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The most specific and sensitive imaging modality for visualizing and measuring 
human (patho)physiology in vivo is Positron Emission Tomography (PET). PET is a 
firmly established biomedical imaging modality with applications in routine clinical 
diagnostic imaging, but also in research, including clinical trials. Over the past few 
years, decades of PET technology development brought new innovative PET systems 
to the commercial market: silicon photomultiplier (SiPM)-based or ‘digital’ PET/CT 
systems and long axial field-of-view (LAFOV) or ‘total body’ PET/CT systems. This 
thesis describes the recent innovations which, in the (near) future, can further realize 
the full potential of PET. A summary of the thesis is provided in the current chapter.

Continuing on the introduction, the technical principles regarding digital PET/
CT systems, a summary of the performance characteristics of the three different 
commercially available systems, and the resulting image quality, lesion detectability, 
and possibilities to reduce scan duration and/or lower the amount of radiotracer 
administration are described in Chapter 2. Over the past decades, the main 
development in PET technology has been detector design, specifically the adoption 
of solid-state technology. This led to the replacement of conventional photomultiplier 
tubes (PMTs) with compact detector elements commonly referred to as SiPMs. At 
present, three PET/CT systems equipped with SiPM-based detectors have been 
introduced onto the commercial market. These so-called digital PET/CT systems are 
the Philips Vereos PET/CT (Philips Healthcare), the Siemens Biograph Vision PET/
CT (Siemens Healthineers), and the GE Discovery MI PET/CT (General Electric 
Healthcare). With their improved performance characteristics, better image quality 
is obtained with respect to conventional PMT equipped systems. Enhanced image 
quality leads to improved lesion detectability and possibilities to reduce scan duration 
for a higher patient throughput and/or lower the amount of injected radiotracer to 
reduce radiation exposure.

Taking a step back to the start of introducing a new PET/CT system to the clinics 
and the technical and clinical validation this process requires, Chapter 3 focuses on 
the technical validation of the, worldwide first, installation of the digital SiPM-based 
Biograph Vision PET/CT at the University Medical Center Groningen in 2018 . PET/
CT system performance conform the NEMA NU 2-2012 standard with additional 
measurements described in the (at the time of study still unpublished) NEMA NU 
2-2018 standard was explored. Results from phantom measurements were directly 
compared to results from its analog predecessor, the PMT-based Biograph mCT 
PET/CT (Siemens Healthineers), found in existing literature. Spatial resolution, 
sensitivity, count rate performance, accuracy of attenuation and scatter correction, 
time-of-flight (ToF) performance, image quality, and coregistration accuracy were 
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determined. Moreover, feasibility to comply with the European Association of 
Nuclear Medicine (EANM) Research Ltd (EARL) criteria was evaluated and some 
illustrative first patient PET images were shown. The main results reported in this 
chapter were a transverse (respectively axial) spatial resolution at full width half 
maximum (FWHM) of 3.6 mm (respectively 3.5 mm) at 1 cm offset of the center of 
the field-of-view (FOV) (measured with a 22Na 0.25 mm diameter point-source), a 
sensitivity of 16.4 kcps/MBq, and a NEMA peak noise-equivalent count rate (NECR) 
of 306 kcps at 32.6 kBq/mL. ToF resolution varied from 210 to 215 as count rate 
increased up to the peak NECR. The overall image contrast seen with the NEMA 
image quality phantom ranged from 77.2% to 89.8%. Furthermore, the system was 
able to comply with EARL standards 1 and 2 performance criteria. From comparison 
with performance characteristics of its analog predecessor reported in literature, it 
was concluded that the Biograph Vision PET/CT outperforms the Biograph mCT 
PET/CT and the new system is able to meet European harmonizing performance 
standards.

Following technical validation of a newly installed PET/CT system with phantom 
measurements comes clinical validation and first experiences of the reading nuclear 
medicine physicians required to work with the new system in daily clinical routine. 
Therefore, Chapter 4 evaluates initial clinical experiences with the digital Biograph 
Vision PET/CT in terms of perceived image quality and semiquantitative analysis in 
comparison with the Biograph mCT PET/CT. To this aim, 20 oncological patients 
received a single 18F-FDG injection and underwent a dual PET/CT imaging protocol, 
including a scan with equal scan duration and similar reconstruction settings, on both 
systems. Various reconstruction settings were used to obtain differently reconstructed 
images: one with optimized image quality for image reading and one compliant to 
EARL standards 1 for PET image harmonization. The clinically optimized images 
were blindly reviewed by three nuclear medicine physicians regarding tumor lesion 
demarcation, overall image quality, and image noise. In addition, these clinically 
optimized images were used for semiquantitative analysis; measurement of 
standardized uptake values (SUVs) in tumor lesions. Images compliant to EARL 
standards 1 specifications were also used for measurements of SUVs in tumor 
lesions and healthy tissues for comparison between systems. This study showed a 
significantly higher appreciation of tumor lesion demarcation, overall image quality, 
and image noise in images acquired on the Biograph Vision in comparison with 
images acquired on the Biograph mCT. The overall inter-reader agreement was 
substantial with a Fleiss κ of 0.61. Furthermore, the measured SUVs in tumor 
lesions and healthy tissues were comparable between PET/CT systems, in particular 
when using EARL-compliant reconstructions on both systems. The initial clinical 
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experiences comparing the new Biograph Vision PET/CT with the conventional 
Biograph mCT system showed higher appreciation of lesion demarcation, overall 
image quality and signal-to-noise ratio when using the digital Biograph Vision PET/
CT. Moreover, regarding semiquantitative performance, we showed that the two 
systems were comparable for assessing quantitative PET imaging biomarkers in 
tumor lesions and healthy tissues.

Now that the newly introduced system was validated and declared ready for clinical 
use, possibilities of reducing scan duration and/or reducing the amount of injected 
activity were explored in Chapter 5. Previous chapters showed improved technical 
performance and increased visually assessed image quality with the new system 
while keeping scan duration equal to settings that are used on the conventional 
Biograph mCT. The improved performance of the Biograph Vision PET/CT could 
allow for a reduction in activity administration and/or scan duration. Therefore, 
this study aimed to evaluate the effects of reduced scan duration in 18F-FDG PET 
imaging on semiquantitative and subjective imaging parameters and its influence 
on clinical image reading. Therefore, 30 patients referred for a clinical PET/CT 
scan were enrolled in this study, received a weight-based 18F-FDG injected activity, 
and underwent a 180 seconds per bed position (s/bp) listmode PET acquisition. 
The acquired PET data were reconstructed using various reconstruction settings 
including the clinically optimized settings for image reading, the clinically optimized 
reconstruction protocol with additional 2 mm FWHM Gaussian filtering, as well as 
using EARL standards 1 and 2 compliant reconstruction settings. Additionally, PET 
data were reprocessed to obtained various shorter scan durations: 120, 60, 30, and 
10 s/bp. The obtained images were semiquantitatively assessed for comparison of 
SUVs and noise, and clinically optimized images were qualitatively evaluated by 
three nuclear medicine physicians. The main results of this study included significant 
differences in lesion SUVmax between the 180 s/bp images and the 30 and 10 s/bp 
images reconstructed with clinically optimized settings, whereas no differences were 
found in lesion SUVpeak. EARL-compliant images did not show differences in lesion 
SUVmax or SUVpeak between scan durations. Because semiquantitative parameters 
deviated only marginally (~5%) in the 60 s/bp images reconstructed according to 
the clinically optimized protocol, further subjective image quality assessment was 
conducted using the 60 s/bp images. Qualitative assessment revealed the influence of 
personal preference on physicians’ willingness to adopt the 60 s/bp images in clinical 
practice. Although quantitative PET parameters differed minimally, an increase in 
noise was observed. From these findings it was concluded that using the Biograph 
Vision PET/CT for 18F-FDG imaging, scan duration and/or activity administration 
could be reduced by a factor of 3 or more when using the clinically optimized 

Completethesis_JoycevanSluis_21102022FINAL.indd   210Completethesis_JoycevanSluis_21102022FINAL.indd   210 24-10-2022   09:31:1524-10-2022   09:31:15



Summary

211

12

reconstruction settings with additional 2 mm FWHM Gaussian filtering or EARL- 
compliant reconstruction protocols, respectively.

Up to now, the tracer used in the studies throughout this thesis has been 18F-FDG. 
The next two chapters will focus on PET imaging using the long-lived isotope 89Zr, 
labeled with monoclonal antibodies (mAb), i.e., immunoPET. Chapter 6 compares 
image quality between images obtained using the new Biograph Vision PET/CT 
and the conventional Biograph mCT PET/CT using different 89Zr-labeled mAb PET 
tracers. Because the long half-life of these tracers results in high radiation exposure, 
the amount of injected 89Zr activity is relatively low compared to 18F-FDG. 
Coupled with the low positron abundance, poor count statistics are associated with 
89Zr immunoPET imaging. In addition, scan duration optimization was explored 
using the new digital PET system. For the initial comparison between systems, 
semiquantitative performance was investigated including patient data of 5 patients 
who underwent immunoPET imaging on both systems with equal scan duration and 
similar reconstruction settings; one clinically optimized reconstruction protocol was 
used for both systems as well as EARL standards 1 and 2 reconstruction settings. 
Obtained images were semiquantitatively analyzed through segmentation of tumor 
lesions and healthy tissues. Furthermore, PET data of 10 additional patients solely 
obtained on the Biograph Vision PET/CT to study the effects of reducing scan 
duration on semiquantitative imaging parameters and its influence on visual image 
quality assessment was evaluated. To this aim, listmode PET data were reprocessed 
to obtain images at shorter scan durations, tumor lesions and healthy tissues were 
semiquantitatively analyzed per dataset, and image quality was visually evaluated 
by three nuclear medicine physicians. Results included comparable semiquantitative 
performance between systems at full scan duration; results remained comparable 
even when reducing scan duration on the Biograph Vision system to 75% and 50% 
when applying EARL standards 1 reconstruction settings. Hence, the conclusion 
of this study was that scan duration of 89Zr immunoPET can be reduced up to 
50% whilst maintaining adequate image quality for diagnostic image reading and 
semiquantitative performance using EARL standards 1 compliant reconstruction 
settings.

In 2021, the University Medical Center Groningen, having a strong interest in imaging 
technology innovations, installed one of the first LAFOV Biograph Vision Quadra 
PET/CT systems. To provide the nuclear medicine field with a first impression of the 
improved image quality such a high-sensitivity system can provide when using long-
lived radiotracers with poor count statistics, Chapter 7 illustrates 89Zr immunoPET 
images of two patients obtained with the Biograph Vision Quadra PET/CT. For a 
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complete overview, and a direct comparison of image quality, these two patients 
underwent a dual imaging protocol including one scan on the LAFOV Biograph Vision 
Quadra and the other scan on either the conventional analog Biograph mCT or the 
digital Biograph Vision PET/CT system. Patients were scanned 4 days postinjection 
(p.i.) according to local clinical standard operating procedures with overall scan 
durations of 45 min and approximately 30 min, for, respectively, the Biograph mCT 
and Biograph Vision. Following the standard clinical scans, additional imaging 
was performed on the LAFOV Biograph Vision Quadra system. A scan duration 
of approximately 30 min, equal to the procedure on the Biograph Vision system, 
was used to showcase improved image quality. Image reconstruction settings were 
EARL 1 standard compliant, but for the LAFOV system, also clinically optimized 
reconstruction settings for optimal image quality were applied. Furthermore, LAFOV 
listmode PET data were reprocessed to obtain additional images with shorter scan 
durations (10 min and 3 min) to illustrate image quality at more clinically pragmatic 
scan durations. The images show that the LAFOV system provides substantial 
improvement in visually assessed image quality and, a first impression of, still very 
acceptable image quality with reduced scan durations.

To facilitate multicenter research and harmonized clinical use of the LAFOV 
Biograph Vision Quadra PET/CT system together with other conventional systems, 
compliance of the system to current EARL specifications for 18F-FDG tumor 
imaging (specified for conventional 20-25 cm axial FOV PET systems) was explored 
in Chapter 8. Here, EARL phantom measurements were performed, with additional 
tests at various locations throughout the LAFOV, and the use of shorter scan durations. 
EARL compliance phantom measurements were performed using the NEMA image 
quality phantom, both in the center and at various locations throughout the LAFOV. 
PET data were reconstructed using various reconstruction settings and reprocessed 
to obtain images at different scan durations: 60, 120, 240, and 420 s. Maximum, 
mean, and peak activity concentration recovery coefficients were obtained for each 
sphere and compared with the EARL standards specifications. Furthermore, clinical 
PET data of 10 oncological patients were collected to further explore and validate the 
effects of reducing scan duration on semiquantitative PET image biomarker accuracy 
and precision when using EARL-compliant reconstruction settings. Clinical PET 
data were acquired using 10 min total scan duration, reconstructed using the EARL 
standards 1 and 2 compliant reconstruction settings, resulting from the phantom data 
analysis, as well as using clinically optimized reconstruction settings for optimal 
image quality. A portion of these data were also reprocessed to obtain additional 
images with shorter scan durations: 60, 120, 240, and 420 s. For each clinical dataset, 
healthy tissue and tumor lesions were semiquantitatively analyzed and noise levels 
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were characterized. This study showed EARL compliance of the Biograph Vision 
Quadra PET/CT for all positions throughout the LAFOV for all scan durations. 
Regarding patient data, EARL-compliant images showed no significant differences 
in healthy tissue or lesion SUV, and noise levels only varied slightly. From these 
findings it was concluded that while adhering to EARL specifications, scan duration 
and/or activity administration in 18F-FDG PET imaging can be reduced up to a factor 
of 10 without interference of increased noise using the LAFOV Biograph Vision 
Quadra PET/CT.

So far, this thesis mainly included static imaging and semiquantification using the 
simplified SUV metric; very pragmatic and directly applicable in clinical practice. 
SUV derived from static images obtained at 60 minutes p.i., is most commonly 
used as a surrogate of metabolic activity for tumor uptake quantification. Following 
standardization methods such as the EANM procedure guidelines for tumor imaging 
regarding patient preparation, PET image acquisition and reconstruction settings, 
and analysis methods can mitigate SUV variability to a great extent. However, these 
standardization methods are not able to account for changes in plasma kinetics, due 
to e.g., treatment, and there is no distinction between specific and nonspecific uptake 
possibly causing a dissociation between inaccurate SUV measurements and actual 
tumor metabolic activity. These issues can be overcome by dynamic 18F-FDG whole 
body (Patlak) imaging, therefore Chapter 9 focuses on this full quantitative imaging 
method. This procedure, however, can take a total examination time of up to 75 
min including the time needed for patient positioning and CT scanning. Hence, this 
study aims to reduce the total examination time of dynamic 18F-FDG whole body 
(Patlak) imaging, with data simulations, from up to 75 min to 30-60 min p.i. using a 
population-averaged input function (PIF). A representative input function (IF) from 
previously acquired data was used as the PIF, and rate constants K1, k2, and k3 were 
based on existing literature. Various time-activity curves (TACs) were simulated. 
Variations included multiplication of the IF with a positive and negative gradual 
linear bias over 60 min of 5, 10, 15, 20, and 25% (generating TACs using an IF 
different from the PIF); use of rate constants (K1, k3, and both K1 and k2) multiplied 
by 2, 1.5, and 0.75; and addition of noise (μ = 0 and σ = 5, 10 and 15%). Subsequent 
Patlak analysis using the original IF (representing the PIF) was used to obtain the 
net influx constant (Ki) for the differently simulated TACs. Next, the PIF was scaled 
towards the (simulated) IF value using the 30-60-min p.i. time interval, simulating 
scaling of the PIF to image-derived values. Influence of variabilities in IF and rate 
constants, and rescaling the PIF on bias in Ki were evaluated. Percentage bias in Ki 
observed using simulated modified IFs varied from -16 to 16% depending on the 
simulated amplitude and direction of the IF modifications. Subsequent scaling of the 
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PIF reduced these Ki biases in most cases (287 out of 290) to <5%. From these results 
it was concluded that the conducted simulations in this study suggest that scaling of 
a (possibly incorrect) PIF to IF values seen in whole body dynamic imaging from 30 
to 60 min p.i. can provide accurate Ki estimates. This indicates that dynamic Patlak 
imaging protocols may be performed for 30-60 min p.i. making whole body Patlak 
imaging more clinically feasible.

Chapter 10 continues on the previous chapter by validating the use of a PIF to 
reduce examination time of the dynamic 18F-FDG whole body (Patlak) imaging 
procedure with dynamic whole body 18F-FDG PET data obtained using the LAFOV 
Biograph Vision Quadra PET/CT system. To this aim, 12 patients with suspected 
lung malignancy were included and underwent a 65-min dynamic PET acquisition. 
Full quantitative Patlak analysis was performed on both the entire 65 min scans, 
as well as on various shortened scan duration intervals p.i. using a PIF for scaling; 
analysis results from the full 65 min were compared to the results obtained using 
shorter scan duration intervals p.i. Included shortened scan durations were 30-60, 
40-60, and 50-60 min p.i. Volumes of interest were placed in the ascending aorta and 
in the left ventricle of the heart to obtain image derived IFs (IDIFs). Subsequently, 
the PIF was scaled to AA and LV IDIF values at 30-60, 40-60, and 50-60 min p.i., 
respectively, and parametric 18F-FDG Ki images were generated. In the obtained Ki 
images, tumor lesions as well as healthy tissues were segmented. Results showed 
that Ki only varied marginally (~2%) between the IDIF obtained from the ascending 
aorta versus the left ventricle of the heart. Further analyses were therefore continued 
with only the IDIF obtained from the ascending aorta. Good agreement between the 
IDIF and corresponding PIF scaled to 30-60 min p.i. and 40-60 min p.i. was obtained 
with less than 8% deviation in Ki. Bland-Altman analyses confirmed the good 
agreement in Ki between the IDIF and corresponding PIF scaled to various shortened 
scan time intervals p.i. The conclusion of this study was that parametric whole body 
18F-FDG Patlak Ki images can be generated non-invasively on a Biograph Vision 
Quadra system. In addition, using a scaled PIF allows for a substantial (factor 2 to 3) 
reduction in scan time without loss of accuracy (<8%) and precision (image quality 
and noise interference).

To conclude the summary of the work described in this thesis, Chapter 11 discusses 
potential future clinical and research directions, potential developments in photon 
detection technology, and (more cost-effective) hardware developments in PET 
detectors.

LAFOV PET is the newest technological development in (molecular) imaging 
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instrumentation. Its improved sensitivity provides many unique opportunities that 
were not available before, e.g., improved image quality, opportunities to substantially 
reduce dose and/or scan duration, improved accuracy in monitoring and predicting 
treatment response, and a means to study molecular interactions between organs. It 
is expected that this generation of scanners will significantly advance the field of 
nuclear medicine and molecular imaging in the near future.
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