitions, reducing motion risks, and enhancing 

tumor-to-background contrast [50]. This is particularly beneficial for [89Zr]-labelled tracers 

targeting immune-related biomarkers (e.g. VEGF, PD-L1, HER2, or CD8 expression), as it 

aids in predicting responses to immunomodulatory treatments.

7
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As described in chapter 2, imaging with [⁸²Rb]Cl, which has a short half-life of 75 s, is 

suitable for clinical cardiac perfusion imaging. However, acquiring late-phase images 

of the Na+/K+ ATPase function using [⁸²Rb]Cl, suggested as a potential biomarker for 

prostate and breast cancer, is challenging with SAFOV scanners [50]. The high sensitivity 

and timing resolution of LAFOV PET systems are expected to tackle this issue and 

enhance imaging of short half-life tracers as [⁸²Rb]Cl. This advancement may broaden 

its clinical indications, including potential use in renal perfusion imaging.

Conventional PET o!ers dynamic imaging over a limited FOV, while LAFOV PET enables 

dynamic assessment across larger areas. A key benefit is the ability to perform dynamic 

scanning of individual body regions, including visualization of the major vessels, which 

enables consistent extraction of an IDIF, thereby eliminating the need for arterial blood 

sampling. Nevertheless, venous sampling remains necessary for metabolite analysis. 

For drug development, the use of such a LAFOV scanner is particularly advantageous.

The high sensitivity and timing resolution of LAFOV scanners enable the acquisition of 

dynamic data, allowing for the extraction of high-quality lesion and arterial blood time-

activity curves [51, 52]. These curves can be used to calculate parameters with potentially 

greater biological significance and specificity than commonly used static measures 

like the SUV [53]. This capability could significantly enhance the clinical evaluation of 

systemic diseases. However, challenges remain including the high costs and resource 

demands due to long scan times and substantial computational power required to process 

large datasets. Expanding dynamic PET datasets and multicenter studies are crucial for 

advancing quantitative imaging, for example in developing prediction tools that support 

clinical decision-making.

Respiratory motion significantly hinders the PET evaluation of lesions in the lower thorax. 

The high sensitivity of the LAFOV PET scanners, however, facilitates the application 

of breath-holding during shorter acquisition periods. Cui et al. (2024) showed that a 

30-second acquisition and breath-hold make PET/CT both clinically feasible and more 

accurate [54]. This methodology e!ectively reduces background lung uptake and 

significantly improves both lesion registration and quantification, particularly in the 

lower thoracic region. Such advancements highlight the potential of this approach in 

overcoming challenges associated with respiratory motion during PET imaging.
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Conclusion
Technologically, extensive capabilities are already in place, yet the broader clinical 

implementation of quantitative PET and SPECT is limited by the slow process of gathering 

su"cient evidence to support their use in new clinical applications. This slow accumulation 

of robust clinical data hinders the widespread adoption of quantitative PET and SPECT, 

limiting the number of patients who can benefit from their potential advantages.

While quantitative PET and SPECT have proven e!ective in established areas, future 

research is critical to validate their expanded applications. Overcoming the evidence gap 

will enable these technologies to guide more tailored treatment strategies and improve 

clinical outcomes for a broader range of diseases. This thesis makes a modest contribution 

by exploring several novel applications of quantitative PET and SPECT, highlighting their 

potential for broader implementation, but there is still a long way to go. By continuing to 

advance research in this field, these powerful diagnostic tools can be further optimized, 

ensuring that more patients benefit from their capabilities.
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Kwantitatieve positronemissietomografie (PET) en enkelvoudige fotonemissietomografie 

(SPECT) hebben de afgelopen decennia aanzienlijke vooruitgang geboekt en zijn 

inmiddels opgenomen in diverse klinische richtlijnen. Momenteel wordt kwantitatieve 

SPECT en PET voor een beperkt aantal ziektebeelden gebruikt terwijl het breder 

in de klinische praktijk toegepast zou kunnen worden. Dit wijst erop dat de huidige 

mogelijkheden nog niet volledig worden benut. Een belangrijke belemmering is het 

gebrek aan robuust bewijs, wat de noodzaak benadrukt voor verder onderzoek om de 

bredere klinische toepassing te valideren. Dit kan gepersonaliseerde behandelplannen 

mogelijk maken en de uitkomsten verbeteren bij een grotere verscheidenheid aan ziekten.

Het doel van dit proefschrift was om meer inzicht te krijgen in kwantitatieve PET en SPECT 

in klinische contexten, het potentieel ervan buiten de huidige toepassingen te verkennen 

en een basis te leggen voor bredere implementatie in de klinische praktijk.

Deel 1: Nieuwe klinische toepassingen van kwantitatieve PET/CT
Rubidium-82 PET/computertomografie ([⁸²Rb]Cl PET/CT) wordt steeds vaker gebruikt 

voor de beeldvorming van cardiale perfusie. De flow-tracer 82Rb hoopt zich op in de 

myocardcellen, heeft een korte fysieke halfwaardetijd (75 s) en een hoge extractie tijdens 

de eerste doorgang door de nieren, wat renale perfusie kwantificatie mogelijk maakt. 

Deze toepassing wordt echter nog niet klinisch benut. Hoofdstuk 2 onderzocht het 

gebruik van een één-compartimentenmodel voor het meten van renale hemodynamiek 

met behulp van dynamische [⁸²Rb]Cl PET/CT en of dynamische PET/CT gevoelig is voor 

het detecteren van verschillen in renale hemodynamiek tussen rust en stress. Onze 

studie toonde aan dat het verkrijgen van renale K1- en renale bloedstroomwaarden 

(RBF) met [⁸²Rb]Cl PET/CT haalbaar was met een één-compartimentenmodel. Het 

gebruik van iso-contouring voor PET-gebaseerde intekeningen (VOI) van de nieren en 

de abdominale aorta (AA) als beeldafgeleide inputfunctie (IDIF) wordt aanbevolen voor 

vervolgstudies. Dynamische [⁸²Rb]Cl PET/CT liet significante verschillen zien in renale 

hemodynamiek tussen rust en farmacologische stress met adenosine. Dit suggereert dat 

deze methode potentie heeft als een nieuw diagnostisch instrument voor het evalueren 

van de nierperfusie.

Sinds eind 2019 heeft het virus dat de ziekte COVID-19 veroorzaakt miljoenen mensen 

besmet, van wie een aanzienlijke groep kampt met restklachten als gevolg van COVID-19, 

ook wel long COVID genoemd. Steeds meer patiënten presenteren zich met langdurige 

COVID en symptomen zoals vermoeidheid, spierpijn en gewrichtspijn. Daarom is 

het belangrijk om mogelijke biomarkers te onderzoeken, zodat we kwantificeerbare 

parameters kunnen vinden om de onderliggende mechanismen te definiëren en de 

respons te kunnen monitoren. Hoofdstuk 3 evalueerde de mogelijke meerwaarde 
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van 2-[18F]fluoro-2-deoxy-D-glucose ([18F]FDG)-PET/CT, een glucose-analoog dat 

niet metaboliseert, bij patiënten met long COVID. Twee analyses werden uitgevoerd: 

semi-kwantitatieve analyse via doel-tot-achtergrond ratio’s (TBRs) in 24 doelgebieden 

en de totale vasculaire score (TVS), beoordeeld door twee ona1ankelijke nucleair 

geneeskundigen. De doelgebieden omvatten negen structuren zoals aanbevolen door de 

Europese Vereniging voor Nucleaire Geneeskunde (EANM) voor [18F]FDG-PET/CT bij grote 

vaten vasculitis en polymyalgia rheumatica zoals: de arteria carotis, arteria subclavia, 

arteria axillaris, arteria vertebralis en arteria pulmonalis, de aorta ascendens en aorta 

descendens, en de aortaboog. Aanvullende doelgebieden bestonden uit de glandula 

parotis, arteria iliaca externa, arteria femorales, arteria tibiales, de lever en de musculus 

brachioradialis. In onze studie werden dertien patiënten met long COVID en 25 

controlepatiënten geïncludeerd. Er werden geen significante verschillen (P < 0,05) 

gevonden tussen de groepen wat betreft TBR of TVS. Aangezien er geen kwantitatieve 

verschillen werden gevonden, kunnen we op basis van onze resultaten niet aantonen dat 

[18F]FDG toegevoegde waarde heeft bij long COVID-patiënten met spier- of gewrichtspijn. 

De bevindingen uit eerdere studies, die niet altijd eenduidig zijn, benadrukken de waarde 

van aanvullend onderzoek. Gezien de beperkte beschikbare kennis over deze relatief 

nieuwe aandoening, dragen onze bevindingen, zelfs met negatieve resultaten, bij aan de 

groeiende kennis over de toepassing van [18F]FDG-PET/CT bij long COVID.

Hoofdstuk 4 evalueerde de minimale toegediende [18F]FDG-activiteit en/

of de mogelijkheden tot verkorting van de scantijd bij gebruik van een digitaal 

bismutgermaniumoxide (BGO) PET-systeem met een axiaal gezichtsveld van 32 cm. 

Daarnaast moest voldaan worden aan de huidige en vernieuwde accreditatiespecificaties 

van de EANM Research Ltd voor Fluor-18 (respectievelijk EARL1 en EARL2). EARL is een 

dochterorganisatie van de EANM die zich richt op het bevorderen van standaardisatie 

en kwaliteitsborging in de nucleaire geneeskunde. De EARL1- en EARL2-conformiteit 

van het digitale BGO-systeem (Omni Legend 32 cm) werd getest voor meerdere 

reconstructiemethoden, waaronder ook die met deep learning-gebaseerde 

beeldverbetering (zgn. PDL) als nabewerking, op basis van kalibratiekwaliteitscontroles 

(QC) en metingen met het National Electric Manufacturer’s Association (NEMA) IEC 

fantoom. Bij toepassing van een acquisitietijd van 1 minuut per bedpositie kon de [18F]

FDG-toediening met een factor van ongeveer 4 worden gereduceerd voor EARL1, met een 

factor van ongeveer 8 voor EARL2 (met 2 mm voxels), en met een factor van ongeveer 4 

voor EARL2 (met 4 mm voxels), zowel bij standaardreconstructies als bij PDL-nabewerking, 

vergeleken met de huidige aanbevelingen van de EANM voor [18F]FDG-toediening (7 

MBq·min·bed-¹·kg-¹). Met deze studie werd een eerste inzicht verkregen in de toepasbare 

ondergrens voor de [18F]FDG-activiteit en/of verkorte scantijd, met behoud van EARL1- en 

EARL2-conformiteit voor het Omni Legend PET/CT-systeem. Dit zou kunnen leiden tot een 

8
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hogere patiënten doorstroming en/of toediening van een lagere radiotracer activiteit, 

wat kosten en stralingsbelasting voor zowel patiënten als personeel kan verminderen, 

en tegelijkertijd de toepassingsmogelijkheden van (kwantitatieve) PET kan uitbreiden.

Deel 2: Nieuwe klinische toepassingen van kwantitatieve SPECT/CT
Myocardperfusiescintigrafie is gebaseerd op de visuele beoordeling van de relatieve 

doorbloeding van het hartspierweefsel en kan de ernst van ischemie onderschatten 

wanneer er sprake is van een verminderde doorbloeding in het hele hart (3-vastlijden). 

Kwantitatieve SPECT kan mogelijk op een kwantitatieve manier de opname van [99mTc]

Tc-tetrofosmine in het myocard meten, om zo de evaluatie van de respons op anti-

ischemische therapieën met behulp van myocardperfusiescans te verbeteren.

Hoofdstuk 5 onderzocht de kwantitatieve nauwkeurigheid en precisie van een nieuwe 

iteratieve reconstructietechniek (Evolution; GE Healthcare) voor de mogelijke toepassing 

bij responsmonitoring met [99mTc]Tc-tetrofosmine SPECT/CT bij patiënten met coronaire 

hartziekte (CAD). Uit onze fantoomstudie bleek dat zeven iteraties (10 subsets) en 

Butterworth-nabewerking (cut o" frequentie 0,52 cycli/cm, orde 5) optimaal waren 

voor reconstructie op basis van convergentie en ruisniveau. Bij toepassing van deze 

instellingen was de gemiddelde precisie van alle acquisities 2,91%. Bovendien leidde de 

nauwkeurigheid van Evolution bij grotere defecten tot hogere recovery coe!cient (RC)-

waarden (variërend van 0,64 tot 0,75) in vergelijking met kleinere defecten (RC 

variërend van 0,52 tot 0,74). Om de klinische toepasbaarheid te illustreren, werden tien 

patiënten retrospectief geïncludeerd, vóór en na intramyocardiale injectie van autologe 

beenmergcellen. Bij acht van de tien patiënten werd een significante verandering in 

opname vastgesteld vóór en na behandeling (p < 0,05). Dit was de eerste studie die 

Evolution evalueerde voor cardiale toepassingen en veelbelovende resultaten toonde 

voor het gebruik van kwantitatieve SPECT bij patiënten met CAD.

Moleculaire Borstbeeldvorming (MBI) is een niet-invasieve beeldvormende techniek 

voor de in vivo karakterisering van borstlaesies. Hierbij wordt gebruikgemaakt van het 

radiofarmacon [99mTc]Tc-sestamibi, een substraat van P-glycoproteïne (Pgp), waarmee 

mogelijk chemoresistentie kan worden voorspeld op basis van de hoogte van de 

traceropname. Een verminderde traceropname kan wijzen op overexpressie van Pgp, 

wat de tumorespons op neoadjuvante chemotherapie zou kunnen voorspellen. De 

kwantificering van de [99mTc]Tc-sestamibi-stapeling zou dan ook kunnen helpen bij het 

nemen van behandelbeslissingen. Recente studies wijzen echter op beperkingen van 

planaire MBI bij het nauwkeurig kwantificeren van opname van de tracer in de tumor, 

waarbij SPECT/CT mogelijk uitkomst biedt. Daarnaast is er de techniek van prone hanging 

breast SPECT, waarbij de patiënt tijdens de beeldvorming in buikligging met hangende 
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borsten wordt gepositioneerd om verzwakkings- en bewegingsartefacten te verminderen. 

Hoofdstuk 6 evalueerde de semi-kwantitatieve SPECT-parameters van prone hanging 

breast SPECT met [99mTc]Tc-sestamibi en vergeleek deze met MBI-afgeleide semi-

kwantitatieve parameters voor mogelijke toepassing bij responsvoorspelling bij vrouwen 

met lokaal gevorderde borstkanker (LABC). Achttien patiënten met bewezen LABC met 

een tumor %2 cm diameter op mammografie en een indicatie voor MBI met [99mTc]Tc-

sestamibi werden prospectief geïncludeerd. Verschillende semi-kwantitatieve parameters 

werden berekend voor vroege en verlate SPECT-acquisities (5 min en 90 min post-

injectie) en voor MBI. Er werd geen significant verschil gevonden tussen MBI en vroege 

SPECT voor de semi-kwantitatieve parameter functioneel tumorvolume (FTV) (p = 0,46). 

TBRmean en TBRmax waren significant hoger bij SPECT in vergelijking met MBI en toonden 

grotere variabiliteit tussen metingen (p < 0,05). Daarnaast toonden de wash-out rates 

(WOR) een grote interkwartielbereik (IQR = 62,28), wat duidt op variatie in WOR tussen 

LABC-patiënten. Ook bleek de FTV afgeleid van vroege prone hanging breast SPECT/

CT vergelijkbaar met die van MBI (p = 0,46). Dit was de eerste haalbaarheidsstudie die 

de semi-kwantitatieve parameters van prone hanging breast SPECT/CT met [99mTc]Tc-

sestamibi onderzocht en vergeleek met MBI-parameters bij 18 patiënten met LABC. Deze 

studie vormde de eerste stap richting een mogelijke toepassing van semi-kwantitatieve 

prone hanging breast SPECT/CT-parameters bij LABC-patiënten om de respons op 

neoadjuvante chemotherapie te voorspellen.

Concluderend kan worden gesteld dat er uitgebreide technologische mogelijkheden 

bestaan die kwantitatieve PET- en SPECT-beeldvorming mogelijk maken. De brede 

implementatie in de klinische praktijk wordt echter belemmerd door het trage tempo waarin 

robuust klinisch bewijs wordt gegenereerd. Hoewel deze technieken e!ectief zijn binnen 

reeds gevestigde klinische toepassingen (zoals de kwantificatie van myocardperfusie, 

patiëntstratificatie (t.b.v. theranostics) en voorspelling van therapierespons), is verder 

onderzoek essentieel om hun bredere klinische inzet te valideren. Meer klinisch bewijs 

voor nieuwe toepassingen van kwantitatieve SPECT en PET zal het mogelijk maken om 

met deze technologieën meer gepersonaliseerde behandelingen te ondersteunen en 

de klinische uitkomsten te verbeteren. Dit proefschrift levert een bijdrage door nieuwe 

toepassingen van kwantitatieve PET en SPECT te onderzoeken binnen de infectiologie, 

nefrologie, oncologie en cardiologie, maar er is nog veel werk te verrichten. Aanvullend 

onderzoek is noodzakelijk om kwantitatieve SPECT- en PET-technieken verder te 

verbeteren, zodat hun klinische potentie kan worden benut en beschikbaar gemaakt 

kan worden voor grotere groepen patiënten.
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